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Abstract 

Remote powering over the Ethernet (including PoE, PoE+ and PoE++) is currently trending as a 

cost-effective option to power networked devices using balanced twisted pair cabling. As 

technology advances and Ethernet penetration grows, more devices are deployed, thereby 

increasing the cabling density to support these devices. Power delivery through Ethernet cables has 

numerous benefits, including cost and space saving. However, concurrent high-power transmission 

and installation conditions could induce local heating, and thus, thermal variation may occur in the 

cable bundles, and these can be exacerbated by the installation conditions, and sometimes by 

extreme weather conditions. Over a long time, all these could modify the cable properties, thus 

affecting the performance of the cabling system and thereby impacting the Ethernet signal integrity.  

Although Joule heating of the cable bundle is primarily assumed to be concomitants of current 

transmission through the cable, several fundamental questions around these processes are not yet 

fully answered. They include: Do cable heating and thermal variations influence the designed 

transmission parameters of the cable? If yes, how can the cause(s) and effects be accurately 

measured and reliably validated?  In answering some of these questions, a series of experiments 

were developed and adopted to (1) assess cable bundle heating (2) assess the performance of 

Balanced Twisted Pair cables subject to repeated thermal variation, both within the specified 

operating range and beyond to account for the situations where high temperature and localised 

heating might stress the cables beyond the designed or expected levels (3) assess the performance 

of Ethernet cable dielectrics to understand some of the root causes of Ethernet cable performance 

degradation.  

The outcome of the research showed that high power (100 watts) deployment over bundled and 

insulated unshielded Ethernet cables triggered an extremely high-temperature increase (~ 1400C) 

that resulted in mechanical failure of the cables’ dielectrics and a short circuit between the copper 

conductors of the cables. Larger cable conductor size, screening of the twisted pair along with 

Fluoropolymers as the conductor insulation helped the shielded cables not to reach a point of failure 

when tested in the insulated environments and at high power levels even though there was a 

temperature rise on the cables.  

Moreover, repeated resistive and non- resistive heating have adverse effects on the electrical 

properties and transmission parameters of Balanced Twisted Pair cables, most notably in the first 

few cycles. The impact was more pronounced during the cooling phase than the heating phase. Also, 

the thermal impact was more accentuated in insulated operating condition than in ventilated 

operating condition. The electrical length of the cable measured by the tester decreased by 0.7 m 
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due to the effect of repeated non-resistive heating in an insulated environment and at a high 

temperature of ~1200C but decreased by 0.4 m with ~700C in a similar insulated environment. 

Phase drifts in Balanced Twisted Pair cables were observed to be dependent on the combined 

effects of mechanical dimension, dielectric constant and frequency. Thermal variation caused a 

phase change in the Return Loss (RL) signal from 630 to 900, from 900 to 1350 and from 1350 to 3150 

respectively. The RL performance of Category 6 U/UTP CoMmunications Plenum rated (CMP) 

cable failed at 200C and recovered at 230C initially, but after the electrical length of the cable had 

decreased, subsequent failure and recovery temperatures accelerated towards higher temperature 

(400C). Similarly, the transition temperatures of the bandwidth of the cavity loaded with the 

Fluorinated Ethylene Propylene (FEP) from the Category 6 U/UTP CMP cable accelerated during 

the prolonged thermal cycling. The maximum reduction in the RL value of Category 6A F/UTP 

cable due to the 40 thermal cycles conducted was observed to be 5 % per degree, whereas the 

maximum Insertion Loss (IL) increase was 5.8 % per degree. Moreover, for the 24 thermal cycles 

conducted on Category 6 U/UTP CMP cable, an increase in IL of ~8.3 % per degree was observed 

while RL decreased by ~6.8 % per degree. Using the Features Selective Validation technique, the 

comparison between the baseline performance and long-term performance of Category 6A F/UTP 

permanent link (PL) showed a fair agreement, which implies degradation in the performance of the 

cable. Furthermore, results showed that impedance varied significantly along the length of the cable 

due to localised heating of the cable. The impedance along the unheated sides of the cable reverted 

at every 
𝜆

2
  (0.4 m) and  

𝜆

4
  (0.2 m) but the impedance profile of the heated middle portion of the 

cable varied significantly. The results of the Scanning Electron Microscope revealed the 

deformation in the conductor insulation of a twisted pair sample. Furthermore, the adhesion of the 

twisted pair conductor insulation to its copper conductor was also observed to be affected near the 

end of the twisted pair sample. Connector impedance mismatch was observed to be severe on the 

split pair pins (pair 3,6) than other pairs in the cable. The connector impedance mismatch also 

dominated the Near End Crosstalk (NEXT) loss at frequencies around 35 MHz. The repeated 

heating of the cable to a higher temperature of 1200C caused the loss of the PL at room temperature 

and a DC contact resistance issue which of course resulted in poor intra-pair resistance unbalance 

between the split pair. The Transverse Conversion Loss (TCL) and Equal Level Transverse 

Conversion Transfer Loss (ELTCTL) of Category 6 U/UTP CMP PL revealed some imbalances in 

the structure of the twisted pairs. Also, the equivalent differential mode noise voltages for the TCL 

values of the cable revealed a voltage spike following the decrease in the electrical length of the 

cable. More also, Crosstalk performance between the longest and shortest pair in the Category 6A 
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F/UTP cable was also observed to be better due to the heating of the cable in comparison to the 

crosstalk loss measured due to the cooling of the cable. Crosstalk performance of the portion 

insulated cables was initially worse during the first few heating and cooling cycles but improved 

afterwards. In addition, crosstalk, which was not initially present at the reference plane of the 

permanent link, was observed to increase rapidly from the point where the electrical length 

decreased.  

The increase in temperature to ~650C caused an accentuated frequency shift in the resonance of 

the FEP, which is the probable cause of the immediate performance degradation of the Category 6 

U/UTP CMP cable. The dielectric constant of the extracted FEP rod sample from Category 6 U/UTP 

CMP cable increased as a consequence of prolonged thermal cycling, particularly during the cooling 

phase, which also suggests the root cause of the poor RL performance observed during the cooling 

phase. The increased loss tangent of the FEP during thermal cycling also indicates that IL 

performance degradation of the Ethernet cables will increase during the heating and cooling process 

in Ethernet cables. Also, on a long-term, IL performance will drift due to thermal cycling. 

Furthermore, various signal phase transitions were recorded during the heating and cooling of the 

cable and its dielectric due to the different behaviour of the molecular transitions. As a result, an 

echo of RL was measured during the transition between the intermittent and prolonged thermal 

cycling of the cable, of which can be correlated to the spurious resonance, observed in the resonance 

of the FEP sample during the transition period. Thus, it could be inferred that immediate and long-

term effects of thermal variation influence the designed electrical properties and transmission 

parameters of Balanced Twisted Pair cables. Also, an immediate and long-term effect of thermal 

variation on the conductor insulation of the cable has a direct effect on the performance of Balanced 

Twisted Pair Cables. 
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CHAPTER 1 - EVOLUTION OF ETHERNET 

Ethernet, as the most ubiquitous type of computer network, is widely used to describe the family 

of computer networking technologies commonly used in Local Area Networks (LAN), Metropolitan 

Area Networks (MAN) and Wide Area Networks (WAN). Ethernet was introduced in 1980 and first 

standardised in 1983 as IEEE 802.3. From the initial form of the Local Area Network (LAN), which 

was wired LAN, and the interconnection of two or more computers, Ethernet has continued to 

evolve. In 1997, wireless LAN evolved to link two or more devices in the LAN using radio 

frequency technology [1]. For instance, Wireless Access Points (WAPs) enable the connectivity of 

devices such as desktop computers and wireless IP phones to the LAN. Moreover, because of the 

bandwidth limitation of the cable connecting a computer to a switch port, fast Ethernet evolved. 

From 1990, the speed of the Ethernet protocol (Table 1.1) has increased over time from 10 Mbps 

(Ethernet) to 100 Mbps (Fast Ethernet) and then to 1 Gbps (Gigabit Ethernet). Also, due to the 

growth of multimedia and powerful servers, Multi-Gigabit Ethernet (10 Gbps) evolved. The Multi-

Gigabit Ethernet Technology (10 Gbps) has been readily available since 2006 but rarely deployed 

in the LAN because the Gigabit Ethernet (1 Gbps) was enough to support the need for most desktop 

users. Additionally, a single run of the LAN cable (Ethernet cable) was adequate to support the 

transmission bandwidth requirement of the WAPs to operate efficiently [2]. The 10 Gbps Ethernet 

Technology was designed to be used in data centres and exchanges for the connection of high-end 

routers, switches, and servers, as well as in high bandwidth trunks between offices. From 1999, the 

speed of wireless LAN technology (Table 1.2) evolved quickly from 11 Mbps to 1.3 Gbps, 

outpacing the transmission bandwidth of already deployed LAN cables. According to [3, 4], the 

new proposed wireless LAN speed: 10 Gbps (P802.11ax) and 100 Gbps (P802.11ay) are expected 

to be standardised in the very near future. The benefits of the upcoming Gigabit Wi-Fi (WiGig) 

include streaming of movies and TV shows in Ultra High-Definition (4K); quick download of large 

files, online gaming without network latency and seamless use of multiple smart devices with 

maximum Wi-Fi coverage. 
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Table 1.1: Evolution of Ethernet standards 

 

Table 1.2: Evolution of wireless standards 

 

 

                                           Standards                Transmission      LAN Type                        Year of  

                                                                           Speed                                                      ratification 

Ethernet I 

version 1 

  Ethernet I 10 Mbps  Classic Ethernet  1980 

10 Base5   IEEE 802.3 10 Mbps   Classic Ethernet  1983 

 Ethernet over twisted pair wiring (100 m) 
 

 

10 Base-T   IEEE 802.3i  10 Mbps   Switched Ethernet  1990 

100 Base-TX  IEEE 802.3u  100 Mbps  Fast Ethernet  1995 

100 Base-T2   IEEE 802.3y  100 Mbps  Fast Ethernet  1998 

1000 Base-T   IEEE 802.3ab  1000 Mbps  Gigabit Ethernet  1999 

2.5 GBase-T   IEEE 802.3bz  2.5 Gbps  Multi-Gigabit Ethernet  2016 

5 GBase-T   IEEE 802.3b  5 Gbps  Multi-Gigabit Ethernet  2016 

10 GBase-T   IEEE 802.3an  10 Gbps  Multi-Gigabit Ethernet    2006 

              

                Ethernet over twisted pair wiring (30m) 

 

25 GBase-T   IEEE 802.3bq      25 Gbps  Multi-Gigabit Ethernet  2016 

40 GBASE-T   IEEE 802.3bq      40 Gbps  Multi-Gigabit Ethernet  2016 

      

Ethernet over single twisted pair (variable length in m) 
 

 

10Base-T1 IEEE 802.3cg   10 Mbps       Single Twisted Pair Ethernet Expected 

100Base-T1 IEEE 802.3bw 100 Mbps      Single Pair Automotive Ethernet 2015 

1000Base-T1 IEEE 802.3bp   1000 Mbps   Single Twisted Gigabit Ethernet 2016 

2.5GBase-T1 IEEE 802.3ch    2.5Gbs          Multi-Gig Automotive Ethernet Expected 

5GBase-T1 IEEE 802.3ch    5Gbs             Multi-Gig Automotive Ethernet Expected 

10GBase-T1 IEEE 802.3ch    10Gbs           Multi-Gig Automotive Ethernet Expected 

Wireless Standards Modulation 

Schemes 

 

Frequency 

 

Max. data rate Year of 

ratification 

IEEE 802.11    FHSS or DSSS  2.4GHz 1.2 Mbps 1997  

IEEE 802.11a  OFDM waveform 5.8GHz 11 Mbps 1999  

IEEE 802.11b   DSSS 2.4GHz 11 Mbps 1999  

IEEE 802.11g  OFDM 2.4GHz 54 Mbps 2003  

IEEE 802.11n   OFDM -MIMO  2.4 & 5GHz 450 Mbps 2009  

IEEE 802.11ac Wave1           BEAMFORMING 5GHz 1.3 Gbs 2013  

P802.11ac Wave2   MU - MIMO  5GHz 3.5 & 6.9 Gbps 2016 

IEEE 802.11ad          OFDM -SC  60GHz 6.93 Gbps 2012  

P802.11ax   MIMO MU-

MIMO OFDMA    

2.4 & 5GHz 

 

10 Gbps Expected 

P802.11ay                                                           OFDM-SC 60GHz 20 Gbps Expected 
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1.1  Technological advancement in Ethernet applications 

The growth in the use of Ethernet technology has also been accompanied by a rapid expansion 

in remote powering of devices, and thus the advancement of the Power over Ethernet Technology 

(PoE, PoE+ and PoE++). PoE Technology allows electrical power to be transferred concurrently 

with data on the same Ethernet cable. Depending on the application requirements, different power 

levels are transmitted through the cable to the end devices.  Under the first generation of PoE (IEEE 

802.3af - PoE) [5], the Power Sourcing Equipment (PSE) is capable of transferring up to 15.4 W 

on two pairs of the minimum specification cabling, Category 5e U/UTP to the powered device 

(PD). Due to the losses of the line, the 15.4 W transferred from the PSE through a 100-meter length 

of Category 5e U/UTP cable is reduced to 12.95 W at the PD. Also, the second generation of PoE 

(IEEE 802.3at - PoE+) [6] is an improved version, which is capable of transferring 30 W from the 

PSE and delivering about 25.5 W through the two pairs of the minimum specification cabling, to 

the PD. The benefits of remote powering over Ethernet cables include: (1) flexibility of device 

placement; for instance, PoE supports WAPs deployment in the ceiling space and dense 

environments such as stadiums, airports and shopping malls, where the installation of the electrical 

power outlets would increase costs. (2) It delivers Safe Extra Low Voltage (SELV), which is 

limited to a peak of 57 DC volts and provided by a power supply, which is isolated from the direct 

connection to the AC power grid. (3) It allows real-time information sharing between IP-enabled 

devices. Moreover, the rapidly evolving Internet of Things (IoT) technology, which requires 

remote powering standards, is further expanding in home networking solutions and large building 

infrastructure management. Hence, there are now increasing applications of PoE in Building 

Automation Systems, which include, for example, light control systems, security systems, Heating, 

Ventilating, and Air Conditioning (HVAC) systems, and energy-monitoring systems. The 

capability to monitor and collect data from all the devices in the building for analysis with a 

centralised system enables operational optimisation. PoE enhances network connectivity for 

applications in control systems for LED Lighting systems (figure 1.1) that form part of digital 

ceiling Technology.  

 

Figure 1.1: GENISYS PoE LED lighting system [0] 
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The ability for power, data, and user control to be provided to a light fixture installed in the 

ceiling space with the use of a single cable, and the functionality for the lights to switch off 

immediately when they are no longer needed is operationally efficient. Furthermore, the ability of 

the light to dynamically change colours in a commercial building provides added value beyond 

illumination, thus enhancing the users’ experience. The new PoE application areas have also 

promoted innovation, particularly in meeting the needs of some of the power-hungry devices. Such 

devices available today include Digital signage, thin clients, information kiosks, High Definition 

TVs, thermal cameras with Pan/tilt/zoom features, laptop computers, Nurse call systems, and so 

on. Moreover, in response to the evolving low-powered and high-powered PoE devices, the IEEE 

802.3bt redefined PoE power levels in September 2018 [7]. Table 1.3 shows the PoE landscape 

today. 

 

Table 1.3: PoE landscape today and beyond 

 

The IEEE 802.3af was redefined as Type 1, which is one of the four power classes from 3.84 

watts to 12.95 watts at the PD (table 1.3). The IEEE 802.3at supports Type 1 classes and Type 2 

class, which sources (take up) 30 W from the PSE but delivers 25.5 watts at the PD. In addition, 

the IEEE 802.3bt was defined as Type 3 and Type 4, which comprise of four more power classes. 

The type 3 and 4 power levels ranging from 45 watts at the PSE and 40 watts at the PD to 100 

watts at the PSE and 71 watts at the PD. More also, according to [8], the Single Pair Ethernet (SPE 

– IEEE P802.3cg and P802.3ch) standards would enable a new class of low- power Ethernet 

devices that will facilitate networking and powering the billions of endpoint sensors forecasted to 

be present by the year 2022 [8]. The objective of the IEEE P802.3cg is to support 10-Mbit/s 

operation in automotive (10Base-T1S) and industrial (10Base-T1L) environments over single 

balanced twisted-pair cabling. The Multigigabit (IEEE P802.3ch - 2.5, 5, 10 Gbit/s) Automotive 

Standards Year of 

ratification 

PoE Types Energised 

pairs 

Power 

Class 

Output power 

at PSE 

(Watts) 

Input power 

at PD 

(Watts) 

 

IEEE 802.3af 

 

 

2003 

1  

 

2 

0 15.4 12.95 

1 1 4 3.84 

1 2 7 6.49 

1 3 15.4 12.95 

IEEE 802.3at 2009 2 2 4 30 25.5 

 

IEEE 802.3bt 

 

 

2018 

3  

 

4 

5 45 40 

3 6 60 51 

4 7 75 62 

4 8 100 71 



25 

 

Ethernet PHY task force is also working towards the standardisation of Power over Dataline 

(PoDL) operations over a variable length of shielded Single Pair Ethernet (SPE) cable with variable 

in-line connectors. 

 

Figure 1.2: Example of an automotive cabling system [9] 

 

1.2  Challenges of remote powering over Ethernet cables  

Balanced twisted pair cables were not designed to transmit electrical power with data or 

alongside data initially, but due to cost and the limitation of the optical fibre, the adoption of 

balanced twisted pair cables in remote powering applications has been gaining momentum. 

Additionally, energy conservation and usage are important to the implementation of IoT. However, 

there are concerns about the quality of the signal passing through the cables when the cables are 

deployed in different environments as well as when it is operating under thermal varying conditions, 

at high power levels and high frequencies. The next section highlights some of the challenges being 

faced, with remote powering over the conventional balanced twisted pair cabling. 

 

1.2.1 Concerns on the effects of high-power deployment and cable bundling 

There is a growing demand for high power standardisation for the emerging power-hungry 

devices in order to take advantage of the potentials of PoE technology. In addition, wireless 

connections are also becoming the primary mode of connection utilised by the internet users [10], 

which implies an increase in user density and the concomitant need for high-power Access points 

to improve wireless coverage and increase the capacity of the wireless network. Moreover, 

additional high bandwidth, Ethernet cables will be required to support the WAPs in terms of power 

delivery as well as high data transmission on the network. The increase in cable density for the 

trunk serving the WAPs means that some cable bundles (CBs) are likely to be thick. Similarly, the 
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high-power access points will require high power to be delivered, which in turn requires that high 

electrical current will be transferred through the cables. The increased power transmission through 

the cable bundle may translate to increased local heating within the cable through Joule heating. 

The consequential increase in the cable temperature and the attendant fluctuation may impact the 

mechanical and electrical characteristics of the Ethernet cabling and connectivity [11]. 

Furthermore, the installed base of PoE is predominantly configured with lower categories of the 

balanced twisted pair cabling, due to cost, weight and compactness. These lower categories of 

cable are unshielded twisted pair category 5e and 6 U/UTP cabling which have limited bandwidth 

and power capabilities. Also, the cables have smaller conductor sizes, so their DC loop resistance 

per unit length is higher than that of the higher categories of cable. Because of the high current 

transmission in the cables, the conductors heat up and dissipate the heat through the insulator into 

the environment. For single cables and smaller CBs installed in the ventilated operating 

environments and operating within the specified limits of the IEEE 802.3at, the thermal impact is 

usually minimal, although the performance of some cables decreases within the immediate 

powering of the cables [11 – 13]. However, the thermal impact is more pronounced with larger 

CBs installed in pathway systems and improperly ventilated spaces. With large CBs, the cables 

experience the proximity of heat sources, which result in high operating temperatures. Similarly, 

when the ambient operating temperature is too high, the natural cooling process may not eradicate 

the concerns of excessive heating. Additionally, the sustained temperature rise within the CB can 

cause material ageing, and that will have an impact on the integrity of the signal passing through 

the cable.  For example, it will cause attenuation of the signal passing through the cable. At higher 

frequencies, attenuation increases significantly due to the resistance of copper conductors, and this 

is an essential factor to be considered when combining high power with a high data rate on the 

cables. According to [14], Category 5e and 6 U/UTP cables may not be sufficient to handle the 

imminent high-frequency operations under the worst case of cabling-bundling conditions.  

 

1.2.2 Concerns on the effects of thermal variation on Ethernet cable performance 

In some normal PoE operating environments such as stadiums, airports and shopping malls, the 

ambient temperature of the cable is not always constant. Coupled with the effect of the Joule 

heating of the cable, the changes in the user density on the networks can trigger a rise in temperature 

on the cable. Also, from the commercial point of view, some businesses adopt auto shutdown or 

standby of equipment at the end of the business day. Some seasonal businesses even shut down the 

power completely during “off” seasons. This means that the balanced twisted pair cables used for 
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supplying the power are not continually drawing power [13]. The thermal variations on the cable 

based on the time-dependent power transmission can create a dynamic behaviour of the cable, a 

phenomenon that the network owners and cable designers must understand to effectively design 

cable and avoid failure. 

Additionally, WAPs will be required to function in increasingly remote locations and harsh 

environments. Variation in ambient temperature can influence the mechanical behaviour of the 

cables reaching them. Moreover, the installation of WAPs in ceiling spaces sometimes necessitates 

that cables are passed through framed walls, ceiling voids or risers, etc. where the heat dissipation 

is minimal, due to limited ventilation. The walls are usually constructed with an insulating material, 

so the temperature rises. Over a long time, the thermal variation on the cables can change the 

dielectric properties of the cabling, and this can lead to deviation from the designed transmission 

parameters of the cable. For example, a change in the dielectric properties as a result of thermal 

variation can cause impedance variation along the length of the cable and subsequent reflection of 

the signal. Furthermore, when the medium in which the signal propagates changes, the speed of 

the signal is likely to change. The stability of the electrical length of the cable under various 

environmental conditions is paramount to maintain Ethernet signal integrity because, in Gigabit 

Ethernet, the bits are distributed across several pairs, and timing is important. The twist lengths of 

any two twisted pairs must differ to reduce crosstalk; therefore, the cable lengths will differ, so the 

speed on the twisted pair must be corrected by cable parameters. Any deviation from the designed 

dielectric properties during usage may affect signal integrity. For these reasons, there is a strict 

requirement of the electrical properties of the cables for the future PoE [15]. 

 

1.2.3 Concerns on the effects of installation conditions on Ethernet cable performance 

In general, changes in conductor dimensions may occur as a consequence of thermal variation. 

These changes in the geometry and properties of the material can cause the cable’s transmission 

parameters such as Return Loss and Attenuation, to drift over time. Moreover, since the cables may 

pass through insulated areas between the telecommunication rooms and the individual equipment, 

localised heating can place a segment of the cable conductors under thermal stress. It is also possible 

for the twisted pairs at that insulated portion to nest together or separate unequally due to excessive 

heating, causing the asymmetry of the conductor pairs, changing the crosstalk performance. Since 

the installed base of PoE is predominantly unshielded balanced twisted pair cables, any noise 
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induced in the cable (particularly in a wireless environment) can affect the quality of the signal 

passing through the cable.  

Balanced twisted pair cables transmit in a differential mode, so any small amount of asymmetry 

along the transmission path will cause, a common-mode noise signal propagating along the cable 

[17] to convert to differential signal, with a detrimental effect on the quality of the received signal. 

According to [18], mode conversion is a source of Electromagnetic Interference (EMI). Signal 

reflection and crosstalk are the sources of the internal channel noise, and these contribute to a 

reduction in the noise margins of a channel. To achieve more channel capacity, the electromagnetic 

noise experienced by the channel must be limited. Although Ethernet physical layer devices use 

sophisticated signal-processing techniques to predict and cancel the effects of internal noise 

sources to maintain the channel capacity, this is at the cost of higher power consumption, which 

results in more heat.  

 

1.3  State of the art 

Based on some of the challenges highlighted in section 1.2, the PoE installed base, having the 

old cables with limited bandwidth and power capabilities may not cope with the demand in the 

upcoming network connectivity [14]. Also, because most cables in the present PoE installed base is 

deployed behind walls for desktop applications; they are difficult to replace. To support the upgrade 

to multi-gigabit Wi-Fi, a minimum of two permanent link connections is to be deployed to each 

WiGi WAP in order to support link aggregation [19]. It is appropriate to mention that more cable 

runs will lead to larger cable bundles. Additionally, there are concerns that large cable bundles 

installed in environments like the data centres and wiring closet experience localised heating that 

may easily result in high operating temperatures. Given this, there have been some debates in the 

standard community about the most appropriate method for measuring the temperature rise due to 

CB heating [20 - 22]. Furthermore, some mitigation strategies for the CB overheating have been 

put in place [20] for the present (brownfield) and future (greenfield) PoE installed base. The 

mitigation strategies specified for the brownfield include: (i) the use of half of the cables in a bundle 

for remote powering while the other half is used for applications that do not require remote power, 

(ii) the use of air-conditioning over cabling segments that are exposed to high temperature, and 

lastly, (iii) separation of larger cable bundles into smaller bundles to allow free heat dissipation 

when the cables are used in transmitting high electrical power. In addition, the heat mitigation 

strategy specified for the green fields involves the use of shielded and unshielded cables with 



29 

 

improved thermal characteristics and electrical properties. This will mean that the cable’s 

components, such as its electrical insulation will need to have a high heat transfer coefficient. 

Furthermore, the speed of the current WAP (IEEE803.11ac wave 1) is 1.3Gbs, and its successor, 

which is IEEE 802.11ax – is expected to be 10Gbs when ratified. To cope with the emerging 

applications while cables are bundled and operating at a high-power level such as 100 W in different 

installation environments, the recommendation in the TIA TSB-162-A is to deploy cables with more 

transmission bandwidth which is a Class EA cabling (Category 6A) or higher-performing shielded 

cabling to support higher data rates and increased power delivery [23]. Category 6A cable has been 

designed to minimise external noise because of its internal foil shielding. It can also support the full 

implementation of the multi-gigabit Wi-Fi and Ethernet uplink speed of 1 Gbps to 10 Gbps. Since 

the shielded and unshielded cables with improved thermal characteristics and electrical properties 

have been recommended for the high-power PoE systems, network owners and end-users also have 

questions regarding the reliability of the insulating materials, and overall performance of balanced 

twisted cables under variable thermal conditions [24]. For this reason, field testing will be vital in 

the investigation of the long-term performance of the shielded and unshielded balanced twisted 

cables to establish the longevity of the cables when used for high power and high-frequency 

operations. 

 

1.4  Research questions 

In view of the current and project levels of the application of PoE, some research questions are 

recurring, and they include: 

 

1. Considering the effect of cable bundling and installation conditions, can the existing 

cabling infrastructures perform optimally in different installation environments? 

2. Currently, the installed base of PoE is predominantly with category 5e and 6 unshielded 

twisted Pair cables due to cost, weight and compactness. Therefore, can the installed base 

cope with high power deployment or is there a need to move to Category 6A as 

recommended by the TIA, or to new technologies?  

3. If Category 6A cables are to be deployed, can the specified temperature limit of 60°C have 

a long-term effect on the cable performance due to the effects of thermal variation and 

localised heating? If yes, how can the changes in the cable parameters be reliably 

measured, quantified, and validated?  
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4. Do Ethernet cable dielectric properties change with temperature and thermal variation? If 

yes, how does dielectric degradation contribute to the changes in the electrical and 

transmission performance of the cables?  

 

1.5  Aim and objectives of the research  

There have been published studies on the challenges of Ethernet CB overheating and 

performance degradation [25 – 34], but there is very little quantitative data about the 

interrelationship. Specifically, there are no investigations on the direct effects of thermal variation 

on the performance of different balanced twisted pair cabling based on the impact of installation 

conditions and dielectric degradation. To combine high electrical power and high-frequency data 

on the balanced twisted pair cables, which are operating under thermal variation conditions, it is 

essential to investigate the capabilities of the cables by conducting strict performance testing based 

on different scenario simulations. 

 

1.5.1 Aim of the research 

This research aims to identify the root causes of the immediate and long-term performance 

degradation of balanced twisted-pair cabling used in remote powering applications.  

 

 1.5.2 Objectives of the research 

The objectives are to:  

 

(1) characterise cable bundle heating in terms of cable constructions, installation 

environments and bundle sizes at different power and current levels. Also, to validate the 

obtained temperature rise across the employed temperature assessment methods. 

 

(2) investigate the effects of repeated electrical heating and high ambient operating temperature 

on the electrical properties and transmission parameters of Category 6A cable. 

 

(3) externally heat full insulated unshielded cable (Category 6 U/UTP) repeatedly using the 

specified PoE temperature limit of 600C and beyond; and determine the drift in the electrical 
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and transmission parameters of the cable as functions of thermal cycling and installation 

condition. 

 

(4) externally to heat an insulated portion of a shielded cable (Category 6A F/UTP) repeatedly 

using the specified PoE temperature limit of 600C and determine the drift in the electrical 

and transmission parameters of the cable as functions of intermittent and prolonged thermal 

cycling. Also, quantify the drift in the cable performance using the Feature Selective 

Validation (FSV) technique.  

 

(5) externally heat an insulated portion of an unshielded cable (Category 6 U/UTP CMP cable) 

repeatedly using the specified PoE temperature limit of 600C and determine the drift in the 

electrical and transmission parameters of the cable as functions of intermittent and prolonged 

thermal cycling.  

(6) design a dielectric measurement method that will allow the characterisation of the baseline 

dielectric properties of dielectric rod samples extracted from different Ethernet cables. In 

particular, from the Category 6 U/UTP CMP cables, assessed in (4) based on the effect of 

intermittent and prolonged thermal cycling.  

 

(7) using the dielectric measurement results and obtained cabling secondary parameter of the 

Category 6A F/UTP assessed in (5), develop a Transmission Line Model (TLM) to predict 

the cabling primary line parameters. Identify and relate the contributions of the changes in 

the dielectric constant to the measured changes in the long term-term performance of the 

cable.  

 

(8) thermally cycle a short length of twisted pair sample extracted from the Category 6A F/UTP 

assessed in (5) and investigate the changes in the dimensions and elemental composition of 

the materials of the twisted pair sample using the Scanning Electron Microscope (SEM). 
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1.6  Anatomy of the thesis and contributions to knowledge 

 

1.6.1 Anatomy of the thesis  

In Chapter 1, the evolution of the Ethernet technology to remote powering, its current 

application and emerging applications and challenges are discussed with a view of determining the 

critical research questions. Issues identified include the concerns on the effects of high-power 

deployment and cable bundling, the possible effect of the installation environment and thermal 

variation on Ethernet cable performance. Following a detailed review of the state of the art of 

Ethernet technology, the aim and objectives of this doctoral research work were defined, and the 

expected contributions to knowledge were identified.  

 

Chapter 2 critically reviewed the literature to document previous research work on the Ethernet 

technology and identify the research gaps that could be covered in this thesis. A detailed review 

was carried out on a twisted pair as a balanced transmission medium. This was followed by the 

classification of Ethernet cables based on configurations, bandwidths, cable construction, 

installation environments and application environments. Also, reviews were carried out on 

telecommunications standards groups, cable properties and factors affecting the performance of 

remote powered Ethernet channels.  

In addition, different methods of assessing temperature changes in Ethernet cable bundle during 

use, which included the resistivity measurement approach, thermocouple sensor approach, and 

mathematical modelling techniques, were appraised. Furthermore, different methods of assessing 

balanced twisted pair performance, which including Time Domain Reflectometry, Two-Port 

Network Analysis, Transmission Line Modelling, Feature Selective Validation (FSV) technique 

and Scanning Electron Microscopy (SEM) were looked into. Finally, a detailed review of dielectric 

materials, factors affecting their performance and methods of assessment of dielectric properties 

were carried out.  

Chapter 3 presents the test methodologies for assessing the cable bundle heating.  Also, the 

possible rise in temperature on different categories of balanced twisted pair cabling was investigated 

based on different power and current levels as well as installation conditions, cable construction and 

bundle sizes. In Chapter 4, the detail results of the temperature rise measurements, predictions and 

validations were presented. Moreover, the power carrying capacities of bundled Ethernet cables, 

assessed in the ventilated and non-ventilated environments and at three power levels are presented; 
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followed by the characterisation of the impact of cable construction on the heat generation and 

dissipation in bundled Ethernet cables. Furthermore, the results from the assessments of temperature 

rise in two sizes of Ethernet cable bundles are presented. The last set of results in Chapter 4 was the 

validation of the maximum temperature rise in a 24-cable bundle and the validation of the 

temperature distribution across 37-cable bundle.  

In Chapter 5, 6 and 7, the effects of intermittent and prolonged thermal cycling are assessed on 

the electrical properties and transmission parameters of different PoE permanent links (PLs). The 

assessments are based on the investigation of the effects of electrical heating and non-electrical 

heating, both within the specified operating range and beyond the levels expected, to account for 

the extreme situations where high temperature, fluctuations in external temperature and localised 

heating could stress the cables and cause a drift in the performance of the links over time.   

Chapter 5 detailed all the methodologies used for the assessment of the effects of repeated 

electrical heating and non-electrical heating tests, while chapters 6 and 7 present the results of the 

assessments. In chapter 6, the changes in the electrical properties and transmission parameters of 

the Category 6A F/UTP PL measured under two installation conditions (ventilated and non-

ventilated) under low and high temperatures are presented, whereas in chapter 7, the immediate and 

long-term effects of thermal variation on the performance of the fully and portion (partly) insulated 

balanced twisted pair cables are presented. The impact of thermal cycling within +200C to +700C 

was presented first, followed by the thermal impact of an extended temperature of about 1200C 

(sections 7.1). Moreover, sections 7.2 and 7.3 present the immediate and long-term effects of 

thermal variation on the portion insulated Cat 6 U/UTP CMP and Cat 6A F/UTP cables. In section 

7.2, the effects of the first thermal cycle with the cyclic behaviour in the performance of the 

Category 6 U/UTP CMP PL are presented first, followed by the long-term effects of thermal 

variation on the cable. Section 7.3 also discusses the long-term effects of thermal variation on the 

performance of the Cat 6A F/UTP cables along with the measured drifts in the RL and IL 

performances of PL. In addition to the results presented in section 7, the validation of the drifts in 

the RL and IL performances of the portion insulated Category 6A F/UTP cable is presented (section 

7.4). This was followed by the discussion of the long-term changes in the impedance profile of the 

Category 6A F/UTP cable and the extraction of the primary line constants. Chapter 7 ends with the 

presentation of the changes in the dimensions of a twisted pair sample. The changes in the electrical 

characteristics and drifts in the transmission parameters of the balanced twisted pair cables under 
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study were observed in response to the effects of the intermittent and prolonged thermal cycling as 

well as the effects of thermal insulation and localised heating.  

Having established the immediate changes in the electrical parameters and drifts in the 

transmission parameters of the balanced twisted pair cables under study in chapter 7, the immediate 

changes and drifts in the dielectric properties of the FEP sample extracted from Category 6 U/UTP 

CMP are also investigated as functions of the intermittent and prolonged thermal cycling. 

Correlations between the drifts in the transmission parameters of the cable and its dielectric 

properties are drawn and established and are presented in Chapters 8 and 9. The developed method 

for the assessment of dielectric properties is captured in Chapter 8, while Chapter 9 detailed the 

results of the dielectric measurements. Chapter 8 starts with the presentation of the theoretical 

analysis of a 2.4 GHz Rectangular Resonant Cavity (RRC) design followed by the modeling and 

actual fabrication of the cavity. To ensure accurate characterisation of the Ethernet cable dielectrics, 

the verification and validation of the accurate sample position inside the simulated and fabricated 

cavities were carried out. Furthermore, the baseline dielectric properties of different Ethernet cable 

dielectrics were implied. The last study in chapter 8 and 9 is the assessment of the drifts in the 

dielectric constant (𝜺𝒓) and (𝐭𝐚𝐧𝜹) of the extracted FEP sample based on the effects of intermittent 

and prolonged thermal cycling.  

Chapter 10 presents the summary and conclusions of the research work. Implications for end 

users, network owners and cables manufacturers are presented, while further studies are suggested. 

 

1.6.2 Contributions of the research to knowledge 

This research has been able to advance knowledge in the following areas: 

Cable bundle heating sections 

1. Appropriately compared three methods, which include two measurements and a 

modelling approach to establish their validity and applicability in quantifying the 

increase in temperature due to cable bundle heating in PoE. Results showed that the 

thermocouple approach compared favourably well with the output of the mathematical 

model with less than 10C difference. 

2. The study established the temperature (~1400C) at which the unshielded cables failed in 

response to an increase in temperature due to cable bundle heating. This point represents 
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a point at which the extruded dielectric becomes soft enough to mechanically fail and 

cause a short circuit between the copper conductors. 

3. The study succinctly showed the interrelationship of cable construction (material and 

size) as well as installation environments on heat generation and dissipation in Ethernet 

cable bundles. 

Cable performance sections 

4. The study established that both repeated resistive and non-resistive heating have adverse 

effects on the electrical and transmission parameters of balanced twisted pair cables with 

their severity depending on: 

• Installation environment 

• Temperature range 

• Number of thermal cycles 

• Phase (heating or cooling phase)  

 

5. The result obtained has provided better insight into how and why cable performance 

changes over time in Ethernet cable bundle used in PoE applications. Comprehensive 

knowledge on how thermal variation affects different transmission parameters of the 

cable has also been documented.  

6. A method for extracting the electrical properties of the cable based on the measured 

changes in the characteristics of the link has been demonstrated.  

7. The study has been able to show that electrical length mismatches occur due to thermal 

variation and installation condition and these were further accentuated with SEM images 

obtained on a twisted pair sample. The consequences of mode conversion in Category 6 

U/UTP CMP cable were equally illustrated 

 

Dielectric sections 

8. In addition, the adequately measured baseline dielectric properties demonstrated the 

potential of using the developed dielectric measurement method in validating the 

Velocity Factor (VF) supplied by Ethernet cable manufacturers.  
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9. This body of knowledge has been able to show the interrelationship between the changes 

in Balanced Twisted Pair Cable transmission performance and dielectric properties. 

Using Category 6 U/UTP CMP as an illustration. Immediate performance of the cable 

correlates with the immediate performance of Ethernet cable dielectric. Furthermore, 

correlations between the drifts in the cable performance and its dielectric (FEP) 

properties are drawn as functions of intermittent and prolonged thermal cycling.  

10. The study has shown a method for measuring the phase change in a twisted pair Ethernet 

cable. It has been shown experimentally that thermal variations result in phase changes 

in balanced twisted pair cables. It was further shown that phase drifts can occur with 

thermal variation due to changes in the mechanical dimension and dielectric constant.  

 

It is believed that the information provided in this doctoral research will help the polymer 

manufacturers in putting robustness into the processing methods of polymers used in data grade 

cables. The set of results presented in this thesis could serve as a guide to cable manufacturers in 

the design stage of balanced twisted pair cables and connectors. For instance, robustness can be put 

into the chemical constituents of Ethernet cable dielectrics to prevent hysteresis, eliminate or reduce 

crosstalk attenuation and prevent immediate performance degradation. 
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CHAPTER 2 - LITERATURE REVIEW 

The transmission of information over the Ethernet requires transmission media, which are 

classified as guided and unguided. Examples of guided media are copper cables (twisted pair, 

twinax and coaxial cables) and fibre-optic cables. The unguided medium includes the air or free 

space that carries radio frequency (RF) or infrared (IR) light signals. In this research work, the study 

of signal transmission through a guided medium such as twisted pair copper cable is the focus. The 

unguided medium is out of the scope of the research.  

In the early days of Ethernet development, various grades of coaxial cables have been used, but 

they are being replaced in most applications by twisted pair copper cables due to cost and bandwidth 

inadequacy. Recently, Fibre optic cables are gaining ground due to their bandwidth advantage and 

the ability to provide reach and throughput. Thus, they are becoming dominant as backbone cabling 

and are mostly deployed for applications in the data centres. Also, fibre cabling to the home is now 

becoming common, but twisted pair copper cabling is known to have more economic benefits 

particularly when deployed for short-distance connections within and outside the data centres. 

Moreover, twisted pair copper cable has kept pace with the demand in speed requirements over the 

years, despite the gradual domination of the optical cabling at very high data rates. Thus, it is widely 

used in Gigabit Ethernet networks and Radio Frequency backhaul [35]. As stated in [36], in the next 

five years, twisted pair cables are anticipated to replace the coaxial jumper cables used in indoor 

distributed antennas. Moreover, the adoption of balanced twisted pair cabling in Power over 

Ethernet (PoE) Technology and its relatives is an excellent opportunity for copper to retain 

relevance in the modern world. With the need for many powered devices in the upcoming generation 

of mobile networking technology (5G) and the Internet of Things (IoT), balanced twisted pair cables 

are likely to continue to be in high demand. Hence, there is still a very strong interest in the 

performance of copper cables in terms of their reliability and lower manufacturing and installation 

costs. 

 

2.1  Twisted pair as a balanced transmission medium 

A core of the Ethernet cable (figure 2.1) consists of a single copper conductor with a small air 

gap around it and the insulating material. However, two insulated copper conductors are twisted to 

form a pair, which is driven in a balanced way (figure 2.2). The uniform twisting of the wires ensures 

a uniform distribution of capacitances along the length of the cable. It also allows the capacitance 

to ground and to extraneous sources to be balanced. Twisted pair is particularly useful for reducing 
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low-frequency magnetic pick-up because the effective magnetic loop area is reduced to almost zero 

[37]. Also, each twisted pair in the cable has an intentionally different lay length to minimise noise 

coupling between them [38]. As a result of the difference in the length of the twisted pair, the DC 

loop resistance of each twisted pair is also slightly different from each other. 

 

 

 

 

 

 

 

 

2.2  Classification of Balanced Twisted Pair Cables or Ethernet cables 

Ethernet cables are classified according to their:  

(i) construction 

(ii) bandwidth of operation 

(iii) installation environment 

(iv) application environment 

 

2.2.1  Classification of Ethernet cables based on their constructions and bandwidths  

Twisted pair copper cables consist of four twisted pairs with an outer layer jacket. Hence, the 

configuration referred to as an Ethernet cable. Ethernet cables are classified as shielded and 

unshielded cables and come in a variety of constructions, but the unshielded Ethernet cables are the 

most common ones and are less expensive. Shielded cables though relatively expensive, can support 

higher bandwidth of operations because of the effectiveness of its shield and the tighter twist of its 

conductor pairs, which provide noise immunity. Table 2.1 presents the specifications for the two 

configurations shielded and unshielded cables. As noticeable in the table, Category 5e is usually an 

unshielded twisted pair cable, whereas Category 6 cables come in both shielded and unshielded 

form. Category 7 and 8 are specified to be shielded cable type.  

Air gap 

Insulator Copper 

conductor 

Figure 2.1: Simplified model of a single copper wire 

Figure 2.2: Simplified model of a Balanced Twisted Pair (BTP) 
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All the wire pairs in the unshielded cables (figures 2.3 and 2.4) are twisted for noise cancellation 

and have no overall metallic shield at present, which makes them more susceptible to external 

electromagnetic interference.  

The shielded twisted pair cables such as Category 6A F/UTP, Category 7A S/FTP and others 

may consist of an aluminium foil used as a shield in the cable. They also consist of more twists per 

meter; so, the cables radiate less effectively. Tighter twists result in less crosstalk and a better-

quality signal. Also, screening each pair individually removes capacitive coupling between pairs, 

which makes the cables more suitable for Gigabit Ethernet applications. However, mutual 

capacitance between each pair to its screen and mutual capacitance between screens will still be 

present in the cable. Screening with braids does not provide 100 % coverage. As a result, a small 

amount of capacitance through the gaps in the braids will be present in the cable. In general, the 

purpose of the braid and screen is to reflect, attenuate and conduct any induced noise to ground.  

 

The schematics and description of unshielded and shielded twisted pair cables with different 

constructions are given in figures 2.3 - 2.4 and 2.5 - 2.6, and the following abbreviations summarise 

the description of different types of constructions used in Ethernet cabling.  

 

U = No form of metallic shielding present in the cable 

F = Foil metallic shielding present in the cable 

F1 = Reversed metallic foil shielding present without having to fold back the foil during termination. 

The advantage of this is that it provides an instant 360° grounding contact to ensure the noise 

immunity of the channel or permanent link.  

F2 = Reversed double global metallic foil shielding. For example, in F2/UTP cables, this means that 

there is a double global metallic foil shielding over all the four pairs in the cable without the 

need to fold back the foil to establish contact with the connector. This type of construction 

Table 2.1: Classification of Ethernet cables  

Cable 

configurations 

Categories of 

cable 

Classes of 

cable 

Transmission 

bandwidth 

Transmission 

speed 

Unshielded 5e D 100 MHz  1 – 2.5 Gps 

Unshielded 6  E 250 MHz  1 – 5 Gps 

Shielded 6A EA 500 MHz  1 – 10 Gps 

Shielded 7A FA 1000 MHz  1 – 10 Gps 

Shielded 8 (8.1 and 8.2) I 2000 MHz  1 – 40 Gps 
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contributes to the optimal Electromagnetic Compatibility (EMC) performance of the channel 

and increases installation efficiency. 

S   = Woven mesh of tinned copper wires. Presence of braid in the cable 

S/F = Both a foil and a braid are present in the cable to provide dual shielding layers to the overall 

pairs in the cable. 

 

(1) Unshielded twisted pair cable - Category 5e U/UTP and Category 6 U/UTP 

 

Category 5e and 6 U/UTP are both unshielded cable types but differ in their conductor sizes. 

Category 5e has conductor size of American Wire Gauge (AWG) 24 while Category 6 has AWG 

23. Category 3 cable was replaced by Category 5 with a similar cable construction but with more 

twists per meter. However, Category 5e cable is an enhanced Category 5 cable. Although Category 

5 cable has the same transmission bandwidth of 100 MHz as that of Category 5e, it was designed 

to operate at a transmission speed of 10 or 100 Mbps whereas Category 5e cable can transmit at 

speed up to 2.5 Gb/s [14]. Category 6 U/UTP, on the other hand, was developed after Category 5e 

for a better transmission performance and bandwidth extension from the 100 MHz of Category 5e 

to 250 MHz. The schematics of Category 5e and 6 U/UTP are shown in figures 2.3 and 2.4, 

respectively. Figure 2.4 shows that the twisted pairs in most Category 6 cables are formed around a 

crossweb or pair separator. The purpose of the crossweb is to provide physical and electrical 

separation to the twisted pairs [39]. Although the crossweb can be designed differently depending 

on the manufacturer’s preferences, the material used for the crossweb is chosen to mimic the type 

of dielectric used for the conductor insulation [39]. 

 

 

 

 

 

 

 

 

Figure 2.3: Sideways view (left) and cross section (right) of Category 5e U/UTP [40] 

Figure 2.4: Sideways view (left) and cross section (right) of Category 6 U/UTP [40] 
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(2) Shielded cables - Cat 6 F/UTP, Cat 6 F/FTP, Cat 6A F/UTP, Cat 7A S/FTP and Cat 8 cables 

Although the installed base of PoE is dominated with the unshielded twisted pair cables, the 

preferred cable construction for the “greenfield” is the Pairs in Metal Foil (PiMF) cables. The PiMF 

cables include Category 6A F/UTP, Category 6 F/FTP, Category 7A S/FTP and Category 8 cables. 

 

Category 6A F/UTP 

Category 6A F/UTP cable is foiled screened. It consists of an insulated copper conductor of 23 

AWG, a drain wire, a ripcord, overall Aluminium foil and a central ‘X’ crossweb. Depending on 

the application requirements, the copper conductor insulation and the central ‘X’ crossweb are made 

from different types of polymers. Sometimes, they are made from polyethylene (PE) or Fluorinated 

Ethylene Propylene (FEP). The central ‘X’ crossweb and all the four twisted pairs in the cable are 

wrapped with a clear Mylar tape first, followed by the overall foil screen tape. Figure 2.5 presents 

the construction of a Category 6A F/UTP cable. 

 

 

 

 

 

Category 6 F/FTP 

Category 6A F/FTP is an augmented Category 6A F/UTP cable. Each twisted pair in the cable 

is wrapped with an aluminium foil tape to provide screening for the twisted pair as well as ensuring 

separation from other twisted pairs in the cable. After the individual screening of each twisted pair, 

all the four twisted pairs in the cable are then wrapped in another overall foil to enhance the 

performance of the cable. In some F/FTP cables, two twisted pairs are wrapped in a foil instead of 

the individual pair wrapping to reduce the overall diameter and the weight of the cable. The benefit 

of the smaller cable diameter is that the bundled Ethernet cables occupy less space in the 

containment, which has an additional benefit of increased airflow in underfloor installations. The 

reduction in the weight of the cable also means that the cable containment can be of lighter 

construction, which makes the handling of the cable easier.   

Figure 2.5: Sideways view (left) and cross section (right) of Cat 6A F/UTP cable [40] 
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Category 7A S/FTP  

Category 7A S/FTP cables are screened and foiled cables. Each twisted pair in the cable is 

wrapped with an aluminium foil tape first to provide an individual screening for the twisted pair. 

After that, an overall braid screen is applied to all the four twisted pairs to conceal outside noise 

and prevent any risk of alien crosstalk. The difference between Category 7A S/FTP and Category 

6A F/FTP cables is that Category 6A F/FTP cable contains an individual foil pair wrapping as well 

as overall foil wrapping whereas, Category 7A S/FTP cables are screened and foiled cables. 

Notwithstanding, the common element in most foiled shielded cables is the presence of a drain wire 

of ~24 AWG, which is placed on the overall foil tape inside the cable before the cables’ jacketing 

material. The purpose of the drain wire is to provide an electrical connection between the foil and 

the connector shell. Also, to ease the termination of the cable shield. The schematic of Category 7A 

S/FTP construction is presented in figure 2.6. 

 

Category 8 cable 

Category 8 cables are in two different forms: Category 8.1 and 8.2. The minimum specified 

construction types for Category 8.1 and 8.2 are F/UTP and F/FTP or S/FTP. They are constructed 

to provide additional transmission bandwidth for copper connectivity by a factor of 4 when 

compared to the transmission bandwidth of Category 6A cables. That is, from 500 MHz (Category 

6A) to 2000 MHz (Category 8). Category 8 was designed to support emerging IEEE 25 GBase-T, 

and 40 GBase-T for server-to-access-switch interconnect applications within a distance of 30 m. In 

practice, the two Category 8 cable types use other connector types such as TERA and ARJ45 

connectors in addition to the RJ45 connector. The difference between the RJ45 and ARJ45 

connectors is that the RJ45 connector uses a compensation method for controlling differential Near 

End Crosstalk (NEXT) while ARJ45 connector uses isolation method. 

 

 

 

 

 
Figure 2.6: Sideways view (left) and cross section (right) of Cat 7A and 8 S/FTP cables [40]  
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2.2.2  Classification of Ethernet cables based on installation environments 

Since the evolution of Category 5 cabling in 1991/1992, Ethernet cables have been referred to as 

structured cables based on their hierarchical structure within the network systems. The structure of 

the generic cabling system in a building or campus is defined in ISO 11801-6 [41]. Figure 2.7 shows 

a typical architecture of both premises and data centre cabling systems. 

 

The premises cabling system consists of three subsystems:  

(i) Campus Backbone Subsystem,  

(ii) Building Backbone Subsystem and  

(iii) Horizontal subsystem.  

 

 

 

 

 

 

 

 

 

 

 

(i) Campus backbone cabling subsystem  

 

Figure 2.8: Architecture of premises cabling system [42] 

 

Data centre cabling Premises cabling 

system 

Figure 2.7: Architecture of premises and data center cabling systems [42] 
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The campus backbone cables link the main Campus Distributor (CD) to every Building Distributor 

(BD). Structured cabling infrastructure installed as inter-building cables (campus cabling 

subsystems) would typically be installed in some pathway systems such as conduits (plastic pipes) 

and be buried or installed on a floor raceway pathway system (underfloor) usually found between 

the building entrance facilities. If the distance between the buildings is more than 100 m, single 

mode or multimode fibre optic cables are usually installed. 

 

 

 

 

 

 

 

 

 

 

(ii) Building backbone cabling subsystem 

The building backbone subsystem links the BD of a building to all the Floor Distributors (FD) 

in the same building. In other words, the intra-building backbone cabling infrastructure comprises 

of all the Ethernet cables between the telecommunications rooms, local distribution centres, and the 

entrance facilities. The intra-building backbone cables are usually in several bundles, installed in 

conduits (figure 2.10a) and wooden wall cabinets. They are also sometimes guarded with sleeves 

(figure 2.10b) upon entry to a floor to create fire barriers. 

 

 

Floor raceway pathway system Buried inter building backbone cables 

Figure 2.9: Inter-building backbone cables [42] 

Figure 2.10: Intra-building backbone cables (a -Vertical conduits) (b - Guarded CB)  

 

 (a) (b) 
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(iii) Horizontal cabling subsystem.  

Horizontal cables are usually in several bundles; linking the FD to all the Telecommunication 

Outlets (TO) of the concerned floor. As illustrated in figure 2.11, the horizontal subsystem 

comprises of both permanent links and communication channels. The permanent Link (PL) consists 

of a fixed horizontal cable and connecting hardware such as RJ45 connectors placed at the two ends 

of the PL. The RJ45 connectors are used for connecting the PL to both the patch panel and TO.  

As shown in Figure 2.12, cables installed as PLs can be in several bundles, placed loosely on the 

wire basket trays and installed in the ceiling voids or be passed through wooden wall cabinets before 

branching off to individual TO.  

 

 

 

 

 

 

 

 The horizontal cabling subsystem requires active equipment such as an Ethernet switch, an 

equipment cord, a permanent link, and a work area cord to form a complete communication channel 

(figure 2.13). The equipment cords (patch cords) are non-permanent; they are cables with stranded 

Figure 2.11: Design topology for the horizontal cabling subsystem [42] 

 

Figure 2.12: Permanent links installed in the ceiling voids 
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conductors. Whereas permanent links are permanently installed cables, and their copper conductors 

are usually solid cores. Although 1- 3 m length of work area cord or equipment patch cord are 

common for desktop applications, the physical length of a work area cord or equipment patch cord 

is restricted to ~10 m when connected to the network to maintain the specified 19 Ω DC loop 

resistance for a link. However, the maximum physical length of a channel as specified by the cabling 

standard is ≤100 m (328 feet) while that of the permanent link is limited to ≤ 90m (295 feet).  

 

2.2.4  Classification of Ethernet cables based on application environments 

 

 

 

Plenum rated (CMP) cables vs riser rated (CMR) cables 

Based on application environments, Ethernet cables are also rated as a plenum (CMP) and riser 

(CMR) cables. Work area cords are usually CMR cables because they are installed in ventilated 

environments. However, horizontal cables can be either CMR or CMP. CMP cables are installed in 

restricted air circulation environments such as inside walls and ceilings above drop ceilings because 

their polymers have been designed to cope with the heat in such environments. Moreover, standard 

CMR cables are jacketed with PVC (Polyvinyl Chloride); PVC can burn quickly and release toxic 

fumes (Hydrochloric Acid and Dioxin) in the air. Plenum rated (CMP) cables are installed through 

the plenum air return spaces instead of the CMR cables to avoid circulation of toxic fumes in the 

environment. CMP rated cables are more expensive because of their high fire rating. Additionally, 

they are designed with fire-retardant jacketing material which can be a Low-Smoke Zero Halogen 

Figure 2.13: Communication paths between an Ethernet switch and a work area device [42] 
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(LSOH) PVC or FEP. CMP cable conductors are insulated with FEP while CMR cable conductors 

are insulated with High-Density Polyethylene (HDPE).  

                                                            

2.3  Balanced Twisted Pair Cabling Standards and Parameters 

 

2.3.1 Balanced Twisted Pair Cabling Standards 

Transmission performance of balanced twisted pair cabling is specified according to 

international standards to ensure structured cabling and connectivity and optimal performance in 

the different applications. This also ensures backward compatibility and interoperability of different 

components of the Ethernet channel. The standards are developed by various standards development 

committees such as the International Standard for Organization (ISO), International 

Electrotechnical Commission (IEC), International Telecommunication Union (ITU), American 

National Standards Institute (ANSI), Telecommunications Industry Association (TIA), Japanese 

Standards Association (JSA), Canadian Standards Association (CSA) (European Committee for 

Electrotechnical Standardization (CENELEC) and Institute of Electrical and Electronics Engineers 

(IEEE). 

The IEEE is an Engineering application standard, which references the cabling standards [43] 

but ISO and IEC are International Standards. The standard bodies are responsible for the 

implementation of standards in the manufacturing and quality control procedures, as well as 

electrical distribution and related technologies such as telecommunications cabling system. The 

main task of the IEC is to promote and publish International Standards such as the Technical 

Specifications, Technical Reports, Publicly Available Specifications [44] and Guides. When 

appropriate, the IEC collaborates closely with the ISO to ensure International Standards fit together 

seamlessly [44]. An example of the ISO/IEC standard is the ISO/IEC 11801, an International 

Standard, used for generic cabling of customer premises and is used for both balanced copper 

cabling and optical fibre cabling. It reflects the requirements for commercial buildings, office 

premises, industrial premises, home; data centre, and distributed building services.  

There are also subcommittee standards under the International Standards. For instance, the 

ISO/IEC JTC 1/SC 25 [45] is a standardisation subcommittee of the joint technical committee of 

the ISO and IEC, and responsible for developing and facilitating Standards within the 

interconnection of Information Technology equipment. Moreover, the standardisation of cables and 
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connectors is conducted within the technical committees of the IEC and ISO. The ISO/IEC JTC 

1/SC 25 consist of three working groups and one task group. Each of the working groups is 

responsible for specific tasks in the development of standards within the field of the interconnection 

of information technology equipment. For instance, the purview of the ISO/IEC JTC 1/SC 25/WG 

3 involves characterisation of cabling systems for customer premises, which include test procedures, 

and planning and installation guides.  

ANSI is responsible for the standardisation, harmonisation and adoption of national standards 

within the United States. It represents the United States at ISO technical meeting. The North 

American end-users specify the TIA Standards, but the authorisation of the standards is by the 

ANSI. The activities of the TIA involve the development of cabling standards for structured cabling 

system design and installation and support of a wide range of applications as well as meeting the 

future high-speed requirements. For instance, the ANSI/TIA-568- C.0 - C.2 is a family of standards 

for Balanced Twisted-Pair Telecommunications Cabling and Components. The Standards provides 

requirements for 100 m length of Category 3, 5e, 6, and 6A balanced twisted-pair cabling and 

components and as well as field test procedures used in verifying the performance of installed 

cabling.  

In addition to TIA and ISO, other known standards groups although region include JSA, CSA 

and CENELEC. The role of these regional cabling standards groups falls within their country’s ISO 

technical advisory committees and their published standards concord with that of TIA and ISO. For 

instance, CELENEC EN50173-1 is the accepted standard for installing structured cabling systems 

in countries within the European Union.  

 

2.3.2 Balanced Twisted Pair Cabling Parameters 

The standards define the electrical and transmission parameters of each of the components of the 

data channel. Some of the parameters used for measuring the electrical characteristics of the channel 

include the DC resistance, electrical length and characteristic impedance while the parameters for 

measuring the transmission characteristics are categorised as in-channel and between channel 

parameters. Some of the parameters used for measuring the internal (in-channel) performance of 

the balanced twisted pair cables include Insertion Loss (IL), Return Loss (RL), Near End and Far-

End Crosstalk (NEXT and FEXT) and Attenuation to Crosstalk Ratio (ACR). While, those used for 

the between channels performance or the impact of external influences on the signal passing through 

the cable include Power Sum Alien Near End Crosstalk (PSANEXT), Power Sum Alien Equal Level 
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Far-end Crosstalk (PSAELFEXT), Power Sum Alien Attenuation to Crosstalk Ratio (PSAACRF) 

among others. In addition, mode conversion parameters specified to understanding noise coupling 

mechanisms in balanced twisted-pair cabling [46] include Transverse Conversion Loss (TCL), 

Equal-Level Transverse Conversion Transfer Loss (ELTCTL), Longitudinal Conversion Loss 

(LCL) and Common-Mode to Differential-Mode Near-End Crosstalk (CDNEXT). Other 

parameters such as the High-Definition Time Domain Reflectometer (HDTDR) and High-

Definition Time Domain Crosstalk (HDTDX) Analyzer are non-frequency-based; used in 

measuring the performance of the cable in the time domain. More explanation on the HDTDX and 

HDTDR is given in section 2.6.2. 

 

(i) Parameters for measuring the electrical characteristics of twisted pair cables 

DC resistance 

The DC resistance, also known as ohmic resistance is a function of the conductor’s cross-sectional 

area, its length and temperature (2.3.1).  

 

 

 

𝑅 =  
𝜌(𝑇)𝐴

𝑙
                (2.3.1) 

 

Where 𝜌 is the resistivity of copper, which is a function of temperature. 𝐴 is the area (wire gauge) 

of the copper and 𝑙 is the length of the copper (figure 2.14). The DC resistance of a conductor is 

also a function of the conductor material. The conductors of balanced twisted pair cables are mostly 

made of copper except in rare cases where copper-clad aluminium conductors are used. Given the 

same conductor diameter, aluminium has 60 % of the conductivity of copper [47], which makes its 

resistance higher than that of copper. The DC loop resistance for a 100m length of any twisted pair 

is specified to be ~19 Ω while an unbalance resistance between any twisted pair is specified to be 

≤ 5 %, both measured and corrected to a temperature of 200C [48]. Moreover, because attenuation 

is a function of the DC loop resistance, the length of the twisted pair cable is specified to be ~100 

m. 

Figure 2.14: Showing the length and area of a copper conductor 

 

𝒍 
𝑨 



50 

 

 

Length of the balanced twisted pair cable 

The length of the balanced twisted pair cable is defined in three forms, which include the sheath 

length, physical length and electrical length. The sheath length of the cable is the length commonly 

found on the outside jacket of the cable while the physical length is the length of the copper 

conductors. The physical length is slightly longer than the sheath length due to the twisting of the 

copper conductors. Moreover, the electrical length corresponds to the number of wavelengths 𝜆 =

𝑣𝑝/𝑓 at a given frequency. To measure the electrical length of a cable using a field tester, a pulse 

signal is transmitted into the cable by the field tester, and when the pulse reaches the  far end of the 

cable, it reflects. By measuring the time taken by the pulse to travel and reflect (propagation delay) 

and knowing the Nominal Velocity of Propagation (signal propagation speed) of the conductor 

insulation, the cable tester determines the electrical length of the cable (2.3.2).   

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ = 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 ∗  𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑙𝑎𝑦                       (2.3.2) 

 

 

Nominal Velocity of Propagation 

Assuming frequency independence, the Nominal Velocity of Propagation (NVP) or velocity of 

propagation (𝑣𝑝) measures how fast the signal travels on a twisted pair relative to the speed of light 

in a vacuum.  

 

𝑃𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 = (𝑁𝑉𝑃)𝑐                                      (2.3.3) 

 

The typical NVP value for the unshielded twisted cables maybe around 69 %. Sometimes, the NVP 

value is expressed as the Velocity Factor (0.69) [49]. The 𝑣𝑝 of signal in media other than vacuum 

is characterised by the relative permittivity (휀𝑟) and permeability (𝜇𝑟) of the media (2.3.4). 

 

 𝑣𝑝 =
𝑐

√𝐿𝐶
                   =

𝑐

√𝜇𝑟 𝑟
                                           (2.3.4) 

 

 

For most materials, 𝜇𝑟 is 1   ∴ 𝑣𝑝 =
𝑐

√ 𝑟
       𝑉𝐹 =

1

√ 𝑟
                           (2.3.5) 
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Propagation delay 

Propagation delay (𝑡𝑝) or phase delay, which is a measure of the time taken by a signal to propagate 

from one end of the twisted pair to the other varies slightly among the four twisted pairs in a cable 

due to the differences in the twist rate of the twisted pairs and the 𝑣𝑝 of signals on the twisted pairs.  

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑙) = 𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ × √휀𝑟     (m)                (2.3.6) 

 

From (2.3.5) and (2.3.6),         𝑡𝑝 =
𝑙√ 𝑟

𝑐
          (ns)                            (2.3.7)  

From (2.3.5) and (2.3.60, it can be observed that the change in the value of 휀𝑟 is a contributing factor 

to the change in the speed and electrical path of the propagating signal. Also, from (2.3.7), variation 

in the electrical length of the twisted pairs or the dielectric permittivity of the propagating medium 

will cause the 𝑡𝑝 of the signal to vary. The typical value of the 𝑡𝑝 for a 100 m length (𝑙) of a Category 

6A cable, having conductor insulation with 휀𝑟 = 2.1 will be ~ 483 ns. Any variation in the 𝑡𝑝 of a 

signal on the twisted pairs will cause the delay skew of the cable to change; a scenario defined as 

the difference in propagation delay between the shortest pair and any pair in the same cable. 

 

Characteristic impedance 

Characteristic impedance (𝑍0) of the twisted pair cable is a function of the capacitance and 

inductance distributed along the length of a twisted pair. The impedance which decreases as 

frequency increases is due to capacitive reactance (
1

2𝜋𝑓𝐶
), and that which increases at high frequency 

is due to inductive reactance (2𝜋𝑓𝐿). The following parameters are used to determine the precise 

impedance of a twisted pair: the 휀𝑟 of the conductor insulating material, the diameter of copper 

conductor, the diameter of the insulation, the centring of the copper within the insulation and the 

precision at which the two insulated wires are twisted together [50]. If any or all of these factors 

vary due to a thermal variation on the cable, the impedance will vary along the length of the twisted 

pair. 
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(ii)  Parameters for measuring the transmission characteristics of twisted pair cables 

Attenuation or Insertion Loss 

Attenuation or Insertion Loss (IL) is a measure of the loss of the signal strength during transmission 

over a channel or permanent link. IL is affected by the material and geometry of the twisted pair 

through impedance mismatches, skin effect, conductor and dielectric loss. The lower the IL, the 

better the strength of the received signal and the higher the information carrying capacity of the 

channel. Given this, the strength of the received signal must be sufficiently high to be detected and 

interpreted by the electronic circuitry in the receiver. In general, IL is defined according to (2.3.8).  

 

                 𝐼𝐿 = −10 ∗ log (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)             (dB/m)         (2.3.8)  

 

Where 𝑃𝑜𝑢𝑡 is the power delivered to a load and 𝑃𝑖𝑛 is the power transmitted? Attenuation can also 

be defined as 20*Log |T|, Where T is the transmission coefficient. 

 

Return loss and Voltage Standing Wave Ratio 

Return Loss (RL) and Voltage Standing Wave Ratio (VSWR) are the two parameters for measuring 

the amount of reflection on a Transmission Line (TL) such as a twisted pair. RL is defined as the 

ratio of the incident power to the reflected power. 𝑅𝐿 = 10 log  
𝑃+

𝑃−
. where 𝑃+ is the reflected power 

and 𝑃− is the incident power. The magnitude of the RL can also be expressed as RL = 20*log |Γ|. 

Where Γ is the reflection coefficient. The better the impedance matching on a communication link, 

the lower the reflected energy and the higher the return loss. The major factors affecting the RL 

performance of a channel or permanent link are the impedance mismatches and discontinuities. 

Impedance mismatches are from variations in the material and construction of the link, whereas 

discontinuities occur at the mated points of the plugs or jacks and within the plug or jack connection 

itself. Discontinuities also occur due to the sharp bending of the cable and kinks in the cable. The 

VSWR characterises the impedance matching of the load at the end of a TL to the characteristic 

impedance (𝑍𝑜) of the TL. The characterisation is necessary because matched impedance is required 

to minimise signal overshoots and undershoots caused by reflections at the end of the TL; also, to 

ensure maximum power transfer to the load.  
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Analysis of a basic transmission line 

From figure 2.15, consider two parallel conductors of a TL with infinite lengths, by applying a 

sinusoidal voltage (𝑉𝑠) across the conductors of the pair, equal and opposite currents (I) flow forever 

in the conductors. The current flowing creates a forward voltage wave, which travels along the 

conductors. Based on the sinusoidal nature of the voltage wave, it consists of both magnitude and 

phase. The ratio of the voltage (Vout) across the conductors to the current (Iout) flowing through the 

conductors (Vout /Iout), defines the 𝑍𝑜 of the conductor pair. The magnitude of Vout is determined by 

a series combination of the source impedance (𝑧𝑠) and the 𝑍𝑜 as a voltage divider (2.3.9). 

 

𝑉𝑜𝑢𝑡 = 𝑉𝑠 ∗ (
𝑍0

𝑧𝑠 + 𝑍0 
)                                 (2.3.9) 

Also, suppose the 𝑉𝑠 is placed across a perfect lossless TL with a finite length and uniform 

impedance from source to load, all the power transferred through the line is fully absorbed by the 

load because there is no mismatch on the line and at the end of the line. Therefore, there is no 

reflection of the signal on the line. 

 

 

 

 

 

 

In this case, the source impedance (𝑧𝑠) is equal to 𝑍𝑜. Also, 𝑍𝑜 is equal to the termination impedance 

(𝑧𝑡). The impedance at any point on the line looking towards the load is the input impedance (𝑍𝑖𝑛); 

Such that 𝑍𝑖𝑛 = 𝑍𝑜. The reflection coefficient, Γ = 0 (2.3.10) and the VSWR = 1 (2.3.11).  

  Γ =  
𝑧𝑠−𝑍𝑜

𝑧𝑠+𝑍𝑜
,          Γ =  

𝑧𝑡−𝑍𝑜

𝑧𝑡+𝑍𝑜
,         Γ =  

100−100

100+100
        = 0       (2.3.10) 

 

Figure 2.15: Showing a unit length of a transmission line 
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   VSWR =      
𝑉𝑚𝑎𝑥

𝑉𝑚𝑖𝑛
    =   

𝐼𝑚𝑎𝑥

𝐼𝑚𝑖𝑛
    =  

1 + |Γ|

1 − |Γ|
                  = 1      (2.3.11) 

 

Assuming the end of the TL is short-circuited; such that 𝑧𝑡 = 0, but 𝑧𝑠 = 𝑍𝑜, the source sees 𝑍𝑜 

initially and voltage wave with amplitude 𝑉𝑠/2, propagating towards the load. However, when the 

voltage wave reaches the far end of the line and sees a short circuit, a voltage wave of the opposite 

polarity propagates back towards the source, cancelling the original wave. In this case, from (2.3.10) 

and (2.3.11), the reflection coefficient of the short-circuited line, Γ = −1, and the VSWR = ∞. 

Also, the short-circuit impedance (𝑍𝑠𝑐) is according to (2.3.12) [51]. 

     𝑍𝑠𝑐 = 𝑍𝑖𝑛 |𝑍𝑡=0    
= 𝑗𝑍𝑜 tan  (𝛽𝑙𝑒𝑛𝑔𝑡ℎ)                                   (2.3.12) 

Where 𝛽 is the phase constant and 𝑙𝑒𝑛𝑔𝑡ℎ is the electrical distance between the source and the load. 

 

Moreover, if the end of the line is an open circuit; such that 𝑧𝑡 =  ∞, a reflected signal of equal 

magnitude and same polarity as the original voltage propagates backwards towards the source, 

adding to the original voltage. In this case, the reflection coefficient of the open-circuited line, Γ = 

+1. The VSWR is ∞ and the open-circuit impedance (𝑍𝑜𝑐) is according to 2.3.13 [51]. 

 

𝑍𝑜𝑐 = lim
𝑧𝑡→∞

   𝑍𝑖𝑛  =
𝑍𝑜

𝑗𝑡𝑎𝑛 𝛽𝑙
= −𝑗𝑍𝑜 cot  (𝛽𝑙𝑒𝑛𝑔𝑡ℎ)                       (2.3.13) 

 

In practical transmission lines, 𝑧𝑠 and 𝑧𝑡 are complex; also different from 𝑍𝑜. In this case, the 

magnitude of the pulse reflections will be according to the source (Γ𝑠) and load (Γ𝐿) reflection 

coefficients (2.3.14) and (2.3.15). 

 

Γs =
𝑍𝑠−𝑍𝑜

𝑍𝑠+𝑍𝑜
                                              (2.3.14) 

 

ΓL =
𝑍𝐿−𝑍𝑜

𝑍𝐿+𝑍𝑜
                                                 (2.3.15) 
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Furthermore, in a case where only one mismatch occurs at the termination end of the TL due to the 

complex or an arbitrary load attached to the end of the line, the relationship between the 𝑍𝑖𝑛, 𝑍𝑜 and 

𝑧𝑡 is given according to (2.3.16) [52].  

 

𝑍𝑖𝑛 = 𝑍𝑜 [
𝑧𝑡+ 𝑍𝑜 tanh(𝛽𝑙𝑒𝑛𝑔𝑡ℎ)

𝑍𝑜 + 𝑧𝑡 tanh(𝛽𝑙𝑒𝑛𝑔𝑡ℎ)
]                             (2.3.16) 

 

In addition, when 𝑧𝑡 is not equal to the 𝑍𝑜 of the line, the line may appear like a resonant circuit or 

reactive circuit to the generator input, depending on the electrical length of the line. Consequently, 

the 𝑍𝑖𝑛 of the line will vary as a function of the electrical length and the frequency of the propagating 

signal. In this case, the line is said to be resonant. 

 

Near End and Far-End Crosstalk 

 Crosstalk in a multipair Ethernet cabling can be measured as a Near-End Crosstalk (NEXT) or 

Far-End Crosstalk (FEXT). The portion of the transmitted signal that couples back into the received 

signal at the near end of the transceiver is termed NEXT (Figure 2.16 a). However, if the source of 

the transmitted signal and the point of the crosstalk measurement are located at the far end of the 

line, then, the crosstalk attenuation measured is referred to as FEXT.  

 

 

 

 

 

 

 

NEXT is measured in dB  but calculated as the difference in amplitude between a transmitted signal 

on one pair and the crosstalk received on one of the other twisted pairs in the same cable. Power 

Sum Near-End Crosstalk (PS-NEXT) is the summation of the individual NEXT effects on one 

(a) 

Transmitter 

Receiver 
Transmitter 

Receiver 

NEXT 

(b) 

Transmitter 

Receiver 
Transmitter 

Receiver 

PSNEXT Near end Far end Near end Far end 

RJ45 mated connection 

Figure 2.16: (a) NEXT and (b) PSNEXT in a twisted pair cable 
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twisted pair from the other three twisted pairs in the same cable (Figure 2.16 b). Higher values of 

NEXT and PS-NEXT correspond to less crosstalk and better cabling performance. 

 

Attenuation to Crosstalk Ratio 

Attenuation-to-Crosstalk-Ratio (ACR) represents the signal to noise ratio for the balanced 

twisted pair cable. It is one of the key parameters, for measuring the transmission performance of a 

cabling system. ACR value is calculated as the difference in values between NEXT and attenuation 

of the signal being transmitted. A higher value of the ACR means that the received signal is more 

than the crosstalk signal from one pair. Similarly, a higher Power Sum Attenuation-to-Crosstalk-

Ratio (PSACR) value means that the received signal is much larger than the combination of the 

crosstalk from the other three twisted pairs in the same cable. 

 

 

(iii) Parameters for measuring the balance of twisted pair cables 

 

Transverse Conversion Loss and Equal Level Transverse Conversion Transfer Loss 

Transverse Conversion Loss (TCL) and Equal Level Transverse Conversion Transfer Loss 

(ELTCTL) are both pair balance parameters for measuring the amount of differential-mode signal 

converted to a common mode signal. That is, they are both measures of mode conversion within a 

twisted pair, but TCL measures the degree of unbalance at the near end of the cable [46, 53] while 

the mode conversion at the far end of a link is quantified using the ELTCTL. The two parameters 

are particularly important for evaluating the performance of communication links installed in 

industrial areas because of the high level of noise caused by industrial equipment. Also, because of 

the problems that EMI causes in networking equipment. The TCL value is calculated as the ratio 

(in dB) of a common-mode voltage (𝑉𝑐𝑚) measured on a twisted pair relative to a differential-mode 

voltage (𝑉𝑑𝑚) applied to the same end of the twisted pair (2.3.17). The calculated value indicates 

how well the impedances of the paired conductors are balanced.  

 

TCL =  20 log10
(

𝑉𝑐𝑚

𝑉𝑑𝑚
) 

 
                           (dB)       (2.3.17) 
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Table 2.2 illustrates how TCL values are calculated. For illustration purpose, a common mode 

voltage is induced on each conductor of a twisted pair relative to ground by nearby Electromagnetic 

fields. Assuming the induced common mode voltage (𝑉𝑐𝑚) is 1V, a TCL value of 60 dB means that 

0.1 % (1mV) of the induced 1V is converted to differential mode voltage while a TCL value of 20 

dB means that 10 % (100mV) of the induced voltage is converted to differential mode voltage. 

Given this, a high TCL value means that the impedances of the conductors relative to the ground 

are almost equal, which corresponds to a better noise immunity of the cable and lower emissions 

from the cable. Hence, a higher TCL value of 40 dB should achieve a better-twisted pair balance 

[46].  

 

 

 

 

 

 Longitudinal Conversion Loss 

The Longitudinal Conversion Loss (LCL) of a cable system is a measure of the amount of 

common mode signal that is converted into an unwanted differential mode signal at the interface of 

a cabling system. It is also a measure of the quality of the cable construction or the physical balance 

of a twisted pair cable. LCL is measured according to figure 2.17 but calculated as the ratio (in dB) 

of a common-mode signal (𝐸𝐿) applied on a twisted pair relative to an unwanted differential-mode 

voltage (𝑉𝑇) measured at the interface of the system (2.3.18) [54].  The lower the LCL value, the 

higher the level of the interference that is created.  

LCL =  20 log10  |
EL

VT
|                             (dB)         (2.3.18) 

 

 

 

 

 

Table 2.2: Calculated differential mode noise voltage (Vdm) for different TCL values 

TCL (dB) 𝑉𝑑𝑚 (𝑚𝑉) 𝑉𝑐𝑚 (𝑉) 

20 100 1 

30 31.6 1 

40 10 1 

50 3.16 1 

60 1 1 

Figure 2.17: LCL at the interface of a cabling system [54] 

 

 

𝑍𝑐𝑚
 𝑍0

4
  

VT  

EL  

Cable 



58 

 

Common-Mode to Differential-Mode Near-End Crosstalk 

 

Common-Mode to Differential-Mode Near-End Crosstalk (CDNEXT) is the difference in 

amplitude between the common mode signal generated on one twisted pair and the differential mode 

signal measured on a different twisted pair at the same end of the cable. Higher CDNEXT value 

corresponds to a better noise immunity of the cabling system. According to [55], the main source 

of mode conversion for balanced twisted pair cabling is the mated point of the 8-pin RJ45 modular 

plug and jack. This is because the blades of the plug are inherently unbalanced, which can result in 

a significant amount of mode conversion. Additionally, the split pair pins have the largest distance 

between its conductors and may, therefore, have the largest difference in the crosstalk received. 

Since CDNEXT occurs mostly at the termination point of the cabling system, it is a measure of the 

quality of the connector design and the efficiency of the termination. 

 

2.3.3 Twisted pair as a balanced transmission line 

An ideal twisted pair copper cable is referred to as a balanced twisted pair cable because each 

pair in the cable is a differential line; the two insulated conductors of a pair have equal impedances 

along their length, to ground and other circuits. The twisting of the wire pairs allows the opposing 

electromagnetic fields in the two adjacent half-twists to cancel each other [56]. The tighter the twist 

of the conductor pairs, the more effective the cancellation of the field induction and the higher the 

data rate supported by the cables [57]. The uniform twisting of the wires ensures a homogeneous 

distribution of the unit capacitances along the length of the cable, which also enables high common-

mode rejection. Balanced twisted cables are designed to operate using differential mode (DM) 

signals in a balanced transmission circuit. Differential mode means that signal flows in one direction 

on a conductor of a pair and reverses direction along the other conductor. It also implies that the 

applied voltage (+V and -V) splits evenly on the twisted pair due to the symmetrical nature of both 

conductors in the twisted pair unlike the common mode signal, which flows equally in the same 

direction along each conductor in the cable, including the cable shield if it is present. Common 

mode signals on a cable do generate a net magnetic field around the cable. According to [58], a 

small common mode current can result in large emitted signals. The benefit of representing a 

differential signal by the difference of voltage between a ground-isolated twisted pair is that the 

effect of capacitive and inductive coupling on the signal being transmitted is minimal. Also, 

Electromagnetic fields from outside sources cause voltages that have the same amplitudes and 
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polarities (common-mode voltages) on each wire in the pair, leaving the differential signal 

unchanged (figure 2.18).  

 

 

 

 
 
 

 

 

 

  

2.4  Factors affecting the performance of remote powered Ethernet channels 

 

The quality of the signal being transmitted over the PoE channel depends on the performance of 

all the components of the channel and the environment in which the cables are deployed. That is, 

good performance of the Ethernet cable dielectrics, the balance of the cables and connecting 

hardware are necessary to achieve high data rate, especially with the increasing use of short 

electrical pulses in data transmission. If the balance of the cables and connectors (which serve as 

interfaces to the network) is compromised, the electrical signal being transmitted over the Ethernet 

can radiate and can be distorted. The distortion of the electrical signal is due to attenuation, delay, 

reflections and noise while radiation is caused by ringing effects [59] and the imbalances in the 

transmission circuit. Moreover, the degradation of Ethernet signal on PoE channels arises mainly 

from four general factors: overall temperature and thermal variation, handling effects and 

installation conditions. Given this, the focus of this section is to appraise the main factors affecting 

the performance of remote powered Ethernet channels. The factors contributing to the heat 

generation in powered balanced twisted pair cables are discussed first, followed by the analysis of 

the performance of high powered PoE links which are bundled in several dozens and are subject to 

thermal variation when passing through walls, ceiling spaces, riser shafts, and so on. In these types 

of installation condition, the temperature on different portions of the cable can vary. Hence, the 

potential adverse effect of thermal variation on Ethernet signal integrity is an area of concern. The 

Figure 2.18: Illustrating the balanced transmission of Ethernet signal in an EMI environment 
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adverse effects of such installation conditions on channel performance are discussed by relating the 

possible changes in the primary line constants to the transmission parameters of the cable. 

 

2.4.1 Factors contributing to the heat generation in powered twisted pair cables 

Theoretically, the amount of power loss in form of heat generated in the cable is proportional to 

the square of the current passing through the cable and the resistance of the cable (2.4.1). Thus, the 

higher the current passing through the cable, the greater the heat generated. 

 

𝑃𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠 = 𝐼2𝑅         (J/sec)    (2.4.1) 

 

Additional to the high thermal loadings on the cable, other factors contributing to the heat rise in 

the cable include the number of energised twisted conductors, the size of the cable bundle, type of 

installation condition, type of pathway (cable tray or conduit) system, ambient operating 

temperature, fire stopping, the construction of the cable such as the conductor and its insulating 

material, screening, copper conductor and its insulation diameter (Figure 2.19).  

 

 

 

 

 

 

 

 

 

 

The heat generated by the unshielded cables is higher when compared with that from shielded 

cables due to the smaller conductor size and the lack of screening, which could have helped with 
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Figure 2.19: Factors affecting the heat generation and dissipation in bundled Ethernet cables 
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the dissipation of the heat generated [44].  The lower categories of cable (unshielded cables) have 

copper with smaller conductor sizes. Therefore, their DC loop resistance per unit length is higher 

than that of the higher categories (shielded cables). As a result of the high current transmission in 

the cables, the conductors heat up and dissipate the heat by convection, radiation, and conduction. 

Depending on the type of insulating materials and cable jacketing materials, the heat dissipation is 

slightly different for different types of cable. 

Another component which helps with the heat dissipation is the crossweb or filler. The compounds 

used for the fillers turn the fillers to a heat sink which, helps with uniform heat dissipation to the 

surface of the cable. Furthermore, insulating material with high dielectric constant and dielectric 

loss also contributes to the heat generation in the cable, unlike the insulating material with low loss, 

which provides reduced attenuation and heating in a circuit.  

 

 In a typical installation where cables exist in several bundles, they experience the proximity of 

heat sources, and that could lead to an excessive temperature rise within the cable itself and 

surrounding cables. Heat dissipation is reduced in such installation conditions, due to the lack of 

proper airflow. According to the study presented in [31], excessive heat within the cable bundle 

(CB) contributes to the heat-ageing of the cable polymers. Larger CBs which are fully insulated and 

installed under the floor or inside walls may generate a temperature rise that is high due to reduced 

heat dissipation and lack of airflow in the environment. 

 High ambient temperature also limits the current carrying capability of the wire by restricting 

the amount of self-healing that can be accommodated before the maximum temperature rating of 

the insulation is reached. Ideally, copper conducts heat at a high temperature before melting, but 

long before it reaches the melting point, the insulators would have melted and caused a short circuit. 

According to [47], the temperature at which the insulation degrades is often more limiting than any 

effects of temperature on the conductor. 

 

2.4.2 Effects of temperature on the performance of balanced twisted pair cables  

The degradation of the signal passing through the PoE channel mainly arises from the changes 

in the material properties and deformation of the twisted pair geometry through impedance 

mismatches, skin effect, conductor and dielectric loss. Moreover, the cables may be subjected to 

high temperature and thermal variation and hence fail to transmit the whole signal or part of the 
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signal from source to load as intended. In this case, the loss of the signal strength on the channel is 

termed attenuation or insertion loss. Attenuation increases due to the effect of temperature, and this 

causes the bandwidth of the cable to reduce, leading to the lower achievable data rate. According to 

[60], the IEEE 802.3ch has been working on a 1.0 dB improvement in the attenuation margin, which 

is believed to be critical in ensuring a 10-12 bit error ratio, which will be needed to achieve reliable 

operation of multi-gigabit Ethernet. Attenuation is a function of multiple parameters. From (2.7.3), 

attenuation depends independently on the resistance (R), characteristic impedance (Z0), and 

conductance (G) of the twisted pair at various temperatures and frequencies. 

 

A. Attenuation (𝜶) due to conductor loss (𝜶𝒄) 

Based on the application of twisted pair cables in remote powering operations, attenuation due 

to conductor loss increases with an increase in the resistance (R) of the cable. From the 

approximation of 𝛼𝑐 stated in (2.4.2), the total resistance of the cable comprises of both the DC and 

AC resistance components (Rdc and Rac).  

𝛼𝑐 =
𝑅

2𝑍0
                 (2.4.2) 

The Rdc (DC resistance) component represents the resistance to the flow of the current passing 

through the entire bulk of the copper conductor while the Rac (AC resistance) component represents 

the resistance to the current flowing near the surface of the copper conductor, caused by the skin 

effect. The Rdc is a function of temperature while Rac is a function of frequency and temperature.  

As the cable temperature rises above ambient, Rdc increases, leading to an increase in the power 

dissipation (attenuation) on the cable (figure 2.20). The amount of the signal power loss depends on 

the temperature, which also depends on the type of conductor and the resistance of the conductor. 

The most obvious of these is that real conductors are not perfect conductors. They have a non-zero 

resistivity, which causes some signal power to be dissipated and lost, with temperature on the cable. 

For instance, the resistivity of copper at room temperature is 1.72 x 10-8 Ωm while that of aluminium 

is 2.65 × 10−8 Ωm. At any given frequency and temperature, attenuation of any cable with copper 

conductors is smaller than the attenuation of the identical cable with Copper-Clad Aluminium 

(CCA) conductors because aluminium generates more heat than the pure copper conductor. 

The electrical conductivity of copper conductor decreases at elevated temperatures but increases 

with an increase in frequency. At a steady-state of heating where the diameter of the copper remains 

the same, a marked increase in the low-frequency loss is due to low conductivity, which is due to 
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the wires having a much higher DC resistance. However, at higher frequencies, attenuation 

increases significantly due to the AC resistance of the copper conductors because of skin effects. 

This is because the skin depth of the copper conductor substantially reduces at high frequencies, 

which causes the effective cross-section of the wire to decrease. The smaller the effective cross-

section of the wire, the better the conductivity. Given this, the conductivity of copper increases with 

an increasing frequency. However, above 100 MHz, conductor losses are proportional to the square 

root of signal frequency. Moreover, further degradation of cable performance can be expected when 

the skin depth of the copper conductor reaches the surface roughness of the conductors. This 

scenario increases the path for currents, and effectively reduces the surface conductivity of 

conductors and increases attenuation. 

Coupled with the AC resistance of the copper conductors, which increases due to skin effects, the 

placement of a screen in the proximity of a twisted pair carrying electrical signal results in eddy 

current induction, which causes the loss of the propagating signals [50, 84].  The total unit resistance 

of the shielded cable represents all conductor related losses in the cable, including losses in the 

screen (due to eddy currents) [50]. For the unshielded twisted pair cable, losses are because of the 

skin effect and proximity effect only. No eddy current losses are considered as there is no shield 

present in the cable.  

 

B. Attenuation (𝜶) due to dielectric loss (𝜶𝒅) 

The temperature of a material has a significant effect on the dielectric properties. Generally, 

dielectric loss increases with increasing temperature at low frequencies due to the ionic conductance 

but decreases with increasing temperature at high frequencies due to free-water dispersion [61]. 

According to [62], the dielectric loss of twisted pair is mainly derived from conduction loss caused 

by DC divulge current in insulation, interlayer polarisation loss caused by space charge, loss caused 

by a partial discharge under high electric field and, relaxation polarisation loss caused by dipole 

orientation. Furthermore, all real dielectrics consist of atoms with electrons. The electrons are 

tightly bound to the nuclei, but they still move a little when the electric field is applied to it. At low 

frequency (100 Hz to 10 kHz), dielectric loss, mainly derived from conduction is minimal. 

Reference [62], calculated tanδ as follows: 

 

𝑡𝑎𝑛𝛿 =
𝜎

𝜔 𝑟
                  (2.4.3) 
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From (2.4.3), it is shown that the loss tangent (tanδ) decreases, with the increase in the low-

frequency region. However, when the electric field in a dielectric is sufficiently large, it begins to 

pull electrons completely out of the molecules, and the dielectric becomes conductive. The tanδ of 

a dielectric material describes the electrical conductivity of the dielectric. A higher tanδ means that 

the dielectric material is more conductive and that its insulation resistance has decreased, which 

means that the temperature of the material will increase as a result of the current flowing through 

the material, which also increases the dielectric losses. Moreover, the less obvious problem is that 

the dielectric material between the conductors will also tend to ‘leak’ slightly due to the reduction 

in insulation resistance of the cable dielectrics. The conductance (G) represents the current leakage 

through the insulation between the conductors. 

 

 

 

 

 

 

 

 

 

 

Apart from the contributions of the resistance (R) and conductance (G) to attenuation, another 

factor influencing attenuation is the characteristic impedance (Z0) of the twisted pair. 

𝛼𝑑 =
𝐺𝑍0

2
                (2.4.4) 

The impact of the increase in Z0 due to the changes in the dielectric constant of dielectric materials 

is discussed in the next section. 
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Figure 2.20: Causality of the attenuation of Ethernet signal due to thermal variation 
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2.4.3 Effects of thermal variation on the performance of twisted pair cable 

Most balanced twisted cables used in remote powering applications are designed with 

conductors and insulation of uniform sizes and materials. Also, the twisting of the insulated 

conductors is assumed to be uniform over the entire length of the twisted pairs in the cable. For 

illustration purpose, a uniform cable shown in figure 2.21 is the one with uniform materials and 

geometry over its entire length. Also, changes in the conductor dimensions are expected to occur 

due to the mechanical effects arising from temperature fluctuations. 

 

 

 

 

However, the peculiarity of the temperature rise from PoE power levels, and the cyclic 

temperature variations from time-dependent power demand as well as the installation condition 

can lead to the geometric distortion and dynamic behaviour of the cable. For poorly manufactured 

cables, the twisted pairs often flex and move inside the jacketing material when under temperature 

fluctuations. Also, the friction between the shield and conductors of the shielded cables may 

generate heat, which contributes to the reduction in the flex life of the cable. As explained in [63], 

the resistance of copper conductors and the foil shield increases as the conductors and the foil flex 

under thermal cycling, and that contributes to the insertion loss of the cable. In addition, the higher 

the friction between the conductors and the foil shield, the more brittle the conductors and the foil 

shield become.  

Furthermore, in an installation environment where larger cable bundles pass through insulated 

walls, ceilings and are operating at 100 watts DC power level; they are subject to localised heating 

that is likely to change the dimension of the twisted pair and the composition of the conductor 

insulation at that various location on the cable (figure 2.22). In this case, reflection (see R1 to R4 in 

figure 2.22) will occur at those various locations because of the changes in the characteristic 

impedance (see Z1 to Z4 in figure 2.22) of the cable. 

 

 

Ideal shape 

Figure 2.21: Ideal cable segment of a permanent link without geometrical deformation 
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(a)  Showing a PL with segments deformation due to thermal variation (heating) 
 

 

 

 

 

 

 
 

 

(b) Showing a PL with segments deformation due to thermal variation (cooling) 

 

 

Moreover, the characteristic impedance of a low loss transmission line depends on inductance and 

capacitance. The mutual capacitance of a twisted pair is specified in the cable’s datasheet, but the 

mutual capacitance measured in practice depends on the dielectric constant of the insulator between 

the two conductors and the proximity of the conductors. If the heating of the cable increases the 

separation distance between the conductors of the twisted pairs, the capacitance (2.7.0) of the 

twisted pairs will decrease and vice versa. Moreover, if the dielectric constant of the conductor 

insulation around the insulated portions of the cable changes differently from every other part of 

the cable segment that is ventilated, the capacitance of the cable will vary. Then, the characteristic 

impedance of the cable will vary because of the non-uniformity of the twisted pairs. Moreover, any 

changes to the characteristic impedance result in variations in other transmission parameters of the 

channel that are not measured but determined indirectly from the impedance. For instance, 

attenuation and return loss are sometimes determined from the impedance. 

Furthermore, the conductor diameter of the shielded cables is usually made bigger to reduce 

attenuation. However, if the conductor diameter contracts due to the cooling (during the winter 

period) of the cable, the overall diameter of the conductor insulation will decrease. The decrease in 

the overall diameter of the conductor insulation as a consequence of thermal variation will cause 

the 휀𝑟 of the conductor insulation to increase, which will cause the capacitance of the cable to 
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Figure 2.22: Deformation of cable segments due to the effect of thermal variation 
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increase (2.7.0), and the impedance to decrease. At high frequencies, the capacitance of the cable 

causes a significant current to be drawn [64]. Moreover, low impedance implies high current, which 

increases the cable attenuation.  

Furthermore, from (2.3.6), if the electrical length of the transmission-line increases due to an 

increase in the 휀𝑟 of the conductor insulation, the time taken for the signal to propagate through the 

cable will increase. Moreover, due to the heating of the cable, the length of the conductor is expected 

to increase because the resistance (R) of the conductor depends on temperature. If the capacitance 

(C) and resistance (R) of the twisted pair increase, the effective speed of the cable will be limited 

by the RC delay. 

 

 2.4.4 A brief review of Insertion Loss Deviation 

In addition to the previously described losses, there could also be an Insertion Loss Deviation 

(ILD), which is caused by component mismatches. Figure 2.23 illustrates a channel with different 

components such as patch cords, a cable segment and some connectors.  

 

 

 

 

 

Typically, the nominal characteristic impedance of the connectors, patch cords and cables used 

in Ethernet channels is specified to be ~ 100 Ω (± 15). In practice, however, the value can be 

slightly different because the channel components are manufactured independently, and there is no 

guarantee that manufacturers' tolerances will be the same. Additionally, installation variances, such 

as pigtail connections at every termination point on the channel create a non-homogenous 

transmission channel as a result of the pigtail inductance and capacitance [65, 83]. Any variation in 

the characteristic impedance of the cable segment will affect the return loss performance of the link. 

Another source of return loss is the reflections from inside the link, mainly from the connectors if 

the connections to them are malformed. Also, according to [66], the major contributor to ILD at 
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Figure 2.23: Illustrating the loss of the signal power between the input and output of a channel 
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high frequencies is the connector impedance mismatch. This is because among the eight pins of the 

RJ45 modular connector, pin 3-6, which are the split pair pins, have a higher impedance mismatch 

because the pins in the termination plug are further apart. Thus, if a mismatch occurs at the mating 

of the RJ45 plug and jack, a proportion of the incident signal will be reflected towards the 

transmitter while the remainder of the signal will propagate through the link. The reflected signal 

contributes to the loss of the channel, and it is termed mismatch loss. Any further 

imperfections along the link such as discontinuities at other in-line connectors will cause part of the 

reflected signal to be re-reflected to mix in with the original signal. According to [87], the re-

reflected signal is called ILD.  

The total Insertion Loss (IL) of a channel was evaluated in [87], using (2.4.5).  

Channel insertion loss (ILCH) = Σ𝑖=1
𝑛 𝐼𝐿𝑖  for an 𝑛 component link.     (2.4.5) 

 

 ILD is most severe at high frequencies because Ethernet signals are more susceptible to noise at 

high frequencies. Moreover, the re-reflected signal is also a noise source because it is delayed by a 

certain amount of time before propagating through the twisted pair again. Consequently, the 

superposition of the noise on the transmitted signal can lead to a distorted signal.  

 

2.4.5 Factors contributing to the distortion of the transmitted signal 

 

A. Impact of Return Loss on data transmission 

Signal reflection from both the transmitter and receiver also causes severe ringing and spurious 

transition, which can affect the data being transferred through the cable. Excessive reflections on 

the TL also cause electromagnetic interference and false triggering that may prevent the full 

functionality of devices when operating under thermally varied conditions. Normally, the measured 

signal attenuation of a cable is a smooth line. However, the return loss echoes, arriving at the 

receiver, in phase at various frequencies and out of phase with others, cause the attenuation plot to 

be wavy. In other words, signal jitter causes the edge of a signal, representing a data bit to be shifted 

slightly in time, misleading the receiver circuit in such a way that the receiver circuit classifies the 

signal as a binary 1 when it should have been a binary 0 during sampling, or vice versa. Moreover, 

signal jitter causes the data signal to become misaligned with reference to the clock leading to a 

decoding error. In addition to the ringing, spurious transition and signal jitter, impedance mismatch 
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also causes reflection that leads to a phase shift of the transmitted signal. However, the phase shift 

of a signal may cause interference to occur, leading to the phase distortion of the received pulse 

signal. Moreover, phase distortion causes the asymmetry of the received pulses and inter-symbol-

interference at high frequencies. 

 

B. Impact of noise 

 Another factor contributing to the distortion of signals being transmitted is noise. Depending on 

the nature and the source of the noise, the received signal can be buried by excessive noise in the 

transmission system. Noise comes from everywhere, from internal and external sources. An 

example of noise from an external source is an impulse noise, which is in the form of a sharp spike 

on the transmitted signal. It could be generated from external EMI such as lightning. Moreover, 

while external noise can be mostly excluded from the transmission systems, some internal noise 

sources are inherent in the systems, hence cannot be totally eliminated. Some examples of intrinsic 

noise are intermodulation noise, contact noise and thermal noise. Intermodulation noise is generated 

as a result of the nonlinearity in the transmission system while contact noise is caused by the 

fluctuating conductivity of an imperfect joint between two conductors. Contact noise is called a 

low-frequency noise (
1

𝑓
  noise) because its magnitude can become very large at low frequency. 

Thermal noise, on the other hand, arises from the random motion of electrons in all elements 

containing resistance and operating above 0 Kelvin. According to [67], a non-periodic voltage exists 

in every conductor and the magnitude of the voltage is related to temperature. As stated in [67], 

thermal noise voltage is proportional to the square root of the system’ noise bandwidth and the 

square root of the resistance. The magnitude of the thermal noise voltage is mathematically 

described in (2.4.6) [67]. 

       𝑉𝑡 = √4𝑘𝑇𝐵𝑅                      (2.4.6)  

The 𝑉𝑡 can equally be represented by thermal noise current (𝐼𝑡) as given in (2.4.7). 

    𝐼𝑡 = √
4𝑘𝑇𝐵

𝑅
                      (2.4.7) 

Where 𝑘 = Boltzman’s constant - 1.38 𝑥 10−23  (
𝐽𝑜𝑢𝑙𝑒𝑠

𝐾
), 𝑇= Absolute temperature (Kelvin),  

B = Equivalent noise bandwidth of the system (Hz) and R = Resistance (Ω).  
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While some noise sources are inherent and external to the communication system, some noise 

sources are due to manufacturing defects or are structurally dependent. An example of such noise 

is crosstalk, which is categorised as the major impairment in any communication cabling system 

with more than one wire pair. Crosstalk superimposed on the desired signal is considered noise. 

High level of crosstalk distorts the received signal. Crosstalk occurs in twisted pair cables and 

depends on the distance between the twisted pairs and the relative permittivity of the dielectric 

material isolating the conductors of the twisted pairs. Crosstalk can be due to mutual capacitive or 

inductive coupling.  

C. Mutual capacitive coupling 

When a balanced voltage (V) is applied between two insulated conductors of the aggressor pair, 

which can be pair 1 in figure 2.24; the Electric field is set up in the dielectric space surrounding the 

insulated conductors. The E-field inside the dielectric material reduces the applied E-field through 

polarisation of the molecules inside the dielectric, which in turn causes the voltage to decrease (𝐸 =

 −∇𝑉) and capacitance to increase (𝐶𝑚 = 𝑄/𝑉) for the same amount of charges on the conductors. 

 

 

 

 

 

 

 

D. Mutual inductive coupling 

Similarly, the alternating current (I) flowing through the conductors of the aggressor pair in 

figure 2.24, creates a magnetic field which can couple with the conductors of the victim pair (pair 

2) by mutual inductance (𝐿𝑚)  and induces a noise voltage (VN) on it.  

Completely balanced twisted pairs have mutual inductance and capacitance which are 

independently approaching zero as long as the insulated conductors are tightly twisted during 

manufacturing. Moreover, in the real application, the inductance (L) and capacitance (C) of a 
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Figure 2.24: Illustrating intra-cable crosstalk [70] 
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twisted pair are related to the material properties of the twisted pair and the separation distance 

between the conductors of the twisted pairs. Given this, any changes in the characteristics of the 

twisted pair will be due to the changes in the material properties or the geometry of the twisted pair. 

As reported in [68], a reduction in the value of εr of the dielectric around the conductors of the 

twisted pairs causes crosstalk between the twisted pairs to decrease by decreasing the capacitive 

coupling. 

Furthermore, if the heating of the cable changes the separation distance between the conductors 

of the twisted pairs, the resulting potential difference due to charge separation on the conductors 

will cause the capacitance of the twisted pairs to change. Although twisted pairs with tight twists 

may preserve their shape in the cable due to the slight heating of the cable; excessive heating of the 

cable can separate the twisted pairs. In addition, repeated heating and cooling of the cable may 

loosen the formerly tightly twisted wire. Moreover, the untwisting of the wire pairs means that the 

electromagnetic fields emitted by adjacent and opposite half-twists will not cancel each other 

entirely. As a result, the twisted pairs radiate an unwanted signal, which will be picked by other 

twisted pairs in the cable. 

As discussed earlier, the value of the coupling capacitance depends on the separation distance 

(Sd) between the conductors of the twisted pairs, area of the overlapping conductors and the 

dielectric constant of the material between the conductors of the twisted pair (2.7.0). All other 

factors being equal, if the area of the overlapping conductors gets bigger during heating, the 

capacitance will increase due to an increased Electric field flux for a given field force. Also, if the 

heating of the cable changes the separation distance between the conductors of the twisted pairs, the 

electric field strength between the twisted pairs will change according to the inverse of the square 

of the distance between the twisted pairs (2.4.8).  

 

𝐸 (𝑟𝑚⃗⃗⃗⃗ ) = ∭
1

4𝜋

(𝑟𝑚⃗⃗ ⃗⃗  ⃗− 𝑟 )

|𝑟𝑚⃗⃗ ⃗⃗  ⃗−𝑟 |3
𝜌𝑣(𝑟 )𝜕𝑣          (2.4.8) 

 

Furthermore, since the potential difference (V) between the conductors of a twisted pair is a sum of 

the line integral of the E-field over a distance between the twisted pair (Δ𝑉 =  −∫ �⃗� (𝑟 ). 𝜕𝑙⃗⃗  ⃗(𝑟 )), the 

ratio of charge to the voltage will change the capacitance of the twisted pair (2.4.9) for the same 

amount of charge on the conductors of the twisted pair.  
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𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 (𝐹) =
𝑄(𝐶)

𝑉(𝑉)
=

∯ �⃗� .𝑑𝑆

−∫ �⃗� (𝑟 ).𝜕𝑙⃗⃗⃗⃗  (𝑟 )
          (2.4.9) 

Moreover; in the case of an increased separation distance between the twisted pairs, the existence 

of the potential difference (V) between the conductors of the twisted pairs and non-zero capacitance 

(𝐶𝑚) between the twisted pairs will cause an induced current (Im) on the victim pair. The induced 

noise current is approximated to be (2.4.11). 

 

𝑑𝑄

𝑑𝑡
= 𝐶𝑚

𝑑𝑉1

𝑑𝑡
               (2.4.10) 

 

𝐼𝑚 = 𝐶𝑚
𝑑𝑉1

𝑑𝑡
               (2.4.11) 

 

The amplitude of the induced noise current is determined by the values of the capacitances and 

circuit impedances, together with the rate of change of the voltage source of the aggressor pair.  

If the heating of the cable separates the twisted pairs, the electric flux density between the twisted 

pairs will decrease because of the charge separation (𝐶 = 𝐸
𝑑𝑉

𝑑𝑡
), which will cause the capacitance 

to decrease. The reduction in the value of the coupling capacitance implies less noise coupling 

between the twisted pairs. On the other hand, there is a high possibility of stronger noise coupling 

between two twisted pairs in the cable when the cable cools down because of the close proximity 

of the twisted pairs. That is, if the separation distance between the twisted pairs decreases, the 

capacitance will increase; voltage will increase because of the concentration of the E-field between 

the pairs. An increase in voltage across the conductors of a twisted pair implies that the impedance 

will increase (𝑍 = 𝑉/𝐼). Given these, an unbalanced circuit with high 
𝑑𝑉

𝑑𝑡
 and high impedances will 

be more susceptible to capacitive coupling. Although at high frequencies, capacitive coupling is a 

concern because capacitance offers low impedance paths to noise voltage.  

Furthermore, radiation emission from the increased loop area of the twisted pairs is a concern as the 

cable heats up during active power operations and due to elevated environmental operating 

temperature. This is because a larger separation distance between the conductors due to excessive 

heat will result in a larger magnetic field and hence a higher inductance. According to Faraday's 

law, the bigger the loop area, the larger the magnetic field produced by the current in the loop. 
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Hence, any changes in the geometry of the twisted pair due to thermal variation and installation 

condition will change the crosstalk performance of the link. 

The induced noise voltage on the aggressor pair by the victim pair is approximated by (2.4.12). 

𝑉𝑁 = 𝐿𝑚  
𝑑𝐼1

 𝑑𝑡
                                                                  (2.4.12) 

 

The induced VN is proportional to the rate of change of current in the aggressor pair. High current 

implies low impedance, which implies that the inductance dominates the crosstalk between the 

twisted pairs. From (2.6.9) and (2.7.0), it can be noted that both mutual capacitance and inductance 

are affected by the change in the material properties of the twisted pair and physical separation of 

the source and victim pairs. As reported in [13], the effect of the change in the physical 

characteristics and material properties of the twisted pair can be significant on the balance 

performance of the cable during the initial few thermal cycles. 

 

2.4.6 The impact of imbalance on the permanent link performance 

The noise immunity performance of twisted pair cables is directly related to the balance of the 

cables. In particular, the balance of the screened twisted pair cables is important because of the 

grounding required for the screen. According to [69], screened twisted pair cables must be well 

manufactured and balanced to minimise the impact of common-mode noise on their performance. 

Also, correct termination of the screen at the connector ends is essential to achieve the screening 

properties of the cable. Moreover, as well as the balance of the screen at the two ends of the cable, 

the position and symmetry of the screen are also important to achieve a good balance of the cable. 

If the screen is connected to the wrong point on the termination point, common mode voltage (VN) 

will be generated and conducted to the cable, and that may result in radiated emission [70]. 

Twisted pair cables may pick up common-mode noise from external sources, but not much of 

the common-mode noise will be converted to differential mode interference if the structure of the 

twisted pair is balanced. However, electrical degradation of the cable and its connecting hardware 

may cause the resistance of the permanent link to be unbalanced. Moreover, if the resistance of the 

conductors in a twisted pair is unbalanced, the electrical length of the twisted pair will be 

unbalanced; therefore, the impedance of the twisted pair will be unbalanced. In scenarios where two 

conductors in a twisted pair have unequal impedances to the ground, the common-mode voltage 



74 

 

induced on the twisted pair by nearby electromagnetic fields will be converted to differential-mode 

noise that could interfere with the data signal.  

Furthermore, thermal variation may cause the dielectric constant of the conductor insulation of 

the twisted pair cable to change, leading to electrical length mismatches and asymmetry of the 

twisted pair. According to [70], a change in the electrical length of the cable is one of the sources 

of mode conversion in cables because the two signal conductors present different impedance to their 

environment. Moreover, as discussed in section 2.4.3, if the diameter of the conductor insulation 

decreases as a result of the contraction of the cable, the dielectric constant of the conductor 

insulation will increase. Then, the capacitance will increase while the impedance will decrease. Low 

impedance implies high current will be drawn. However, the noise across the capacitor, which 

increases as more current is being drawn through it, is a principal source of differential mode noise. 

 

A. Radiated Emissions 

 

The lack of symmetry in an unbalanced twisted pair causes the twisted pair to radiate an 

unwanted electromagnetic signal. Also, because the opposing, differential signals are not equal, 

they are partially converted to a common mode signal.  

Another source of the common-mode signal is the internal noise voltages generated between the 

ground reference point and cable connection. Although good common mode rejection is achieved 

at the interface of the unshielded twisted pair cables with a balanced physical layout, but due to 

thermal variation on the cable and installation condition, some portions of the twisted pair are 

distorted, leaving it asymmetric. In this case, stray current induces common mode voltage (Vcm) on 

the signal conductors, which is converted to differential mode noise voltage (Vdm) through the 

imbalance of the twisted pair and equipment interface. As reported in [70], the existence of common 

mode currents means an imperfect cable, from the EMC point of view. Moreover, common-mode 

power on a wire pair produces more radiation than the same amount of power in the differential 

mode because the common-mode radiation from the wires does not cancel even when the wires are 

close together. Also, radiation which is emitted by the loop formed by the separation distance 

between the conductors of the twisted pair (a loop formed by the heating of the cable) can be 

maximised when there is 1800 phase difference in the electrical length of the twisted pair. According 

to [70], radiation emitted from the whole system is more significant from 30 MHz upward, but 
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radiation emission at Very High Frequency (VHF) of 300 MHz tends to be dominated by cable 

emissions. 

 

B. Conducted Emissions 

 

Conducted emission from an equipment interface and power cable is usually found below 30 

MHz [70]. As reported in [70], the capacitances and inductances associated with the wiring and 

enclosure of each unit of a system are all integral parts of the noise coupling circuit and play a 

significant part in determining the amplitude and frequency distribution of the common mode 

currents. Other common impedance coupling routes are from circuit impedances that the source 

shares with the victim. As suggested in [70], ground connections are the most frequent source of 

common impedance coupling routes. Moreover, when an interference source shares a ground 

connection with a victim, any current due to the output of the source flowing through the common 

impedance section develops a voltage in series with the input of the victim. Consider figure 2.25; 

the differential mode current (IDM) produces the desired signal voltage across the load (RL). The 

common mode current (ICM) does not flow through RL directly but through impedances ZA, ZB and 

back through the external ground. ZA, ZB are not circuit components, but distributed stray 

impedances, typically but not always, capacitive, and are determined by proximity to conducting 

structures in the environment.  

 

 

 

 

 

 

If ZA = ZB then no voltage is developed across RL by the ICM. However, any inequality in ZA and 

ZB results in such a voltage (𝑉𝐿(𝐶𝑀)) across RL, which is proportional to the differences in impedance 

(2.4.13). 

𝑉𝐿(𝐶𝑀) = 𝐼𝐶𝑀(𝑍𝐴 − 𝑍𝐵)         (2.4.13) 

−𝑰𝑫𝑴 +𝑰𝑪𝑴 

+𝑰𝑪𝑴 +𝑰𝑫𝑴 

𝑅𝐿 

𝑍𝐵 

𝑍𝐴 𝒔𝒕𝒓𝒂𝒚 circuit 

−𝟐. 𝑰𝑪𝑴 

𝑰𝒏𝒕𝒆𝒏𝒅𝒆𝒅 Circuit 

Figure 2.25: Differential to common mode conversion 
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Furthermore, a coupling route can also be a piece of wire such as a drain wire which is used in the 

termination of the shield. At DC and low frequencies, the resistance of the drain wire determines 

the impedance. However, above a few kilohertz, the inductance of the drain wire increases the total 

impedance. Thus, allowing the noise current to couple more efficiently.  

 

2.5  A review of cable bundle heating assessment methods 

As a first step in assessing the heating effects on cable performance, it is crucial to measure the 

change in temperature of the cable, accurately. Hence, the significance of measuring the change in 

temperature was studied on cable bundles used in remote powering applications by quantifying the 

ampacity of 37 cable bundle (CB) of Category 5e [25] using different approaches. These approaches 

include measurement of conductor temperature by indirect measurement of direct current and 

resistance also called the resistivity measurement approach [20, 44], the measurement of jacket 

surface temperature based on the use of thermocouple sensors placed within the bundle matrix [20, 

44], and 2D finite element analysis (simulation) of cable heating [71]. However, out of the different 

approaches that have been widely adopted for the assessment of the possible temperature rise due 

to cable bundle heating, the principal approaches can be summarised as follows: (1) Conductor 

temperature measurement by indirect measurement of direct and resistance also called the resistivity 

measurement approach. (2) The jacket surface temperature measurement based on the use of 

thermocouple sensors placed within the bundle matrix. (3) The use of the mathematical model in 

predicting the amount of temperature rise within different layers of the CB. The focus of this section 

is to review the three principal approaches and apply them (Chapter 3) to assess the level of 

temperature rise due to power delivery as used in the PoE, PoE+, PoE++. 

 

2.5.1 A review of the resistivity measurement approach 

The resistivity approach measures the actual temperature rise on the surface of the copper 

conductor due to resistive heating of the cable. That is, the temperature of the copper conductors is 

determined by measuring the changes in the DC resistance of the copper conductor. The first step 

in using this approach is to measure the initial resistance of the CB at room temperature. 

Alternatively, after the connection of the CB to a constant current source, the voltage across the 

heated pairs and the constant current passing through the CB are recorded for the calculation of the 

initial resistance or RMeasured. The calculation of the initial resistance of the CB is according to (2.5.1).  
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𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
𝑉

𝐼𝑇𝑒𝑠𝑡
       (Ω)                  (2.5.1) 

 

where  

 
RMeasured = Initial resistance measured at room or reference temperature. 

V = Voltage across the heated pairs at the start of the heating process 

ITest = Constant current passing through the CB 

 

Also, at the steady-state of the heating process, the heat generated in the copper conductor is 

obtained by calculating the temperature dependence of the conductor resistance (Rtotal or RHeated) 

using (2.5.2). 

 

𝑅 (𝑡 ) = 𝑅(𝑇𝑅) ∗ (1 + 𝛼 ∗ (𝑇 − 𝑇0))            (
Ω

𝑚
)                     (2.5.2)   

 

where 

 R (t) = Temperature dependence of the resistance of the CB (Ω). Also, called RHeated 

  = Temperature coefficient of the resistance of copper conductor 

 T0 = Initial room (reference) temperature for the conductor resistance (oC) 

 T = Conductor temperature at steady state (oC) 

 R (TR) = DC loop resistance of the copper conductors at room temperature (Ω) 

Also, at the steady-state of the heating process, the heat generated in the copper conductor is 

obtained by calculating the temperature dependence of resistance (RHeated) using (2.5.3). 

𝑅 (𝑡 ) = 𝑅(𝑇𝑅) ∗ (1 + 𝛼 ∗ (𝑇 − 𝑇0))            (
Ω

𝑚
)               (2.5.3)   

 

where 

 R (t) = Temperature dependence of resistance of the CB (Ω). Also, called RHeated 

  = Temperature coefficient of the resistance of the copper conductor 

 T0 = Initial room (reference) temperature for the conductor resistance (oC) 

 T = Conductor temperature at steady state (oC) 

 R (TR) = DC loop resistance of the copper conductors at room temperature (Ω) 
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The change in temperature (temperature rise) is then calculated according to (2.5.4) or (2.5.5) 

after obtaining the resistance of the cable bundle at a steady state. 

 

Δ𝑇 =  
1

𝛼
∗ ((

𝑅𝐻𝑒𝑎𝑡𝑒𝑑

𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
) − 1)     (oC)            (2.5.4) 

 
                              Or  
 

Δ𝑇 =
𝑅𝐻𝑒𝑎𝑡𝑒𝑑− 𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝛼∗𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
       (oC)          (2.5.5) 

 
 

Moreover, the conductor temperature at a steady state is according to (2.5.6) or (2.5.7). 

 

Δ𝑇 =  
1

𝛼
∗ ((

𝑅𝐻𝑒𝑎𝑡𝑒𝑑

𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
) − 1) + 𝑡𝑟𝑜𝑜𝑚   (oC)          (2.5.6) 

 

                       or 

 

Δ𝑇 =
𝑅𝐻𝑒𝑎𝑡𝑒𝑑− 𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝛼∗𝑅𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 + 𝑡𝑟𝑜𝑜𝑚    (oC)          (2.5.7) 

 

 
Where 

RHeated = Final resistance obtained at a steady state of temperature. 

 

2.5.2 Jacket surface temperature measurement using thermocouple sensors 

Thermocouple sensors have been widely used in the industry to provide cost-effective 

temperature measurement with reasonable accuracy of ±0.2°C [72]. The accuracy of the most 

popular type of thermocouple sensor, the K-type was demonstrated in [72] with the use of the 

relevance vector machine in measuring the temperature profile of a resistive heating furnace. The 

results of the study conducted showed a correlation coefficient value of 0.9695 between the output 

of the K-type thermocouple sensor and the output of the relevance vector machine. Also, in [73, 

74], the uncertainty in the output of the thermocouple sensor of K-type was suggested to be about 

±4°F (±2.2°C). Based on the reasonable accuracy of the thermocouple sensor of K-type, the method 
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used to measure the jacket surface temperature is based on the thermocouple sensors placed within 

each layer of the CB. The approach measures the temperature rise on the outside of the conductor 

insulation as used in [25] or on the outside of the jacketing material [20]. Note that the description 

of the CB matrix when thermocouple sensors are used, is provided in section 3.1, but the layering 

of the CB is according to (2.5.8) [44]. 

   
                  

𝑁 = ∑(6𝑖)

𝑛

𝑖=1

 

 

 

Where: 

N = is the total number of cables around the centre cable. 

n = is the number of layers around the centre cable. 

 

2.5.3 Mathematical modeling of temperature rise in a CB 

This section describes the analytical modelling of temperature rise for different cable 

constructions, bundle sizes and installation conditions. Figure 2.26 represents a typical temperature 

profile of a CB, which is obtained by measured data for different cable types and installation 

environments.  

 

 

 

 

As illustrated in figure 2.26, 𝑇𝑎 is the ambient temperature, whereas 𝛥𝑇 represents the total 

temperature rise between the ambient and the centre of the cable bundle. Also, 𝛥𝑇𝑡ℎ is the 

temperature rise between the outer surface and the centre of the cable bundle. Lastly, 𝛥𝑇𝑢  represents 

the temperature rise between the ambient temperature and the outer surface of the bundle. 

The modelling of 𝛥𝑇𝑢, 𝛥𝑇𝑡ℎ and 𝛥𝑇 is according to (2.5.9) – (2.6.1). 

Figure 2.26: Temperature profile of a CB [20] 

𝛥𝑇𝑡ℎ   

𝛥𝑇𝑢   

𝛥𝑇  

𝑇𝑎   

𝑇𝑎   

(2.5.8) 
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                         ∆𝑇𝑢 =
𝜌𝑢∗𝑃

(𝑑∗√𝑁∗ √
3

4

4
∗𝜋6)

 

= ≈  
𝜌𝑢∗𝑃

(𝑑∗√𝑁∗5.182 )
 

                                   (°𝐶)    (2.5.9) 

 

                            ∆𝑇𝑡ℎ =
𝜌𝑡ℎ∗𝑃

4∗𝜋
= ≈  

𝜌𝑡ℎ∗𝑃

12.6
                                                          (°𝐶)  (2.6.0) 

 

 

   Δ𝑇      =  ∆𝑇𝑢      +      ∆𝑇𝑡ℎ                                                        (
°𝐶)   (2.6.1) 

 

 

Where 

 

P = Power dissipation 

  𝑃 = 𝑁 ∗ 𝑛𝑐 ∗ 𝑖𝑐
2 ∗ 𝑅                                 (2.6.2) 

 

N = Number of cables in a bundle carrying current 

nc = Number of conductors per cable carrying remote powering current (ic) 

ic = Current per conductor (A) i. e 0.5* current delivered by a pair 

R = Average DC loop resistance per unit length (Ω/m) of conductors carrying the current. 

𝜌𝑢 = Constant relating to installation environments 

 d = Cable diameter (m) 

 

For all cable constructions installed inside conduits or cable trays that are filled up to at least 40% 

capacity, the constant relating to installation environments (𝜌𝑢) is as stated in table 2.3 [20]. Also, 

for all installation conditions, the constant (𝜌𝑡ℎ) relating to cable constructions is as stated in table 

2.4. 

 

Table 2.3: Constant relating to installation environments 

 

Installation environments Constant (𝜌𝑢) 

Ventilated conditions 0.15 

Plastic conduits or open metal trays 0.25 

Closed metal trays 0.5 

Insulated conditions 0.75 
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Table 2.4: Constant relating to cable constructions 

 

 

 

 

 

Adaptation model for the total temperature rise in different CB sizes 

 

The adaptation model in (2.6.3) describes the total temperature rise in a cable bundle based on 

the constant current passing through the cable bundle. 

 

 

Δ𝑇 (𝐼, 𝑁) = (𝐶1𝑁 + 𝐶2√𝑁) ∗ 𝐼2           (2.6.3) 

 

where 

 ΔTCB = Temperature rise (°C) 

 I = Current passing through the cable (A) 

 N = Number of cables in a bundle 

 C1 = Coefficient describing the variables associated with the geometry of the cable (see table 2.5) 

 C2 = Coefficient describing all the variables associated with the environmental conditions of the cable 

 

 

 

 

Table 2.5: Bundling coefficients for different types of cables (all four pairs energised) 

 

                       Bundling Coefficients  

  Open-air  Conduit  

  C1  C2  C1  C2  

0.4 mm cords  0.1445  1.7800  0.1980  2.9250  

Cat 5 cables  0.1267  0.9933  0.1583  1.5300  

Cat 6 cables  0.1057  0.7070  0.1206  1.1783  

Cat 6A cables  0.0857  0.6263  0.0926  0.9967  

Cat 7 cables  0.0857  0.6263  0.0926  0.9967  

Cat 7A cables  0.0436  0.515  0.0555  0.841  

Cable constructions Constant (𝜌𝑡ℎ) 

U/UTP cable constructions 5 

F/UTP cable constructions 3 

S/FTP cable constructions 2.75 
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2.6  Measurement methods for the balanced twisted pair transmission parameters 

When communication cables fail in the installed base due to the ageing of the conductor 

insulation, poor installation condition and handling effects, it can be challenging and expensive 

to repair or replace the cable, if the cables are installed in difficult to reach places such as behind 

walls. To locate the cause of the performance failure on communication links, several techniques 

have been adopted for troubleshooting the links. These include the three-stake method [75] and 

Time-Domain Reflectometry (TDR) [76]. The use of the three-stake method may be inaccurate 

because of the prediction of the velocity of propagation involved in the calculation of the cable 

fault location.  

 

Additionally, the method requires that the precise location of the faulty cable be known and 

accessible for the length marking to locate the fault on the cable. The TDR approach, however, 

relies on the actual velocity of propagation of the cable for the calculation of the fault location. 

Moreover, it has been the traditional approach for determining the changes in the electrical 

length of a transmission line with an accuracy of 1 %. Most test instruments have the 

functionalities for performing TDR measurements. For instance, the DSX 5000 Cable Analyzer, 

uses the High-Definition Time Domain Reflectometry (HDTDR) and High-Definition Time 

Domain crosstalk (HDTDX) analysis for locating the causes of RL and NEXT failures on the 

channel [76]. Using the HDTDR method, the test reference plane (Figure 2.27) is taken at the 

end of the RJ45 plug of the PL adapter such that the length of the test leads is automatically 

deducted from the measured length of the cable under test.  

Also, to limit the impedance mismatches at the start of the TDR trace, most field testers have 

balance controls, which are used for matching the impedance of the test leads and plugs to that 

of the cable under test. Changes in the characteristics of the channel are measured in the 

frequency domain as Scattering parameters (S-parameters) with the aid of measurement devices 

such as a Vector Network Analyser (VNA) and Cable Analyser (handheld or portable field 

Figure 2.27: PL adapter with the adapter plug implemented on a circuit board [64] 
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tester). For instance, the signal integrity measurements with a VNA are based on S-parameter 

and Time Domain Reflectometry (TDR) measurements. Although most of the channel 

parameters are measured in the frequency and time domain, problems with the connectors are 

often challenging to identify in the frequency domain measurement data representing the 

electrical characteristics of the cable link because RL is not “cascadable”. Also, the new set of 

modular connectors has been designed with a certain amount of crosstalk compensation to cancel 

NEXT. Besides, because of attenuation, some effects due to connector problems are lost in the 

trace. Furthermore, the patch cords, cables, jacks and plugs may respond to different frequencies 

and reflect some of the energy toward the transmitter. For instance, if the patch cord and cable 

segment have severe impedance mismatches, the resonance caused by the reflections can be as 

high as 5-10 dB above the baseline RL trace [78]. Also, if one component on the channel is 

defective or is of inferior quality, the RL response curve may be very unpredictable, with the 

bad component causing echoes at unexpected frequencies [78]. The TDR is widely adopted for 

locating faults on the cable links. However, it is associated with some disadvantages, such as the 

inability to identify all modes of failure and all-time domain events in the measurement data 

[55]. Based on the limitations of the TDR techniques, an algorithm was developed in [55] to 

detect a failure in the electrical cable assembly. The study described how CDNEXT 

measurements were utilised for connector detection. In the study conducted, a frequency domain 

data was obtained first using a test instrument. Then, from the measurement data obtained, an 

estimation of each connector location along the length of the cable was made. After that, the 

contribution of each connector to the cable link failure was then ranked with the aid of the 

algorithm. 

 

2.6.1 Measuring the performance of Ethernet cable using Scattering parameters 

The Scattering (S) parameters are used for analysing circuits at microwave frequencies where 

voltage and current are not well defined or are difficult to measure [79]. The conventional S-

parameters are used for describing the electrical behaviour of linear time-invariant electrical two-

ports (figure 2.28). 

 

 

 

Figure 2.28: Signal flow notation for 2-port network using S-parameters [80] 

 

𝑺𝟐𝟐 

𝒂𝟏 
Port 2 Port 1 

𝒃𝟏 

𝒃𝟐 

𝒂𝟐 
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𝑺𝟏𝟏 

𝑺𝟏𝟐 
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To analyse the circuits, the input variables are related to the output variables of the circuit. That is 

the incident (𝑎1) and reflected (𝑏1) wave coefficients at port 1 are related to the incident (𝑎2) and 

reflected (𝑏2) wave coefficients at port 2 of the device according to the 2-port S-matrix below. 

 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
] 

 

 

 

Although S-parameters are defined in terms of wave variables, they comprise a set of parameters 

that describe the scattering and reflection of the travelling electromagnetic waves in a 

communication channel. For the S-matrix, the trailing diagonal of a 2-port (𝑆21) and (𝑆12) represents 

the voltage wave transmission coefficients, while the main diagonal terms are the voltage wave 

reflection coefficients (𝑆11) and (𝑆22).  

The S-parameters can be measured as single-ended and differential signalling to characterise the 

insertion loss, reflection and crosstalk performance of a system. The notation for a four pair 

differential signalling is given in figure 2.29 while the notation for the S-parameters measured by a 

conventional unbalanced network analyser is given in figure 2.30. 

 

 

  

 

 

 

 

Figure 2.29: Port notation for four pair, differential signaling [80] 

 

𝑏1 = 𝑆11  𝑎1     +       𝑆12  𝑎2 

𝑏2 = 𝑆21  𝑎1     +      𝑆22  𝑎2 

Port 1 

Port 2 

Port 3 

Port 4 

Port 5 

Port 6 

Port 7 

Port 8 

Pair 1 

Pair 2 

Pair 3 

Pair 4 

Figure 2.30: Four port S-parameters measured by a conventional unbalanced network 

analyser 
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2.6.2 Measuring the performance of permanent link using a field tester 

 

(A) Permanent link (PL) compliance test in the frequency domain 

Some channel performance assessments are set up as permanent links with the exclusion of 

the patch cords to limit the number of connection points and avoid complicated resonances. 

Figure 2.31 shows a permanent link set up using a set of field testers. 

 

 

 

 

 

From figure 2.31, the main and remote units at the ends of the link have openings for the 

connection of the permanent link adapters attached to the cables used for the permanent link 

testing. The two units also consist of separate channel adapters in which the RJ45 plugs can fit 

when performing channel performance testing. The main and remote units can be used for cable 

performance testing in two ways. (1) They can both be used as active units. That is, the two units 

can send and receive signals at both ends. (2) One unit can be the active device (usually the main 

unit), controlling the testing while the remote unit been the passive device, receiving and sending 

back the received signal to the main unit [55]. During the automatic testing, the cable tester 

performs link pin-to-pin continuity and wire pairing to the correct pins according to a specific 

wiring standard. The pairing schemes electrically identify the specific pins connection in the 8-

pin modular RJ45 connector. Although the two pairing schemes intended for use with the 

standard networking protocols are T568A and T568B (figure 2.32), but the T568B arrangement 

is more widely adopted [82].  

 

 

Figure 2.31: A schematic, showing a permanent link setup using field tester [68] 
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 To pass the compliance test, all measurements at each frequency in the range of the 

transmission bandwidth of the cable must fall within the defined performance range or exceed 

the limit values specified by the standard bodies. Figure 2.33 shows an example of the overall 

results for each test performed based on the test standard limit selected (ISO/IEC or TIA). 

Twisted pair cables in which all their parameters meet or exceed the specified values are reported 

as PASS (figure 2.33a). However, those cables in which some or all of the values of their 

parameters fall within the accuracy uncertainty as reported as Marginal PASS (figure 2.33b) and 

lastly, the cables in which some or all their parameter values fall outside the standard limits are 

reported as FAIL (figure 2.33c). 

  a (values are within the limits) b (within the accuracy uncertainty) c (values are outside the limits) 

Figure 2.32: Pin numbers and wire colour of the four twisted pairs in an Ethernet cable [76] 

 

Figure 2.33: Performance tab (a – PASS), (b - Marginal PASS) and (c - FAIL) [76] 
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(B)  Time Domain Reflectometry fault locating techniques using a field tester  

To locate the cause of RL failure on a PL, the tester sends stimulus signal into the PL, and the 

transmitted pulse travels along a cable at a certain velocity factor, which is supplied by the 

manufacturer of the cable but stored in the field tester by the tester manufacturers. With no 

changes in the characteristics of the PL, the pulse travels along the cable with only a gradual 

attenuation. However, with impedance mismatches or discontinuities along the link, reflections 

occur. By examining the pulse width, amplitude and the time delay of the reflections, the cause 

and location of the imperfection on the link are reported by the reflectometer. 

 

 

The High-Definition Time Domain Reflectometer (HDTDR) shows the locations where the 

change in the electrical characteristics of the link had occurred to help identify the causes of the 

RL failure (figure 2.34). It also reports the percentage of the signal that has reflected. Similarly, 

to investigate and locate the cause of crosstalk failure measured in the frequency domain, the 

High-Definition Time Domain crosstalk (HDTDX) analyser shows the locations and amplitudes 

of the crosstalk signals to help quantify the crosstalk failures. For example, the HDTDX plots 

shown in figure 2.35a indicate the exact location at which the worse crosstalk occurs on a 

Category 6 U/UTP PL due to the localised heating of the cable. It also shows the probable cause 

of the TCL performance failure (figure 2.35b) within the first three thermal cycles performed on 

the Category 6 U/UTP PL.  

 

Figure 2.34: Output of the HDTDR measurement [76] 
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Crosstalk analysis between pair 45 & 78 
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(a) Output of the HDTDX Analyser  (b) TCL measurements in the frequency domain 

 

2.6.3 Modeling of cable transmission parameters using the Transmission Line Method 

Long before computers were available with fast electromagnetic solvers and circuit simulators 

for the modelling of twisted pair cable geometry and its frequency dependent characteristics, the 

behaviour of twisted pair cables was mostly analysed using analytical methods. Also, the 

International Standards bodies mostly use empirical equations and equations obtained by curve 

fitting of measured data to obtain standard limits for the secondary cable parameters [83]. However, 

it is more appropriate to employ equations, which relate directly to the specific physics rather than 

observed behaviour [83]. Hence, cable designers inculcate the underlying physics into Computer-

Aided Engineering (CAE) software [84 - 86], which is used in performing a sensitivity analysis of 

the unit parameters of the twisted pair. With this approach, the propagation delay, for example, was 

easy to vary by changing the dielectric constant of the conductor insulation and the physical length 

of the conductors. Given these, this research adopts a similar approach in analysing the changes in 

the characteristics of the primary line parameters of a twisted pair, to investigate the factors 

influencing the changes in the designed differential impedance of a twisted pair.  

 

(i) Analysis of the primary line constants 

The analysis of the secondary cable transmission parameters can be viewed from the conceptual 

idea of a transmission line consisting of four distributed primary parameters: the series resistance 

Figure 2.35: Output of the HDTDX Analyser (a) and TCL measurements (b) 

 

Performance of Category 6 U/UTP permanent link  
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(R) per unit length, series inductance (L) per unit length, shunt capacitance (C) per unit length and 

shunt Conductance (G) per unit length. The R represents the DC and AC resistance of the 

conductors, L, the inductance, quantifies the magnetic flux surrounding the conductors. The G 

represents the current leakage through the insulation between the conductors and lastly, C is due to 

the Electric field between conductors. An equivalent circuit of a short length of a transmission line 

(TL) such as a twisted pair (figure 2.36) shows all the four primary line parameters.  

 

 

 

 

 

 

 

 

Although figure 2.15, (Δ𝑙) consists of a set of reactive (C and L) and resistive (R and G) components, 

a TL may be considered as an array of small segments of the line constants (figure 2.36), 

representing a single pair in a cable of total physical length, 𝑙. Cascading sections of the line and 

visualising the circuit provides an insight into the behaviour of the line in general. However, to 

achieve a close prediction of the performance of the line in the frequency domain, the length of each 

node is made much smaller (usually 𝜆/10) than the wavelength of the highest frequency components 

of the frequency of interest. 

Figure 2.37 shows the cross-section of an unshielded twisted pair. Given the individual design 

parameters such as the dimensions of a twisted pair and its material properties, the R, L, C and G 

per unit length of a twisted pair can be calculated according to (2.6.7) – (2.7.1) respectively [87]. 
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Figure 2.36: Cascaded RLCG nodes, forming a two-port model 

 

Figure 2.37: Cross-section of an unshielded twisted pair 
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AC resistance                         𝑅𝑎𝑐 =
2𝑅𝑠

𝜋𝑑
(

𝑆𝑑
𝑑

√(
𝑆𝑑
𝑑

)
2
−1

)                    (2.6.4)   

  

 

Surface resistance   𝑅𝑠 =
1

𝜎𝛿
= √

𝜋𝑓𝜇

𝜎𝑐
                       (2.6.5)              

      

 

DC loop resistance                          𝑅𝑑𝑐  =
𝑙

𝜎𝑐𝐴
                                       (2.6.6)                   

 

From (2.6.5) and (2.6.6),  

    

Total resistance of a pair     𝑅 = 𝑅𝑎𝑐 + 𝑅𝑑𝑐         (2.6.7)                       

  

Area of the copper conductor                                                (2.6.8)   

 

  

Loop inductance                                  L =
𝜇𝑟𝜇𝑜

𝜋
cosh−1 (

𝑆𝑑

𝑑
)            (2.6.9)        

 

Mutual capacitance                            𝐶 =
𝜋 𝑟 𝑜

𝑐𝑜𝑠ℎ−1(
𝑆𝑑
𝑑

)
                  (2.7.0)      

  

 

Mutual conductance        𝐺 =
𝜋𝜔 "

𝑐𝑜𝑠ℎ−1(
𝑆𝑑
𝑑

)
               (2.7.1)          
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(ii)  Relationship between the primary and secondary cable parameters 

Given the four primary line constants R, L, C and G, the two important parameters used for 

describing the characteristics of a propagating signal are the propagation constant (𝛾) and 

characteristic impedance (𝑍𝑜): (2.7.2) and (2.7.5) [88, 89]. The complex quantity, 𝛾, is 

dimensionless and frequency dependent, it consists of real (𝛼) and imaginary (𝛽) parts. When a 

signal is launched into a TL, the electromagnetic waves of the voltage signal propagate through the 

dielectric at the velocity of propagation(𝑣𝑝), using the conductors are guides.  Its amplitude and 

phase may vary as functions of space (z) and time (t) depending on the characteristic of the line. 

Moreover, for long-distance communication, the initial amplitude of the signal, 𝑃𝑜  decays by a 

factor of 𝑒−2𝛼𝑧, such that 𝑃 = 𝑃𝑜𝑒
−2𝛼𝑧 where 𝑃𝑜 is the power at 𝑧 = 0 and P is the power at 𝑧 = 𝑙 

(see figure 2.15). Hence, the term attenuation constant (𝛼) in (2.7.3) is a function of the line 

parameters. It is a measure of the reduction in the amplitude of the signal while 𝛽 measures the 

phase change as the signal propagates through the line. Moreover, 𝑍𝑜 is the ratio of the voltage to 

current at any point on the TL. Depending on the characteristics of the conductor pair, 𝑍𝑜 may vary 

along the length of the TL.  

 

Propagation constant      𝛾 = 𝛼 + 𝑗𝛽 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)      (2.7.2)  

 

Attenuation constant   α = (
R

2Zo
+

GZ0

2
)                 (2.7.3) 

Phase constant             β = ω√LC                                     (2.7.4) 

 

Characteristic impedance            𝑍0 = √
𝑅+𝑗𝜔𝐿

𝐺+𝑗𝜔𝐶
                                                      (2.7.5) 

 

 

 (iii)  Approximation for the lossless Transmission Line 

 

A lossless TL consists of uniformly distributed elements with constant impedance along its 

length. That is, the source impedance (𝑧𝑠) is matched to the line (𝑍0) and load (𝑧𝑡) impedance such 
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that the total power transmitted is completely delivered to the (matched) load, and no reflection of 

signal is observed on the line; also, no power loss on the TL. Thus, the resistive term (R and G) is 

eliminated from (2.7.5), and the propagation constant is given as (2.7.6).  

 

α = 0,   γ = jβ         =  √(jωL) ∗  (jωC) =  jω√LC                (2.7.6) 

 

Also; the impedance seen by the signal is a real quantity, and no imaginary part is observed (2.7.7). 

Hence, in an ideal lossless transmission line, (2.7.5) can be approximated as:    

 

𝑍0 = √
𝐿

𝐶
                                    (2.7.7) 

 

However, as the signal propagates through the line, it undergoes a phase change of 2𝜋 in a given 

distance of a wavelength, such that 𝛽 =
2𝜋

𝜆
= 𝑘.  Moreover, for a distortionless TL, 𝛽 must be 

proportional to 𝜔. Also, the wavenumber (𝑘) must be proportional to frequency. Given this, 𝑘 is a 

measure of the number of cycles in a given length of a TL. Therefore, since the phase velocity or 

𝑣𝑝 = 𝑓𝜆,   𝛽 =
𝜔

𝑣𝑝
.  In addition, from Fourier analysis, a pulse signal is a superposition of signals 

having many frequencies and many different wavelengths. For a distortionless TL, the signals travel 

at the same 𝑣𝑝 and arrive at the receiving end at the same time. Thus, for a lossless line, the 𝑣𝑝 is 

independent of frequency; therefore, there is no dispersion of signal on the line. Given this, the 𝑣𝑝 

for a uniform lossless transmission line,  𝑣𝑝  =
1

√𝐿𝐶
.                    

 

(iv) Approximation of a low frequency, low- loss Transmission Line 

Typically, 𝑍0 is approximated at low frequencies as resistive because capacitance depends 

weakly on an increasing frequency. However, based on the small significance of capacitance at low 

frequency, it is valid to approximate 𝑍𝑜 at low frequencies as being complex (2.7.8).  

 

𝑍0 = √
𝑅

𝑗𝜔𝐶
  =

1−𝑗

√2
√

𝑅

𝜔𝐶
                 (2.7.8) 
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Also, conductor losses (due to 𝑅𝑑𝑐) dominate at low frequencies when compared with the dielectric 

loss (due to G). Moreover, the small conductor loss causes the amplitude of the signal to vary 

slightly but not rapidly, causing the attenuation to change slightly. Since the L and G are small at 

low frequencies, the low-loss approximation for 𝛾 is given as: 

 

  𝛾 = 𝛼 + 𝑗𝛽     ≅  √𝑗𝜔𝑅𝐶      =
1+𝑗

√2
√𝜔𝑅𝐶             (2.7.9) 

 

(v)  Approximation for the high-frequency, low- loss Transmission Line 

For the high-frequency low-loss TL, the small loss from the resistive elements (R and G) will 

cause the amplitude of the signal to change slightly. Therefore, 𝛾 for the high frequency, low- loss 

TL is given in (2.8.0). Note that in this case, the small loss introduced to the line does not change 

the phase of the propagating signal significantly and that the dispersion of signals on the line does 

not cause much distortion. 

 

𝛾 = 𝛼 + 𝑗𝛽          =            
1

2
(𝑅 √

𝐶

𝐿
+ 𝐺√

𝐿

𝐶
 )   + 𝑗𝜔√𝐿𝐶                   (2.8.0) 

Furthermore, at high frequencies, R and G are much smaller than 𝐿 and 𝐶. Therefore, R and G 

can be ignored such that 𝑍𝑜 is approximated as the 𝑍𝑜 in the lossless case (2.7.7). Moreover, it 

appropriate to mention that only the external inductance (𝐿𝑒𝑥𝑡) is considered in this case. The 

internal inductance (𝐿𝑖𝑛) is negligible at high frequency because of skin effect.  

 

(vi)  Approximation of the lossy Transmission Line 

For a severe lossy TL, where there is small-signal transmission to the load, and small phase 

variation of the signal, the resistive term (R and G) is used for the estimation of the losses on the 

line. The 𝛾 is approximated to a real quantity as given in (2.8.1).   

 

 

𝛾 = 𝛼 + 𝑗𝛽   ≈ √𝑅𝐺                    (2.8.1) 
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Similarly, since the resistive term R and G are much larger than the reactive elements L and C, the 

𝑍𝑜 of the lossy line is approximated as (2.8.2). 

 

 𝑍0 = √
𝑅+𝑗𝜔𝐿

𝐺+𝑗𝜔𝐶
   ≈ √

𝑅

𝐺
                (2.8.2) 

 

          𝛽 = [𝜔√𝐿𝐶 −
𝑅𝐺

4𝜔√𝐿𝐶
]                  (2.8.3) 

 

Therefore, insertion loss depends on the impedance mismatch between the load and the 

characteristics of the network. Also, for a lossy line, the 𝑣𝑝 is a function of frequency (ω).  

The energy of the signal and its information content are spread across many frequencies. Thus, if 

the different frequencies in a signal travel at different velocities, the signals will arrive at the end of 

the transmission line at different times and distorted. Therefore, a lossy line is a dispersive TL.  

 

2.7  The Feature Selective Validation (FSV) Method 

The focus of this section is on the review of the validation tool employed for the validation of the 

long-term effect of thermal variation on the performance balanced twisted pair cable. 

 

The brain is the best-known pattern recognition device; as such, it has been used historically in 

combination with visual evaluations for data analysis. However, human vision is often affected by 

physical and psychological influences. Also, age has a significant impact on the visual evaluation 

of the results of different subjects. Hence, visual impairment can lead to a wrong judgement when 

comparing two data sets. Furthermore, the fatigue associated with the evaluation of complex data 

often leads to inadequate data analysis [90]. Moreover, while there are other methods such as 

correlation methods [90], Kolmogorov-Smirnov (KS) test, Mean Absolute Prediction Error 

(MAPE) [87, 91] for data comparison, data quantification and evaluation of the level of accuracy 

in data predictions, the Feature Selective Validation technique (FSV) is a robust method used for 

determining the agreement between data sets with a consistent level of accuracy. The first version 

of the FSV standard (IEEE 1597.1) was ratified in 2008 [92, 93], while the second version (IEEE 
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1597.2) [94], which is useful in the interpretation of the validated data was ratified in 2010. The 

IEEE 1597.2 has the capability for validating measurement results against the results obtained using 

analytical methods. It is also used to cross-compare techniques to determine a level of agreement. 

Based on human expertise in a problem domain, one is subjective in decision making on two traces 

as a result of the pre-knowledge of the subject area. However, FSV method removes the human 

subjectivity and allows the comparison to be drawn objectively. That is, it removes the element of 

individual subjectivity from the decision-making process.  

 

Short description of the FSV process 

 

In the first instance, using the FSV allows the detection of the similarities and dissimilarities 

between two data sets and identifies the overlapping portions of the data sets. Then, the overlapping 

portions are interpolated in such a way that the data points align at the same points on the x-axis. 

After that, the data sets are Fourier Transformed and filtered into a Low Pass (DC offset), Bandpass 

(Lo) and High pass (Hi) information (six output, three for each data set). The low pass and Bandpass 

contents present the offset and trend information in the data sets, while the Hi-pass contents give 

the features in the two datasets. The six outputs (DC, Lo and Hi for the two data sets) are then 

inverse transformed to produce three final components. These components are the Amplitude 

Difference Measure (ADM), the Feature Difference Measure (FDM) and the Global Difference 

Measure (GDM). ADM, which compares the envelopes of one data set to the other is constructed 

from the DC and Lo contents, while the FDM, which compares the fine details in the data sets is 

constructed from the Lo and Hi contents. However, the ADM and FDM are combined to produce 

the Global Difference Measure (GDM). The GDM quantifies an acceptable level of agreement 

between the two data sets. Also, by obtaining the mean value of the ADM, FDM and GDM, a single 

value is produced with its associated Grade and Spread. This single value is used for decision-

making on the quality of data comparison and can be described with a natural language as set out 

in table 7.9. (See section 7.4).  

The GRADE is also a direct interpretation of the quality of the comparison. A smaller number of 

the GRADE indicates a better comparison of the data sets, while the SPREAD is used to judge the 

reliability of the outputs. The smaller the SPREAD, the higher the reliability of the results. Note 

that GRADE and SPREAD are computed for each ADM, FDM, GDM output. For the visual 

interpretation of the level of the agreement between the data sets, the ADM, FDM and GDM results 

are also displayed using the confidence histograms that are referred to as ADMc, FDMc and GDMc 

file:///C:/Users/sakinn02/Documents/thesis/today/current%20folder%2027_05-19/CHAPTER%20One%20_%20end_28.05.19.docx%23_7.4__Validation
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respectively. To further understand the origin of the contributors to the ADM, FDM and GDM 

output, FSV tool performs point-by-point comparisons of the amplitude differences, the feature 

differences and the global differences and output the results as ADMi, FDMi and GDMi. These new 

three outputs are then used to analyse the results in more details.  

 

2.8  Scanning Electron Microscopy (SEM)  

Different techniques have been used in materials science to evaluate the elemental composition 

of different materials and to obtain information on the topology and morphology of different 

samples. These include Energy-Dispersive X-Ray Spectroscopy (EDX), Transmission Electron 

Microscopy (TEM), and Scanning Electron Microscopy (SEM) among others. The EDX is a 

chemical Microanalysis technique. It detects the X-rays emitted from the sample under test during 

a bombardment of an electron beam to extract the elemental composition of a sample. Using the 

EDX or EDS, features that are as small as 1 µm can be analysed. TEM is also a technique used for 

observing the features of small specimens. The TEM technology uses an accelerated beam of 

electrons, which are transmitted through a thin specimen to extract the structure and morphology of 

the sample. However, SEM is a powerful technique used in the examination of materials. It is widely 

adopted in different fields to obtain a high magnification of images, with a good depth of field [95]. 

When SEM is used in conjunction with other closely related techniques such as EDX or EDXA, the 

composition of individual crystals in a material is determined. The SEM machine has detectors for 

secondary and backscattered electrons, improved electron optics and electron emission guns with 

increased resolution when compared to the TEM, where the sample of interest is illuminated with 

the mobile beam.  

The SEM technology is used in the study of samples from different field of studies, which includes 

biological samples, polymers and semiconductors. It measures the thickness and the concentration 

of samples, among others [96]. In the study of polymers, this technique is used to obtain information 

on topology and morphology, as seen in the studies of [97]. SEM is also seen to be used in the study 

of aluminium alloy and its chemical composition by [98]. Thus, SEM provides information on the 

chemical composition, electron behaviour and surface topography of samples [95].  
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2.9  Dielectric materials and techniques for measuring dielectric properties 

Dielectric materials such as insulators play important roles in the development of humankind. 

Insulators are used in every electronic circuit from the charge storage (capacitor) to silicon dioxide 

used in microelectronics. Heating through dielectric loss is widely employed in industry for 

preheating plastics before moulding, for drying lumber and other fibrous materials. Electronic 

circuits are designed to be small and fast with suitable dielectrics to cater for the increasing number 

of users on the network. In Telecommunication, silica-based fibre optics are often preferred due to 

its high level of heat conductivity and low rate of transmission loss. In wire and cable industries, 

good polymers are used for Earthing and electrical insulation between conductors [99]. They also 

provide mechanical support (fillers and jacket) to different categories of cable. Low dielectric 

constant materials are used for minimising propagation delay, electromagnetic (EM) coupling and 

the loss of signal flowing through the cable. 

 Some of the base insulation resins used for insulating twisted pair copper conductors include 

Polypropylene (PP), Fluorinated ethylene propylene (FEP) and High-Density Polyethylene (HDPE) 

[100] and the base jacketing resin often used is Polyvinyl chloride (PVC). Besides, PP and HDPE 

are part of the polyolefin family while FEP is currently the most common polymer used among the 

Perfluoropolymers (PFPs). The HDPE is usually employed for the CMR cables while FEP is used 

for the CMP cables, but both CMR and CMP cables use compounded PVC for their jacketing. 

HDPE has little branch; as a result, its intermolecular forces are strong. Other properties of HDPE 

include its capability to perform well up to 75 °C and withstand higher temperatures of about 120°C 

for a short period. FEP offers an outstanding balance of properties, which includes low dielectric 

constant and dissipation factor with high flame retardancy. The useful temperature range for the 

FEP is the range of -65 °C to 175 °C [100]. According to [100], FEP has better dielectric properties, 

as compared to the polyolefins.  

Typically, the transmission performance of balanced twisted pair cabling depends on the 

dielectric properties of the cable’s conductor insulation. Thus, the dielectric properties of materials 

provide useful information on the dissipation of heat, electric and magnetic fields in the materials. 

The two parameters determining the electromagnetic field propagation in the material are the 

electrical permittivity (ε) and magnetic permeability (μ). Since different components of balanced 

twisted pair cables are not magnetic, the magnetic permeability of most materials is usually 1. 

However, electric permittivity is a material property, which affects the propagation of the electric 

field when an alternating voltage is applied to a material. It profoundly affects the speed of signal 
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propagation in the cable. An electric permittivity is a complex number, which can be obtained using 

the equation below (2.9.1). 

   

휀 = 휀′ − 𝑗휀′′                                     (2.9.1) 

 

 

The real part of dielectric permittivity (휀′), also called the dielectric constant or relative permittivity 

represents the amount of energy from an external electrical field stored within the material.  

 

      Dielectric constant      휀𝑟 =
′

0
                          (2.9.2) 

 

where 

휀0 is the permittivity of free space ~ 8.85 × 10−12   (𝐹.𝑚−1)  

 

A certain amount of energy is dissipated (loss) from the material when an external electric field 

is applied and is measured as the imaginary part, 휀′′. The dissipation factor or the loss tangent is 

used to quantify a material’s inherent dissipation of electromagnetic energy as heat due to the 

charging and discharging capacitor. As stated in (2.9.3), the loss tangent represents the ratio of the 

imaginary part to the real part of the complex permittivity.  

 

The loss tangent:   tan 𝛿 =
′′

′ =
𝜎

𝜔
                (2.9.3) 

 

Where 𝜎 is the conductivity of the material and 𝜔 is the angular frequency. 

 

As shown in figure 2.38, the overall conductivity of polymers can be made up of different 

conduction mechanisms at low frequencies, but ionic conductivity is the most prevalent in most 

materials. The ionic conductivity of materials contributes to the dielectric loss. 
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2.9.1  Thermal degradation of Ethernet cable and its polymeric materials 

Many factors contribute to the performance and life expectancy of Ethernet cable and its 

polymeric material, some of which include: (1) the quality of the polymer employed in the 

manufacturing of the cable (2) the processing methods employed for making the cable and its 

dielectrics (3) and the application environments in which the cables are deployed. Moreover, there 

is a higher significance for thermal degradation of polymers during processing than in the actual 

application. 

  

Polymers are generally volatile at ordinary room temperatures; however, they do degrade in an 

oxidative atmosphere. According to [101], oxidative atmosphere and higher temperature will 

increase the rate of degradation of polymers. Also, prolonged application of loads on the cables at 

low temperatures may result in slow plastic deformation. Hence, a slow visco-plastic deformation 

can occur, and the process accelerates with time under a constant load at a particular temperature, 

this process is termed thermal creeping. It results from the effects of strain and temperature. 

According to [102], it is the cause of springs loosening up with time. Thermal creeping occurs above 

30 % of the melting temperature or glass transition temperature. Moreover, prolonged thermal 

exposure and high humidity can damage the cable polymeric materials. “Other than having some 

relation to elevated temperature and humidity, the electrical wire and cable manufacturers do not 

completely understand why failure occurs in some installations and not in others” [103].  

Figure 2.38: Various conduction mechanisms at different frequencies [100] 
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Most polymers have small amounts of additives that impart their desired characteristics. For 

example, the addition of heat stabilisers to polymers prevents thermal degradation of the material 

at high temperature, whereas antioxidants are used as anti-ageing in polymers. In addition, fire and 

flame retardants are self-extinguishing additives and smoke suppressants. Moreover, the addition 

of fillers increases rigidity and creep resistance. Furthermore, stabilisers are for the phase stability 

of the cable and plasticisers enhance the flexibilities of polymers. The plasticiser added to the PVC 

resin to make it pliable may sometimes remain as individual components and held with the PVC by 

intermolecular forces and not firmly bound to the base resin. Giving this, some links in the polymer 

may be weak if the processing of the materials is inadequate, leaving the polymer unstable. 

According to [103], when the polymer is exposed to sufficient heat and time, the degradation of the 

material may start from the weak links. Also, [104] reported that the initial degradation of PVC is 

an increased elimination of the side group chains (HCL) attached to the backbone of the polymer 

and the formation of polyenes. After this initial step, the polymer remains unstable and undergoes 

further reaction.  

Although the mechanisms behind the thermal degradation of PVC is still not very well known, 

[104] suggested that if an improper quantity of plasticiser is used in a PVC resin, the plasticiser may 

push the polymer chain apart and move from the vinyl mass before migrating to the surface of the 

polymer by diffusion. A study conducted on food plastics containing plasticiser reported small 

deformation of the plastic due to long-term repeated heating [105]. It was suggested in the study 

that an increase in the temperature of the material could lead to an increase in the decomposition of 

the additives and the breakdown of the polymer chains, which would cause some chemicals to be 

released from the surface of the plastic. From the observation in the study, it can be noted that the 

effects of temperature are linked to the migration of compounds from the polymers. It is to be noted 

that the same polymer from different manufacturers may have different properties because of the 

variations in branching and molecular weight. Also, the physical properties of polymers such as 

failure strain, toughness, and so on may depend on their processing history.  

Another factor affecting the performance of polymers is the interfacial adhesion of copper to 

polymers. Interfacial adhesion is the molecular attraction between the interfaces of different 

materials in contact. In view of this, the state of the two surfaces brought into contact will determine 

the magnitude of the adhesion. According to [106], the state of energy of a surface quantifies its 

surface energy. The adhesion between two surfaces will be high if they show similar surface 

energies and vice versa. Metals exhibit high surface energy, while synthetic polymers mostly used 

as commercial materials have low surface energy. Thus, there is a low adhesion of these polymers 

to high surface energy metallic coatings. Besides the surface energies of the bodies in contact, one 
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other factor influencing the adhesion of two different surfaces is the roughness of the contact 

between the two bodies. Traditional electromigration lifetime studies were performed in [107] to 

investigate device reliability as a result of the drift velocity. Results indicate that the adhesion of 

the copper interface is directly related to the electromigration of copper conductors. As suggested, 

Electromigration in copper conductors is almost exclusively through interfacial or surface diffusion. 

In [108], the effects of wet chemical treatment and thermal cycle conditions on the interfacial 

adhesion energy of Cu/SiN_x thin-film interfaces were evaluated by a 4-point bending test method. 

The amount of Cu oxide between SiN_x and copper was found to increase after thermal cycling. 

The thermal stress due to the mismatch of thermal expansion coefficient during thermal cycling 

seemed to weaken the Cu/SiN_x interface adhesion, which led to an increased amount of copper 

oxide at the surface of the Cu film.  

One of the significant factors affecting the properties of thermoplastics is crystallinity [109]. 

Crystallisation causes a significant volume of polymer to reduce during solidification because 

crystals may be dispersed through the material. As a result, variation in the thickness of 

thermoplastics during processing may cause differential contraction due to different cooling rates, 

which may also lead to shape distortion.  

Other factors causing deformation of polymers are thermal variation and localised heating. 

According to [102], small temperature change causes elastic deformation that disappears when the 

initial temperature is recovered. However, temperature variations cause non-recoverable 

deformations on either free-standing or constrained materials. As suggested in [102], plastic 

deformation is due to slippage at the atomic level, with bond-breakage and bond-forming processes, 

favoured by dislocations and imperfections in the plastic. 

 

 

  

Figure 2.39: Showing thermoplastic deformation due to localised heating [102] 
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High temperatures cause significant mobility and easy rearrangement of matter within the 

polymer that, after solidification, gives rise to new stable bonds. When plastic is locally heated 

(figure 2.39), there is an elastic convex deformation at first, which fades out upon cooling. However, 

if the plastic is heated to a high temperature, a plastic concave permanent deformation occurs after 

cooling. Moreover, whichever way the plastic is heated, a permanent bending occurs by material 

shrinkage due to plastic strains from the locally heated portion of the plastic [102]. From this 

illustration, it can be noted that the deformation of Ethernet cable dielectric due to localised heating 

is an area of concern in some installation environments where a significant portion of the cables 

pass through insulated areas. As suggested in [110], the shrinking of the overall diameter of the 

dielectric will cause the 휀𝑟 to increase. An increase in the 휀𝑟 will cause the capacitance to increase. 

At high frequencies, the increase in the unit capacitance of the cable will cause a significant current 

to be drawn for the same amount of power transfer [111]. 

The performance of polymers is also affected by the phase transition effects at room temperature. 

In the study conducted in [112], a significant change (0.1 %) in the electrical length of a half 

wavelength Teflon cable was observed as the Teflon in the cable goes through a room-temperature 

chemical molecular phase transition. According to [112], the two common crystalline temperatures 

at which phase transition occurs in PTFE (Teflon) are 19°C and 30°C. A slight untwisting of the 

helical chain conformation was observed to have occurred at 19°C transition, affecting 13 to 15 CF2 

groups per 180° twist. In addition, the chain segments were disordered from a perfect lattice by 

small angular displacement about their longitudinal axis between 19°C and 30°C. Above 300C 

transition, the preferred crystallographic direction has been lost, and the molecular segments 

oscillate about their long axis with random orientation in the lattice. Although it was illustrated in 

[113] that phase drifts could occur with the temperature only due to changes in the mechanical 

dimension or dielectric constant of the conductor insulation; their experimental result suggested that 

the major phenomenon responsible for the phase drift in coaxial cables was due to the sensitivity to 

thermal variation. 

In summary, regardless of the type of polymer employed for any cable, all polymers will degrade 

when exposed to oxidising medium like air. The degradation of the polymers will be accelerated 

with an increase in temperature. Temperature fluctuations and localised heating are detrimental to 

polymers. Combination of stresses will accelerate the degradation of cable performance. Cables 

with better polymer and better processing methodologies can last longer during usage and will 

maintain the defined transmission characteristics for an extended time. However, cables having 

polymers made from inadequate material composition and processing method will degrade even 
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within the first few days of thermal cycling. Given these, it is essential to investigate the properties 

of materials under different operating conditions using accurate test methodology. 

 

 

2.9.2  Dielectric properties assessment methods  

There are different techniques (figure 2.40) for assessing the complex permittivity of polymeric 

materials. These include analytical methods [114], numerical methods [115, 116] and microwave 

measurement techniques [117].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The microwave measurement techniques are in two broad categories, the resonant and non-resonant 

techniques. The resonant techniques encompass of the cavity resonator, dielectric resonators, split-

post dielectric resonators, split-cylinder resonators, re-entrant cavities and whispering gallery mode 

resonators among others. Whereas, some of the non-resonant techniques are classified into 

transmission or reflection line method, which includes: free space method [117], waveguide 

method, coaxial probe method and parallel plate method. Each of these methods is limited by the 

frequency at which the measurements are carried out and the type of dielectric sample that can be 

measured. 

Figure 2.40: Different techniques for dielectric characterisation 
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(A)  Resonant Method 

The advantage of the resonant method is the capability to measure a tiny sample. However, its 

disadvantage is the need for a high-frequency resolution Vector Network Analyser. Also, resonant 

techniques are suitable for the characterisation of material properties of different samples but 

measure dielectric properties at a single or few discrete frequency points [118]. With the resonance 

method, the resonant frequency and bandwidth of an empty cavity are measured first, as shown in 

figure 2.41. The 𝑓0 in figure 2.41 is the resonant frequency, while ∆𝑓 is the frequency difference at 

3 dB points. 
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After the initial measurements of the empty cavity resonance and bandwidth, the measurements are 

repeated after filling the cavity with the dielectric sample. Then, the complex permittivity of 

dielectric material under test is determined from the measurements of the resonance frequency shift, 

quality factor (Q) and volume of the loaded and unloaded cavities. 

 

(i) Cavity Resonators 

The cavity resonators are designed to resonate to the specific mode for which they are designed 

which can be in the Transverse Magnetic (TM) mode or Transverse Electric (TE) mode. For 

example, in cavities operating in TE10n mode, electric field lines are tangential to the surface of the 

dielectric material. Also, there is a strong electric field at the centre of the cavity, where samples of 

different geometries can be placed and tested. According to [118], the volume of the perturbation 

sample should be relatively small compared to the volume of the cavity. The diameter of a rod 

sample was suggested to be 10 % or less when compared to the wavelength of the measurement 

Figure 2.41: Measuring the resonant frequency and bandwidth of the cavity 
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frequency. Also, the diameter of a thin sample should be ≤0. 25a [119]. Studies conducted in [120] 

concluded that the maximum sample volume for dielectrics with different geometries follows the 

order of strip or disk>sphere>rod or bar. It was suggested in [121] that rod samples have an 

advantage of lower depolarisation effects than a flat sample. Given this, using the cavity resonator 

method, a thin rod sample is inserted into a hole at the centre of the cavity, and a perturbation 

technique [118] is used to obtain its permittivity. To obtain an accurate dielectric measurement 

using this technique, a correction for the hole may be necessary. Moreover, in the study conducted 

in [34], the effect of the air gap around the dielectric rod sample was considered by using multiple 

dielectric rods instead of a single rod and by considering the electromagnetic shielding of a 

rectangular cavity with an aperture. 

 

(ii)     Dielectric resonator 

The dielectric resonator consists of a metallic cavity and a cylindrical shaped dielectric material. 

By using the dielectric resonator, the measured loss consists of loss from the metallic lateral walls 

and dielectric loss. The difference in the linear thermal expansion coefficient of the metal wall of 

the cavity and that of the dielectric material constitutes a problem, especially during low-

temperature measurement. However, by using superconducting materials or Perfect Electrical 

Conductor (PEC) as the end and wall plate, the loss is minimised, and the measured loss will be 

from the sample under test only. The cavity perturbation method allows dielectric samples of 

different geometries to be tested, but the dielectric resonator method works only on samples with 

either rectangular or round shape. Although the CPM is suitable for low, medium to high loss 

material, the low loss measurement method requires materials of larger samples. Another advantage 

of the cavity perturbation method is its simple calculation process for obtaining the complex 

permittivity [118] as compared to the computer algorithm used in the dielectric resonator method. 

The cavity perturbation method has been very useful in the specification acceptance, manufacturing 

control, research, and development of different electronic components [118]. Many researchers 

have also adopted it for the measurements of high and low loss materials. 

 

(iii) Split-Post Dielectric Resonators 

The Split Post Dielectric Resonator (SPDR) measurement technique produces accurate 

dielectric measurement results. It can be designed to function in the low gigahertz region and can 

measure dielectric material as a function of temperature. However, it can only measure dielectric 
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material at a spot frequency since it is among the family of the resonant methods. This method 

involves inserting a thin dielectric sample between two fixed dielectric resonators and the resonator 

measures the dielectric permittivity in the plane of the specimen [122]. Although the quality factor 

of the support post is influenced by the presence of the specimen, to reduce the loss in the resonator, 

the dielectric resonators are supported by low-permittivity dielectric posts. The primary source of 

uncertainty in the measurement of relative permittivity using the SPDR is the thickness of the 

specimen. Typically, an uncertainty of ±0. 002 in the value of 휀𝑟 is not uncommon [123]. Whereas, 

the uncertainty in the dielectric loss tangent depends on the accuracy of the quality factor 

measurements. According to [123], an uncertainty of ±2 x 10-5 in the dielectric loss tangent is 

possible for a properly chosen sample thickness. 

 

(iv) Split-Cylinder Resonators 

The split-cylinder resonator is used to measure the complex permittivity of low-loss substrate 

materials at microwave frequencies. The method uses a cylindrical cavity which is separated into 

two halves. Generally, a substrate sample is placed in the gap between the two shorted cylindrical 

waveguide sections. The cylindrical cavity is excited with the coupling loops, and from 

measurements of the resonant frequency and quality factor, the complex permittivity of the sample 

is determined. The requirements for this method are the use of a flat sample and to extend the sample 

under test beyond the diameter of the two-cavity sections. However, the extension of the sample 

causes fringing fields in the sample region outside of the cylindrical waveguide sections. As a result, 

the uncertainty in the measurement of the dielectric constant is limited to ±0. 005 while that of the 

loss tangent is limited to ±5 x 10-5. Moreover, the Split-Cylinder Resonator technique has been 

improved theoretically in [124, 125] by considering the effect of fringing fields based on the mode-

matching method. 

(v) Coaxial Reentrant Cavity 

The reentrant cavity is used for dielectric measurement at radio and microwave frequencies. The 

coaxial reentrant cavity consists of a coaxial transmission line with a gap in its inner electrode [126, 

127]. By inserting the sample into the gap, the cavity resonates, and the capacitance of the gap 

produces a frequency shift. There are two types of coaxial re-entrant cavity system based on the 

location of the specimen gap region (SGR): if the SGR is located at the top or bottom of the cavity, 

then the system is a single reentrant cavity, whereas if the location is in the middle of the cavity 

then is called a double reentrant cavity. The major difference between the reentrant cavity and the 
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conventional coaxial resonators is the variable air gap in the reentrant cavity’s inner conductor. 

Researchers have used several methods for modelling the resonant properties of reentrant cavities 

over the years. In [128], lumped-element equivalent circuit models were used. Also, in [129, 130], 

modal analysis was the modelling technique of choice. However, due to the limited accuracy of the 

lumped-element equivalent circuit models, researchers turned to numerical methods such as finite 

element method (FEM) [131] and the finite-difference-time-domain (FDTD) [132]. Moreover, 

because of the long computation time required for the FEM and FDTD approaches, a study in [133] 

modelled the resonant properties of the entire reentrant cavity by dividing the reentrant cavity into 

regions where scattering parameters of each region are computed easily and combined using 

circuital analysis [133]. This technique was further adopted in [113] to predict the resonant 

properties of the reentrant cavity at fundamental and higher-order resonant frequencies. The 

advantage of this approach is that dielectric properties can be characterised at high frequencies using 

higher-order mode. 

 

(vi) Whispering Gallery Mode Resonator 

The Whispering Gallery Mode (WGM) Resonator [134 - 137], is one of the most accurate 

dielectric measurement methods for a very low loss dielectric material. The WGM technique is a 

complicated method; it requires large dielectric samples of specific shapes. At high frequencies, the 

conventional dielectric resonators have quite small dimensions, lower quality factor and are 

challenging to fabricate. However, the quality factor of the WGM resonators is high, even at high 

frequencies. The disadvantage of the WGM resonators is the difficulty in identifying the correct 

modes. As a result, knowledge of the permittivity of the sample under test is required, using another 

technique before the use of the WGM resonators for microwave characterisation of materials. 

 

(B)  Non - Resonant methods (Transmission Line or Reflection Line Method) 

 

Transmission line or reflection line method is a broadband measurement method which utilises 

transmission line concepts and involves placing a piece of dielectric material inside a coaxial line 

or waveguide, and an electromagnetic wave is directed at the sample [138, 139]. Waveguides are 

suitable for measuring the dielectric properties of larger samples at frequencies up to 2.45 GHz. The 

method involves measurement of relevant scattering parameters, which are converted using a 

computer program to obtain the complex permittivity of the dielectric under test. Non-resonant 
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techniques can provide measurement capability over a wide range of frequencies, but the effects of 

airgap limit the measurement accuracy. Furthermore, the accuracy of the Transmission line 

technique also relies on the sample geometry. 

 

(i) Free Space Method  

The free space method allows measurements of dielectric samples under many environmental 

conditions such as high temperatures and humidity. The characterisation of the dielectric materials 

requires two antennas facing each other in an open space environment [140]. The reflective mirrors 

are set up in such a way that the diverging beams are directed onto the dielectric under test. The 

network analyser, which is connected to the antennas, is used to obtain the reflection and 

transmission coefficients. The measured reflection and transmission coefficient are further used to 

determine the dielectric properties by post-processing the measurements using a computer program. 

Free-space measurement using the transmitting and reflecting antenna is ideal for the measurement 

of dielectric materials up to high frequencies, but the measurement requires a large and flat sample. 

Additionally, the measurement performed in an open space increases the possibility of obtaining 

incorrect results because of the multiple reflections between the antenna and surface of the dielectric 

sample. 

 

(ii) Coaxial-probe(s) method 

The coaxial probes and waveguides are suitable for measuring the permittivity of samples of 

medium to high loss. Coaxial probe method is a non-destructive testing method used for the 

measurement of elevated temperature of both solids and liquids samples [141]. A coaxial line of 7 

mm diameter is suitable for dielectric measurement from 1 MHz to approximately 18 GHz, whereas, 

a coaxial line of 14 mm diameter measures samples from 100 kHz to 2 GHz. Two coaxial probes 

can also be used as a two-port test device, where a specimen is inserted between the probes for the 

measurement of both reflection and transmission data. In this case, the measurements obtained are 

inverted for the calculation of dielectric permittivity. 

 

(iii) Open-ended Coaxial Probe method  

The open-ended coaxial probe is a truncated section of a transmission line. The probe is pressed 

against a sample, and the Electromagnetic fields at the end of the probe penetrate the sample under 

test. The reflected signal is obtained using a Vector Network Analyser (VNA) that is connected to 
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the coaxial probe, and the dielectric properties are calculated from the measured phase and 

amplitude of the reflected signal. The open-ended coaxial probe method is easy to use and requires 

no machining of the sample. After the calibration of the measurement system, the dielectric 

properties of a large number of samples can be routinely measured within a short time. Also, 

dielectric characterisation of thin materials is possible over a wide range of frequencies (500 MHz 

– 110 GHz). However, only reflection measurement can be performed. According to [142], one of 

the major issues with the use of a coaxial probe method is obtaining good surface contact with the 

solid material (effect of air gaps). As a result, the measured reflection may not fully represent the 

reflectance from the solid sample [143]. 

Among all the dielectric measurement methods, resonant methods are the most accurate methods 

for dielectric properties characterisation [144]. Also, based on the low loss nature of the rod samples 

required for this research, Cavity Perturbation Method was chosen to be an ideal method for the 

dielectric property measurements. Thus, it was adopted in this research. 
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CHAPTER 3 - ASSESSMENT OF CABLE BUNDLE HEATING 

The test methodologies for the assessment of cable bundle heating in this research are detailed 

in this section. From the literature (see section 2.5), there are three principal methods of assessing 

the possible temperature rise in cable bundles when used in powering PoE equipment. The three 

approaches are: 

i. Thermocouple approach,  

ii. Resistivity approach and  

iii. Mathematical model.  

All the three approaches were adopted in this research to assess possible temperature rise due to 

cable bundle heating. Moreover, various scenarios of cable bundle heating were evaluated. In the 

first instance, the assessment of cable bundle heating based on different power levels was 

conducted (section 3.1) taking cognisance of the cabling installation environments. After that, the 

impact of cable construction on heat generation and dissipation in different Ethernet cable bundles 

was evaluated (section 3.2). Furthermore, cable bundle heating as a function of bundle sizes was 

characterised at five current levels (section 3.3). In the subsequent tests, the measured temperature 

distribution across a 37 CB (36 around 1) configuration using the thermocouple approach was 

compared with the prediction made using the mathematical model. Also, the temperature rise of 

the 37 CB assessment scenario using the three approaches was compared (section 3.4). That is, 

the thermocouple approach was used to validate the mathematical model and the resistivity 

approach.  

 

3.1  Assessment of CB heating based on power levels and installation environments 

The assessment of CB heating in two installation environments was conducted using the 

thermocouple approach. The two installation environments considered are: (i) ventilated (“Free 

air”) spaces and (ii) unventilated (insulated) spaces. Also, three DC power levels were 

considered in total: PoE+ at 34.2 watts, UPoE at 60 watts and HDBase-T at 100 watts. To get 

an accurate reflection of the impact of power levels on cable performance, shielded and 

unshielded Ethernet cables were tested (see table 3.1). The test configurations and set-up are 

explained below.  
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Table 3.1: Categories of cable used in the CB heating assessments 

Unshielded Ethernet cables Shielded Ethernet cables 

Category 5e U/UTP Category 6 FTP 

Category 6 U/UTP Category 6 F/UTP 

Category 6 CCA Category 6A F/FTP 

 Reduced diameter Category 6 U/UTP Category 7A S/FTP 

 

Free air heating set-up 

In the first stage of the assessment, a test rig was constructed to allow a bundle of 37 cables 

to be suspended in the free air environment. According to the procedure described in [20], a 

single 100 m length of cable was spooled to produce a CB with three complete layers 

surrounding a centre cable, as shown in figure 3.1. 

 

Figure 3.1: Cable bundle and thermocouple locations 

 

Thermocouple sensors of K-type for the temperature measurement (T2b, T2c and T2d) were 

placed on the surface of the cable jacket in each layer of the CB as indicated in figure 3.2, and 

in accordance with reference [20]. 

  

  

  

  

  

  

  

  

   6 around 1 (7) over 12 around 7 (19) and finally, 18 around 19 

(37)  
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Figure 3.2: "a perfect cable bundle" and the positions of thermocouple sensors 

 

Aside thermocouple sensors being distributed throughout the layers, thermocouples (T1, T2a 

and T3) were also positioned along the length of the centre cable with T3 being the thermocouple 

sensor near the actual source of the power. Although thermocouples were placed within 2.4 m 

length of the CB, each of the cables within the bundle is of 2.7 m length. After the bundling of 

the cable, the finished CB was suspended with a supporting frame of low thermal conductivity, 

in a free-air environment to achieve heat dissipation into the surrounding environment. Figure 

3.3 shows the suspension of the CB in the free air environment. 

 

 

 

 

 

 

 

 

 

Figure 3.3: Suspension of the CB in the free air environment. 
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Insulation heating set-up 

The cable bundling and test configuration described in section 3.1 also apply to the case of the 

insulation heating set-up, except that polyethylene thermal insulating foam was used to insulate the 

unshielded Ethernet cables. Moreover, due to the larger cable diameter, the shielded Ethernet cables 

were insulated with a glass fibre based insulating material. Before the whole CB was connected to 

the power supply, thermal insulating foam spray was used to cover the two ends of the CB to limit 

heat transfer from both ends. Figure 3.4 and 3.5 show the insulated CBs with the dimensions of the 

insulating materials. Note that the covering of the two ends of the CB was to create extremes of heat 

build-up. That is, to produce a worst-case scenario of CB heating that should not be exceeded in 

‘real-life’ installations.  

 

 

 

 

 

 

 

 

Figure 3.4: Insulation of the unshielded Ethernet cables 

 

 

Insulation thickness: 25 mm and pipe diameter: 114 mm 

Figure 3.5: Showing the insulation of the shielded Ethernet cables 

 

 

 

  Insulation thickness: 25mm and pipe diameter: 28mm 
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The connection of the cable bundle  

After the installation of the CB, the connection of all the conductors in the cable was made in 

series to allow the balanced pairs within them to be fed with a constant current. Figure 3.6 shows 

the connection of the CB. 

 

 

Figure 3.6: Configuration of the copper conductors inside the whole CB 

 

Powering of the cable bundle  

Flexible heavy gauge wires were connected between the CB and a DC power source to supply 

power to the CB. The tests were carried out over four-pair powering and with the three stated 

power levels: 32.4, 60 and 100 watts respectively.   

 

Temperature Measurements  

The room temperature and the temperature of each thermocouple sensor placed in different 

layers of the CB were automatically recorded using a temperature data logger. Final 

measurements were taken after the temperature of the CB had reached a steady state.  It is 

important to mention that in every aspect of the CB heating assessment, importance was placed 

on the temperature rise in the centre of the mass (T2a - the centre of the CB), temperature 

distribution across the CB and the stability of temperature rise with respect to time. 

 

 

 

 

  

  

  

  

+Ic 

  -Ic 



115 

 

3.2  Assessment of cable bundle heating based on cable constructions 

 

3.2.1  Assessment of cable bundle heating based on cable conductor sizes. 

Using the set-up in Section 3.1, the first part of the assessment of the impact of cable conductor 

sizes on cable bundle heating compared the temperature performance of a standard Category 6 

U/UTP AWG 23 against that of the reduced diameter Category 6 U/UTP. The rationale for the 

comparison was to establish the effect of conductor size on possible heat generation in the two 

cables. Also, to investigate the performance of the reduced diameter Category 6 cable as it is 

claimed to offer 100-meter channel performance of Category 6 U/UTP while having physical 

characteristics closer to that of Category 5e U/UTP. To this effect, the DC loop resistance values of 

the two cable types were examined and compared. However, the second part of studies compared 

the temperature performance of two Category 7A S/FTP cables based on their conductor sizes. The 

first Category 7A S/FTP cable has conductor size of AWG 22 while the second Category 7A S/FTP 

is of AWG 23. The results of the assessment in this section are presented in section 4.2.1. 

 

3.2.2 Assessment of cable bundle heating in terms of material types 

Based on the heating set-up described in section 3.1, the impact of cable construction, such as 

the material of the crossweb, conductor material, the quality of the conductor insulation and cable 

screening was examined.  

In the first instance, the impact of conductor size and polyethylene based crossweb on heat 

generation and dissipation was assessed. Category 5e U/UTP and Category 6 U/UTP were used for 

the analysis. Results of the analysis are presented in section 4.2.2. Secondly, the investigation of the 

impact of conductor material on heat generation was conducted using the temperature performance 

of Category 6 U/UTP (Copper Clad Aluminium) and Category 6 U/UTP copper cabling for the 

analysis (see section 4.2.3 for the results). The last study in this section evaluated the impact of 

individual screening of conductor pairs on heat dissipation by comparing the performance of 

Category 6A F/FTP against that of Category 6 F/UTP. The results of this last assessment are in 

section 4.2.4. 
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3.3  Assessment of cable bundle heating based on cable bundle sizes 

The possible temperature rise of the 24 (24 cables in a bundle) and 37 CBs of Category 6A F/UTP 

was assessed in two installation environments using six current levels: 0.3A, 0.45A, 0.6A, 0.75A, 

0.9A, and 1A respectively (values of current below and above the specified 0.6A of the IEEE 

802.3at). Figure 3.7 shows the configuration used for the 24 and 37 CBs. In addition to the 

temperature rise measurements, using the thermocouple approach, the adaptation model equation 

described in section 2.6.3 was further used to predict the temperature rise of the 24 CB size using 

the six current levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Configuration of the 24 cables in a bundle and 37 cables in a bundle. 

 

The configuration and the insulation of the 37 CB were as described in section 3.1. However, for 

the 24 CB size, the T1, T2a and T3 in figure 3.7 represent the thermocouple sensors placed in the 

axial direction of the 24 CB while T2b, T2c were the thermocouples sensors placed within the 

bundle layers in a radial direction. The maximum temperature rise on the 24 and 37 CBs using the 

thermocouple approach was compared first.  Then, the maximum temperature rise on the 24 CB 

using the thermocouple approach was compared with the prediction of the total temperature rise 

using the adaptation model. The results of the studies in this section are presented in section 4.3. 

 

37-cable bundle and thermocouple locations - 6 around 1 (7) 

over 12 around 7 (19) and finally 18 around 19 (37) 

 

24-cable bundle and thermocouple locations - 

8 around 2 (10) over 14 around 10 (24)  
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3.4  Comparisons between the three cable heating assessment methods 

This section validates the maximum temperature rise and temperature distribution across a 37 

CB using the thermocouple approach. The set-up described in section 3.1 is also applicable to the 

studies made in this section except for the five current levels: 0.3A, 0.45A, 0.6A, 0.75A and 1A that 

were used instead of the power levels. Also, only Category 6A F/UTP was assessed as it represents 

one of the recommended cables for the future PoE installed base.  

In the first part of the assessment, the measured temperature distribution across a 37 CB (36 

around 1) using the thermocouple approach was compared with the prediction made (Δ𝑇𝑢 and Δ𝑇𝑡ℎ) 

(2.5.9 - 2.6.1) using the mathematical model. After that, the maximum temperature rise of the 37 

CB using the thermocouple approach was validated against the output of the mathematical model 

(Δ𝑇) first and then against the results of the resistivity approach. The results of the comparisons in 

this section are presented in section 4.4. 
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CHAPTER 4 - CHARACTERISATION OF ETHERNET CABLE BUNDLE HEATING 

The first set of results in this section shows the power carrying capacity of bundled Ethernet 

cables assessed in two different installation environments and at three power levels (section 

4.1). This is followed by the characterisation of the impact of cable construction on the heat 

generation and dissipation in bundled Ethernet cables (section 4.2). Furthermore, the results 

from the assessments of the temperature rise in two sizes of Ethernet cable bundles are presented 

(section 4.3). The last set of results in this section presents the validation of temperature 

distribution across 37 cable bundle (CB) and then the validation of the maximum temperature 

rise (section 4.4). 

 

4.1  Characterization of CB heating based on power levels and installation environment 

Figure 4.1 shows the results of the free air heating test, while the result obtained during the 

insulation heating test is presented in figure 4.2. The maximum temperature rise above ambient 

temperature was obtained from the centre (T2a) of each CB under test. Note that the steady-state 

temperature gradient across the CBs is given in the appendix A and B. Comparing the results in 

figure 4.1 and 4.2, the CBs heated in the free air environment generated less temperature rise 

than the CBs under-insulated heating. Furthermore, in both heating tests, the resistance of the 

CBs increased due to heating, and the magnitude of the increase was directly proportional to the 

temperature rise in all the CBs. The resistance increase has always been known to be a 

contributing factor to the scale of attenuation of the signal on a channel (2.7.3). The effect of 

resistance increase on high-frequency cable parameters is discussed in section 2.4. 

 

(i) Free air heating 

Within the accuracy of the thermocouple sensors, it can be seen from figure 4.1 that the 

temperature rise on all the cable bundles was within the IEEE and TIA limits at PoE+ (~30 watts) 

power level but not at UPoE (60 watts) and the HDBase-T (100 watts) levels. However, when 

the specified operating temperature (60˚C) for the PoE application environments is considered, 

the temperature rise on all the CBs was within the acceptable power levels of PoE+, UPoE and 

HDBase-T except for the unshielded twisted pair cables in which their temperature rose by 

~420C rise above the ambient temperature of ~230C at 100 watts power level. Combining the 
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420C temperature rise and the ambient temperature of ~230C, result in a temperature value (i.e. 

650C) that is higher than the specified operating temperature of 60˚C stated within the cable 

construction standard of [145]. However, it is important to recognise that the temperature rise 

for the shielded cable bundles was within the specified 600C at all power levels. 
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Figure 4.1: Maximum temperature rise (T2a) for the free air heating tests 

 

(ii) Insulation heating 

Figure 4.2 shows the impact of high-power deployment on bundled Ethernet cables that are 

installed in non-ventilated (restricted heat dissipation) environments. The temperature rise on all 

the CBs was within the 600C limit at PoE+ power level but increased beyond the 600C limit at 

UPoE power level; the worst-case scenario of cable bundle heating adopted for the insulation 

heating tests.  

  

 

TIA Limit 

IEEE Limit 

PoE operating temperature 

minus room temperature 
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Figure 4.2: Maximum temperature rise (T2a) for the insulation heating tests 

 

At 100 watts, all the unshielded cable bundles (CBs) failed because the increase in temperature 

was beyond the specified limit of 600C. Also, due to the worst-case scenario of CB heating. 

Figure 4.3 – 4.5 show the points at which the insulated unshielded CBs physically failed at 100 

watts. 

 

Figure 4.3: Physical failure of the insulated Cat5e CB at 100 watts 

Failure temperature 

minus room temperature 
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Figure 4.4: Physical failure of the reduced diameter Cat6 CB at 100 watts 

 

 

Figure 4.5: Physical failure of the insulated Cat6 CB at 100 watts 
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As noticeable in table 4.1, the common critical temperature for the failure in the cable bundle was 

at about 140˚C (plus the room temperature). This temperature represents a point at which the 

extruded dielectric becomes soft enough to mechanically fail and cause a short circuit between the 

copper conductors. 

 

It is to be noted that the insulated unshielded cable bundles failed due to the extreme heat build-up 

at 100 watts, but the insulated shielded cable bundles met the PoE operating temperature limit at 

802.3at power level and did not fail at 100 watts. The maximum temperature at the steady-state and 

the time to reach the steady-state for the insulated shielded cable bundles are stated in Table 4.2. It 

can be seen from figure 4.2 and table 4.2 that the maximum temperature for the insulated shielded 

cable bundles never reached the point of failure because of their constructions.  

 

 

 

 

 

Table 4.1: Critical temperatures and the time to fail for the unshielded CBs 

Free air heating test results - Maximum temperature rise (T2a) at 100 watts 

Unshielded twisted pair 

cables 

Category 

5e U/UTP 

AWG 24 

Reduced 

diameter or 

HD 

Category 6 

U/UTP 

Category 6 CCA 

AWG 23 

Category 6 U/UTP 

AWG 23 

Time to fail (minutes) 1979 1521 3794 4472 

Critical Temperature (0C) 137.67 136.31 138.21 137.68 

DC loop resistance at room 

temp (Ω/100 m) 

19.70 16.40 22.25 15.00 

DC loop resistance at steady 

state (Ω/100 m) 

26.69 22.39 30.36 20.40 

Conductor diameter (mm) 0.51 0.52 - 0.58 

Cable diameter (mm) 5.2 5.40 - 6.2 
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Table 4.2: Maximum temperature at steady state and the time to reach the steady state 

Insulation heating test results - Maximum temperature rise (T2a) at 100 watts 

 

Shielded twisted pair cables Category 

6 F/UTP 

AWG 23 

Category 6A F/FTP 

AWG 23 

Category 7A 

S/FTP 

AWG 23 

Steady state time (minutes) 7811 3297 3181 

Temperature at steady state 

(0C) 

130.98 126.79 122.00 

DC loop resistance at room 

temperature (Ω/100m) 

15.90 13.95 11.00 

DC loop resistance at steady 

state (Ω/100m) 

21.16 18.35 14.31 

Cable diameter (mm) 7.2 6.9 7.8 

 

 

Summary of results 

 

In summary, the physical failure of the unshielded cable bundles shows the impact of high-power 

transmission over the bundled Ethernet cables installed in non-ventilated (restricted heat 

dissipation) environments. However, it is essential to emphasise that the insulation heating test 

carried out in this study was a worst-case scenario of restricted heat dissipation, because of the type 

of materials used for the insulation of the CBs. Also, the CBs were used as loads to dissipate all the 

power instead of delivering most of the power to intended loads such as WAPs. The worst-case 

scenario of cable bundle heating was chosen because, in some typical hidden insulated pathway 

systems, the cable bundle will generally be larger than a 37 CB and installed inside a conduit before 

being placed under the floor or ground or in the ceiling spaces and so on. Also, as climatic conditions 

and installation environments vary all over the world, knowing the results of the worst-case 

scenario, the effects of a higher power in restricted heat dissipation environments can be considered 

or avoided. Furthermore, as the temperature rise of the shielded cables met the standard limit of 60 

0C at 802.3at power level and did not fail using the worst-case scenario of cable bundle heating, it 

can be inferred that cable constructions and installation environments play pivotal roles in the 

dissipation of the generated heat. The next section expatiates further on the impact of cable 

construction on the heat generation and dissipation in bundled Ethernet cables. 
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4.2  Effects of cable constructions on heat generation and dissipation in CBs. 

The impact of material and cable dimensions on the heat generation and dissipation behaviour 

of the bundled Ethernet cables is analysed in this section. Different combinations of the cables’ 

temperature performances are used for the analysis. 

 

4.2.1 Impact of conductor size on the heat generation in powered cable bundles 

 

Standard Category 6 U/UTP AWG 23 vs Reduced diameter or HD Category 6 U/UTP 

The reduced diameter or HD cable is classed as Category 6 U/UTP, and it is expected to offer 

100-metre Category 6 channel performance but has physical characteristics of Category 5e U/UTP. 

Furthermore, its conductor size of 0.52 mm and overall cable diameter of 5.4 mm are closer to that 

of the 24 AWG. Also, its DC loop resistance is less than that of the standard Category 6 U/UTP 

AWG 23 (table 4.1). 

The first observation about its performance was the time taken to reach a steady state. This time 

was less than half of the time taken by the standard Category 6 U/UTP 23AWG to reach the steady-

state. Also, the reduced diameter cable failed before the regular Category 5e cable failed (figure 4.3 

and 4.4). However, amongst all the unshielded CBs that experienced the physical failure, Category 

6 U/UTP AWG 23 lasted much longer before it failed. These results show a distinct temperature 

performance benefit of the standard Category 6 U/UTP cable over the reduced diameter Category 

6 U/UTP cable and other unshielded cables under test. 

 

 

Category 7A S/FTP AWG 22 vs Category 7A S/FTP AWG 23 

It should be noted that the two Category 7A S/FTP cables described in this section are different 

from the Category 7A S/FTP described in section 4.1; because they were sourced from different 

manufacturers. However, the two Category 7A cables analysed in this section are both four pair 

S/FTP cables with an overall braid as well as individual pair foil. One of the Category 7A S/FTP 

cables has copper conductor size of 22 AWG while the other has AWG 23. The temperature profile 

for the two cables was assessed using six current levels. As shown in figure 4.6, the Category 7A 

S/FTP cable with a larger conductor size (22 AWG) generated less temperature rise in comparison 
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to the Category 7A S/FTP cable with a smaller conductor size (23 AWG). These sets of results show 

the impact of heat generation in Ethernet cable bundles used in remote powering operations.  

 

 

Figure 4.6: Free air and insulation heating test results (AWG 22 vs AWG 23) 

 

Also, from table 4.3, Category 7A S/FTP AWG 22 generated less temperature rise at all current 

levels, both for the free air heating test and insulation heating test due to its larger conductor size. 

 

Table 4.3: Comparison of temperature profile - Category 7A S/FTP (AWG 22 vs AWG 23) 

Energized current 0.3A 0.45A 0.6A 0.75A 0.9A 1A 

 Maximum temperature rise for the free air heating test (0C) 

Category 7A AWG 22 2.59 3.77 6.11 8.93 12.36 15.56 

Category 7A AWG 23 2.13 3.76 6.96 9.88 14.02 17.14 

 Maximum temperature rise for the insulation heating test (0C) 

Category 7A AWG 22 6.41 13.45 23.59 36.99 53.62 66.69 

Category 7A AWG 23 7.80 15.55 28.11 44.65 64.87 80.80 
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4.2.2  Impact of conductor size and cross filler on heat dissipation in cable bundles 

Category 5e U/UTP vs Category 6 U/UTP 

To analyse the impact of conductor size and additional properties such as polyethylene based 

cross filler on heat generation and dissipation in Ethernet cables, the temperature performances of 

Category 5e U/UTP and Category 6 U/UTP are compared. Category 5e U/UTP and Category 6 

U/UTP were of Standards compliant construction, four pairs contained within an LSOH sheath, 

with their conductor insulation made from the polyethylene-based compound. However, the 

difference between Category 5e and Category 6 U/UTP under tests is that Category 5e has a 

conductor size of 0.51 mm (24 AWG) whereas Category 6 U/UTP has a larger conductor size of 

(23 AWG) and additional polyethylene cross filler.  

The result showed that Category 5e had a short circuit within 1979 minutes after 100 watts was 

introduced in the cable. Whereas, Category 6 U/UTP conductor had a short circuit after 4472 

minutes of 100 watts powering (table 4.1). Firstly, the larger conductor diameter of Category 6 

U/UTP helped reduced Joule heating of the cable because of its lower resistance as compared to 

that of Category 5e cable bundle. Additionally, the polyethylene cross filler in the Category 6 

U/UTP cable helped by slowing down the time to reach the failure point. 

 

4.2.3 Impact of conductor material on heat generation in Ethernet cables 

 

Category 6 U/UTP (Copper Clad Aluminium) vs Category 6 U/UTP copper cabling 

 

The performance of Category 6 CCA cable and standard Category 6 copper cabling are compared 

in this section to understand the effect of conductor material on the heat generation in the cable. 

Category 6 CCA cable and standard Category 6 copper cabling are both U/UTP of 23 AWG. 

However, Category 6 CCA cable had a DC Loop resistance of 22.25 Ω/100m at room temperature, 

which was compliant with the standard limit of 25 Ω before the heating of the cable. However, as 

shown in table 4.1, the resistance of the CCA cable increased up to 30.36 Ω at the steady state of 

100 watts powering. While the resistance of the Category 6 CCA cable increased beyond the 

standard limit, the resistance of the standard Category 6 U/UTP was 20.40 Ω at the peak temperature 

of 100 watts powering. Furthermore, despite the similarity of the conductor diameter, the change in 

the resistance of Category 6 CCA CB was as much as 8%, while that of the standard Category 6 
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U/UTP CB was just 5%. The details of the change in the resistance of the CCA cable may be 

attributed to the Aluminium coating of its copper conductor, and this further explains the risks 

attached to the deployment of CCA based cables for high power PoE. 

 

 

4.2.4 Impact of individual screening of conductor pairs on heat dissipation 

Category 6A F/FTP vs Category 6 F/UTP 

Category 6A F/FTP and Category 6 F/UTP contain both overall foil around their cable pairs, 

but each pair of Category 6A F/FTP has an individual foil around it. Also, Category 6 F/UTP 

conductor insulation was made with Fluoropolymer based compound. From the results presented in 

figure 4.1 and 4.2, the temperature rise on Category 6 F/UTP was slightly higher than that of 

Category 6A F/FTP during the Free Air heating test. However, the temperature rise in Category 6A 

F/FTP was lower than that recorded in Category 6 F/UTP during the insulation heating test. This is 

possibly due to reduced conduction (since each cable has foil separation). Although the overall 

diameter of the Category 6A F/FTP cable (6.9 mm) was slightly smaller than that of Category 6 

F/UTP, the combination of the overall screening, individual pair screening and lower conductor 

resistance helped with its lower generation of heat. 

 

Summary of results 

In summary, the analyses of the cable bundle heating test results in sections 4.1 and 4.2 indicated 

that the Standards compliant Category 6 U/UTP performed better than other unshielded lower 

Category cables. However, all the unshielded cables failed at 100 watts, including Category 6 

U/UTP during the insulation heating tests whereas, none of the shielded cables failed. The result 

further highlights the importance of cable constructions such as overall screening, individual pair 

screening and larger conductor diameter on the heat generation and dissipation properties of bundled 

Ethernet cables. However, if shielded cables are deployed for PoE applications in different 

installation environments, how will the cable bundle size affect the temperature rise on the cables? 

In addressing this, the next section evaluates and compares the effect of CB bundle sizes on the 

temperature performance of shielded twisted pair cables using Category 6A F/UTP cable as an 

example. 
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4.3  Characterization of cable bundle heating based on cable bundle sizes 

4.3.1 Comparison between the temperature performances of 24 and 37 CBs 

In this section, the results of the resistive heating tests conducted on the 24 CB (24 cables in a 

bundle) and 37 CB (37 cables in a bundle) of Category 6A F/UTP using six current levels are 

presented. Figure 4.7 presents the temperature rise for the free air heating of the 24 and 37 CBs, 

while figure 4.8 is the results of the two CBs when they are thermally insulated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Free air heating test results for the two CB sizes of Cat6A F/UTP 

 

 

 

 

 

 

IEEE 802.3at current limit = 0.6A  
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Figure 4.8: Insulation heating test results for the two CB sizes of Cat6A F/UTP. 

 

As shown in both figures, the temperature rise in the 37 CB was higher than those recorded in 

the 24 CB at all current levels. Also, the rise in temperature on the CBs was more accentuated as 

the energised current level increased. It is noteworthy that the free air heating test results showed 

that the temperature rise on the two CBs met the TIA and IEEE temperature limits at the specified 

current level of PoE+ (0.6A) with headroom of 0.2A for the 24 CB and 0.12A for the 37 CB before 

the IEEE limit. However, the temperature rise on the insulated CBs exceeded the TIA and IEEE 

limits at the specified current level of 0.6A and a higher current of more than 0.6A (Figure 4.8). 

This suggests that larger CBs have an appreciable impact on the heat build-up than the smaller CBs. 

In particular, larger CBs installed in a non-ventilated environment (restricted heat dissipation) may 

promote extreme heat build-up within the CB when operating at a higher current level. 

 

4.3.2 Temperature rise measurement vs temperature rise prediction for a 24 CB size 

The measured temperature rise during free air heating of a 24 CB is compared with the predicted 

values for a 24 CB size in this section, and the results are presented in table 4.4. The values predicted 

by the adaptation model largely agree (with less than 10C difference) with the measured values up 

to a current level of 0.75 A (Table 4.4). However, for the current level of 0.9 A and 1 A, the 

difference between the measured and model predicted values was about 1-20C. Thus, it could be 

concluded that the temperature rise measurement results agree with the output of the mathematical 

model given the range of accuracy 1-20C of the thermocouple sensors.  
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Table 4.4: Free air heating results for the 24 CB size 

Temperature profile for the 24 CB size. CB heated in the free air environment  

Energized 

current 

(A) 

Temperature rise measurement  

(Thermocouple Approach) 

 (0C) 

Temperature rise prediction  

(Adaptation Model)  

(0C) 

Differences 

(0C) 

0.3 1.98 1.85 -0.14 

0.45 4.19 4.15 -0.04 

0.6 7.25 7.38 0.13 

0.75 10.84 11.53 0.69 

0.9 15.48 16.61 1.13 

1 18.26 20.50 2.24 

 

 

4.4  Validation of the temperature rise and temperature distribution across a 37 CB. 

In this section, comparisons of the temperature rise for a 37 CB of Category 6A F/UTP under 

the various cable heating assessment methods are made. Firstly, a comparison between the changes 

in temperature rise between the ambient temperature and outer surface of the bundle (Δ𝑇𝑢) is made. 

Followed by the comparison of the temperature rise between the outer surface and the centre of the 

bundle (Δ𝑇𝑡ℎ). Lastly, a comparison of the total temperature rise between the ambient temperature 

and the centre of the bundle (Δ𝑇) was made. 

In the first instance, the measurement with the thermocouple approach was compared with the 

predicted mathematical model outputs by analysing the Δ𝑇𝑢 and Δ𝑇𝑡ℎ terms. After that, Δ𝑇 is 

analysed by comparing the results of the thermocouple approach against the results of the resistivity 

approach first and then against the output of the mathematical model. 

 

 

4.4.1 Analysis of 𝚫𝑻𝒖 using the thermocouple approach and the prediction model 

The temperature difference from the ambient temperature to the surface of the 37 CB (Δ𝑇𝑢) of 

Category 6A F/UTP is given in figure 4.9. The result showed that the measured (thermocouple 

approach) values compared favourably well with the output of the mathematical model. The results 

of the two approaches agree with less than 10C difference. 
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Figure 4.9: Analysis of ΔTu using the thermocouple approach and mathematical model 

 

4.4.2 Analysis of 𝚫𝑻𝒕𝒉 using the thermocouple approach and the prediction model 

The temperature rise between the bundle outer surface and the centre of the cable bundle (Δ𝑇𝑡ℎ) 

is given in figure 4.10. The agreement between the results of the thermocouple approach and the 

output of the mathematical model is noticeable. The measured and predicted values agree with less 

than 10C difference up to a current level of 0.9A. However, as Δ𝑇𝑢 and Δ𝑇𝑡ℎ were not the same at a 

steady state, it is apparent that there will be a temperature gradient on the CB. The detailed thermal 

variation on all the cable bundles at steady state is presented in the appendices. 

 

Figure 4.10: Analysis of ΔTth using the thermocouple approach and mathematical model 
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4.4.3 Analysis of 𝚫𝑻 using the three cable heating assessment methods 

The total temperature rise (Δ𝑇) between the ambient temperature and the centre of a 37 CB at 

the 6 current levels, using the thermocouple and resistivity approach are presented in table 4.5. 

Then, to establish the validity of the methods, the results obtained using the three approaches are 

compared and presented in table 4.6. 

 

Table 4.5: Analysis of ΔT using the thermocouple and resistivity approaches 

 

 

 

 

 

 

 

 

 

The obtained total temperature rise using both the thermocouple and resistivity approach 

compared favourably well.  

 

Table 4.6: Analysis of ΔT using the thermocouple, resistivity and prediction model approaches 

 

 

 

 

 

 

 

 

 

Total temperature rise (Δ𝑇) on 37 CB of Category 6A F/UTP cable. 

Current 

(A) 

Thermocouple Approach 

(T2a – Ta) (0C) 

Resistivity approach 

(Δ𝑇) (0C) 

Difference 

(0C) 

0.30 2.10 2.13 -0.03 

0.45 4.07 4.20 -0.13 

0.60 7.10 7.04 0.06 

0.75 11.02 11.00 0.02 

0.9 15.78 15.50 0.28 

1.0 19.41 19.40 0.01 

Current 

(A) 

Thermocouple Approach 

(T2a – Ta) (0C) 

Resistivity approach 

(Δ𝑇) (0C) 

Prediction Model 

(Δ𝑇) (0C) 

0.30 2.10 2.13 1.80 

0.45 4.07 4.20 4.08 

0.60 7.10 7.04 7.33 

0.75 11.02 11.00 11.62 

0.9 15.78 15.50 17.02 

1.0 19.41 19.40 21.32 
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From table 4.6, the results obtained with the three approaches agree when considering the 

energised current levels from 0.3A – 0.75A. The deviation of the prediction model result at 0.9A 

and 1A could be due to the employed empirical factors (see tables 2.3 and 2.4), which are only valid 

for the lower power levels. 

 

 

Chapter summary  

The study in this section started with the characterisation of cable bundle heating based on 

different power levels and installation conditions. It was found that high power (100W) 

deployment over the bundled insulated unshielded Ethernet cables caused an extremely high 

temperature on the cable bundle. Category 5e cable (which has the smallest conductor diameter) 

produced the highest temperature rise during the free air heating test and failed along with other 

unshielded Ethernet cables due to the extreme heat build-up within the cable bundle. However, 

shielded cables such as Category 6 FTP, Category 6A F/UTP, Category 6A F/FTP and Category 

7A S/FTP did not reach a point of failure when tested in the free air and insulated environments 

at all power levels. Category 7A S/FTP cable with a large overall diameter and the lowest 

conductor resistance along with a large amount of screening generated the lowest temperature 

rise at 100 Watts.  

From the results of these studies, it can be inferred that cables with larger conductor size with 

a screened construction, such as an individual screening of the conductor pairs and overall 

screening, will likely generate lower temperatures and take a longer time to reach the steady-

state. Furthermore, conductor material and the quality of the conductor insulation (cables whose 

conductor insulation made from Fluoropolymers did not fail- Cat 6A F/FTP, Cat7A S/FTP where 

cables with conductor insulation made from polyethylene failed), as well as installation 

conditions will determine the amount of heat generated and dissipated by a CB. With the analysis 

of the effect of CB sizes, it is important to recognise that larger cable bundles tend to prevent 

free dissipation of heat. As this can lead to the heat ageing of the conductor insulating materials, 

care must be taken when deploying bundled Ethernet cables for PoE applications.  

It is appropriate to mention that the average ambient temperature during the study was ~200C, 

However, if the ambient operating temperature is very high, less energy is required for the 

standard limits to be exceeded. For instance, if the cables are bundled in thousands, a higher 
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power of more than 30 Watts in restricted heat dissipation environments will have an impact 

even with the load attached to the end of the cable. Also, as higher power requires much higher 

current than the existing 0.6A of the IEEE802.3at, the cabling operating environment and cable 

bundling become important points of consideration.  

Consequently, regardless of the amount of power transmitted through the CB, heating occurs 

within the cables and their surroundings due to the passage of the electrical current. Also, thermal 

insulation of the CB portions causes localised heating of the cable. Given these conditions, the 

research questions of interest include: (1) does the electrical heating, or the temperature of the 

installation environment affect the transmission parameters of the cable? (2) does the thermal 

cycling on the CB or the possible fluctuation in the temperature of the installation environment 

cause the cabling transmission parameters to degrade over time? (3) If Category 6A cables are 

to be deployed, can the specified temperature limit of 60°C have a long-term effect on cable 

performance? If yes, how can the changes in the cable parameters be reliably measured and 

compared with the baseline cable performance?  

The next Chapter (Chapter 5) details the assessment methods for electrical heating and non-

electrical heating tests. Moreover, chapter 6 and 7 present the immediate and the long-term 

effects of electrical heating and non-electrical heating on the performance of PoE permanent 

links constructed with horizontal shielded and unshielded Ethernet cables. 
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CHAPTER 5 - ASSESSMENT OF THE IMPACT OF THERMAL VARIATION ON POE 

PERMANENT LINK PERFORMANCE   

  In the previous chapter, the possible rise in temperature on different categories of balanced 

twisted pair cabling was investigated based on different power and current levels as well as the 

installation conditions. In this Chapter, the immediate and long-term effects of temperature and 

thermal cycling on the electrical properties and transmission parameters of different PoE 

permanent links (PLs) are investigated. The assessments were based on the investigation of the 

effects of electrical heating and non-electrical heating, both within the specified operating range 

and beyond the levels expected, to account for the extreme situations where high temperature, 

fluctuations in external temperature and localised heating could stress the cables and cause a drift 

in the performance of the links over time.   

 

The first assessment investigates the effects of electrical heating on the performance of Category 

6A F/UTP cable (section 5.1). However, the investigation of the effect of non-electrical heating 

was covered in section 5.2 and 5.3. The rationale behind the investigation of non-electrical heating 

is that the temperature rise and thermal cycling may induce accelerated ageing of the compounds 

used for the cable conductor insulation, creating progressive and permanent damage to the overall 

performance of the cable. Given this, isolating possible resistive heating effects will help in the 

identification of the effect of external temperature on the dielectric performance of the cable. 

Therefore, section 5.2 simulates insulated pathway systems where intra-building backbone cables 

are fully installed in restricted heat dissipation environments. For example, cables installed inside 

conduits, wooden wall cabinets, and so on. will generate a temperature rise above 600C as observed 

in the CB heating assessments section (See figure 4.2). In this case, the effect of temperature and 

thermal variation will have significant effects on the performance of the PoE PL. However, section 

5.3 examines the performance of the permanent links in which a portion of the cables (shielded and 

unshielded) pass through thermally insulated areas and that portion is insulated, causing the 

transmission parameters of the links to drift over time, based on the effects of temperature and 

thermal cycling. It has been highlighted in the literature review section (See section 2.4) that if the 

dimensions of the cable and dielectric constant of the dielectric around an insulated portion of the 

cable change differently from every other part of the installed cable, the capacitance of the cable 

will change. Then, the designed characteristic impedance of the cable will also change because of 

the non-uniformity of the cable, and that will cause the transmission parameters of the channel to 

change. For instance, the crosstalk performance of the channel will change. Also, the RL and IL 



136 

 

performance of the channel will drift over time because of thermal cycling. Given these, the 

baseline RL and IL performance of Category 6A F/UTP PL were compared with the drift in the 

RL and IL performance of the link using the Feature Selective Validation (FSV) technique in 

section 5.4. Also, the extraction of the primary line constants such as the inductance and 

capacitance from the measured impedance variation of the line was conducted in section 5.5. 

Lastly, the changes in the dimensions and elemental composition of the material of a twisted pair 

sample were investigated in section 5.6. 

 

5.1  Assessment of the resistive heating effects on the performance of Cat 6A F/UTP PL  

This section investigates the effects of electrical heating on the performance of Category 6A 

F/UTP PL to establish the long-term effect of repeated electrical heating at high energised 

current levels on cable performance. The two installation conditions considered are outdoors 

(ventilated or “free air”) and restricted heat dissipation (non-ventilated) installation 

environments. In both environments, the effects of thermal cycling were examined on the 

electrical properties, and transmission parameters of the PL using the Category 6A F/UTP cable 

(24 CB) tested in section 4.3.   

 

5.1.1 Test setup for the resistive heating 

As described in section 4.3, after the last heating test had been conducted on the 24 CB of 

Category 6A F/UTP, the ends of the cable were connectorised and the baseline transmission 

performance of the PL was obtained with a DSX 5000 Cable Analyzer. Figure 5.1 shows the 

schematic of a PL setup while figure 5.2 shows that the baseline performance of the PL met the 

specifications of the TIA Category 6A PL performance. 

 

 

 

 

 

  

 Figure 5.1: Schematic describing the experimental set-up 
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After the baseline performance of the PL had been established, the connectors at the ends of 

the cable were removed, and the Category 6A cable under test was energised with five current 

levels:  1.15 A, 1.25 A, 1.35 A, 1.5 A and 1.6 A one after the other. It is noteworthy that the 

energised current levels used in this section were higher than that of the ones used in section 4.3. 

The rationale for the higher current levels used in this section was to raise the temperature of the 

cable conductors to 600C while the PL was set-up in the ventilated space to address the potential 

concerns of heating at the extremes of cable operation. 

 

5.1.2 Assessment of the resistive heating effects on cable performance 

For each of the energised current levels except 1.6 A, the temperature of the cable was allowed 

to naturally cool from the peak temperature to the near room temperature before the ends of the 

cable were connectorised again for the assessment of the PL performance. In essence, when the 

temperature on the CB had reached a steady-state, the power supply unit was turned off. Then, 

the ends of the CB were connectorised with the standard Category 6A F/UTP jacks and 

measurements were taken with a DSX 5000 Cable Analyser, using the TIA Category 6A PL test 

standard. Besides, the performance of the Category 6A F/UTP PL was assessed with an energised 

current level of 1.6 A when the cable was installed in the ventilated space first, and then when it 

was insulated with an aluminium foil lagging. The performance of the PL was measured, as the 

temperature of the cable bundle was gradually returning to the room temperature after the steady-

Figure 5.2: Baseline headroom of Category 6A F/UTP PL performance at 230C 
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state. The measured changes in the electrical properties and transmission parameters of the PL are 

presented in chapter 6. Note that the VF and 휀𝑟 of the conductor insulation were calculated from 

the measured changes in the electrical characteristics on the PL using (8.18 – 8.20). Also, changes 

in the crosstalk, RL and IL performances of the PL were used for the analysis of the PL 

performance degradation as functions of installation conditions and thermal cycling.  

 

5.2  Assessment of the performance of Cat 6 U/UTP (full insulation) 

The immediate and long-term effects of thermal cycling were examined on the electrical 

properties and transmission parameters of a standard Category 6 U/UTP PL. The PL was 

constructed with 50.5 m length of a Standard Category 6 U/UTP cable. As stated earlier, the study 

in this section simulates cable installed inside the conduits, wooden wall cabinets, etc. where the 

installed cable is thermally insulated and under varying thermal conditions. Moreover, the 

assessment was carried out in two phases: (1) the tests thermally cycle the cable from ambient of 

+20 0C up to an ambient of +70 0C to see if there is any substantial ‘knee point’ in the performance 

of the cable (2) the thermal cycling was extended to about 120 0C to assess the impact of high 

temperature on the performance of the Category 6 U/UTP PL. In high power PoE systems, the CBs 

would generally be operating at high power levels and at the same time experiencing contributions 

from heat sources from the environment. However, the cable examined in this section was not 

energised as explained earlier but was heated externally in a constructed heat chamber to isolate the 

effects of resistive heating from external heating effect. The schematic describing the heat chamber 

is shown in figure 5.4. 
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As indicated in figure 5.4, the heat chamber is about 2 m in length and was constructed using a 

wooden box with a lid. Moreover, the heat chamber has two small circular openings and one square 

opening on its sides. The circular openings were used to situate the thermocouple sensors on 

different positions on the cable under test, while the square opening was used for the mounting of 

a faceplate that housed the RJ45 jacks. The internal surface of the chamber was lined with a thermal 

insulating foil to provide extra insulation and reflect any form of radiation. The wire basket tray 

(shown in figure 5.3) was raised off the bottom of the chamber with a small piece of wood at 

different locations in the chamber to limit the amount of heat transfer between the wire basket tray 

and the aluminium foil.  

 

 

 

   

 

 

 

 

 

 

 

 

 

Description of the test setup for the non-electrical heating tests 

The experimental setup shown in figure 5.3 consists of a DSX-5000 Cable Analyzer with the 

appropriate permanent link adapters, a set of thermocouple sensors, a wire basket tray, a temperature 

data logger for the automatic temperature readings from the thermocouple sensors, some heating 

elements for heating the cable externally, Power Supply Units (PSU) that were used for powering 

the heating elements, a constructed heat chamber and the cable under test.  

 

  

Description of the general test procedure   

The cable under test was spooled loosely on the wire basket tray to avoid tight cable bundling, 

and six thermocouple sensors (named as cable temperature 1-6) were placed in various locations on 

the cable jacketing material. The cable was left in place, in the heat chamber and without any 

movement throughout the test period. The measurement ends of the cable were connectorised with 

Figure 5.4: Schematic describing the dimensions of the heat chamber 
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standard RJ45 jacks. Before the testing began, the main and remote ends of the Cable Analyzer 

were connected using the appropriate permanent link and channel link adapters to set a reference 

point for the measurements. After that, appropriate test limits and cable type were selected to ensure 

measurements were made in the required frequency range and that the actual Velocity Factor (VF) 

or Nominal Velocity of Propagation (NVP) value for the cable under test, is obtained. Also, before 

the heat cycling test began, the automatic data logger was set to record the baseline cable 

temperature and the subsequent temperatures in real-time. However, the baseline performance of 

the permanent link was obtained manually at the start of the test. 

It should be noted that the setup described in this section applies to the investigations conducted 

in sections 5.3.1 and 5.3.2 except that different lengths of cables were used. Also, different test 

limits, cable types and RJ45 jacks were used for the other PLs. However, in all the assessments, the 

PLs were carefully installed in such a way that the symmetry of all the components of the links was 

not compromised. For example, the sharp bending of the cables was avoided. Also, shielded cables 

were terminated correctly at both ends with the appropriate connectors.   

 

Phase 1 – Thermal cycling of the fully insulated Category 6 U/UTP cable from +200C to +700C 

The performance of the standard Category 6 U/UTP PL was obtained first before the heating of 

the cable began using the ISO11801 PL class E test Standard. Figure 5.5 shows that the PL 

performance met the specifications of the ISO test limits. Moreover, figure 5.6 shows that there was 

no DC resistance contact issue.   

Figure 5.5: Baseline marginal values for the fully insulated Category 6 U/UTP cable 
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Figure 5.6: Baseline resistance profile for the standard Category 6 U/UTP PL 

 

During the first heating of the cable, the performance of the PL was obtained again when the 

temperature of the cable had reached ~700C. After that, the cable was allowed to cool naturally by 

turning the PSU off and by taking the lid of the heat chamber off. When the temperature of the cable 

had returned to ambient, the performance of the permanent link at room temperature was also 

measured. After the first cooling of the cable, the second heating cycle started, and this process was 

repeated for ten heating cycles. However, after a trend in the cable performance had been observed 

during the ten daily heating cycles, another two weekly heating cycles (cycle 11 and cycle 12) were 

carried out using the previous process but with prolonged heating time (weekly heating) to 

differentiate the effects of intermittent heating from the effects of prolonged thermal cycling on the 

cable performance. 

Moreover, another thirteen thermal cycles were carried out after the initial twelve cycles to gain 

adequate information on the effects of long-term repeated thermal cycling. Figure 5.7 shows the 

heating profile of the last thirteen successive thermal cycles. It also shows that the temperature 

rating of the cable dielectrics was not exceeded. The results of this phase of the thermal cycling 

tests are presented in section 7.1. 
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Figure 5.7: Temperature profile for the thermal cycling test (+200C to +700C) 

 

Phase 2 – Thermal cycling of the fully insulated Category 6 U/UTP cable from +20 0C to +1200C 

In the second phase of the thermal cycling tests, the cable under test was heated and cooled 

repeatedly again from an ambient of +200C up-to a maximum temperature of 120 0C to investigate 

the effects of the observed high temperature in section 4.1 (see figure 4.5) on the transmission 

performance of the cable. After the heating of 1200C, all the power supply units were switched off 

except for the one connected to the heating element, where the thermocouple sensor named as “cable 

temperature 6” was located (see the red arrow and the legend in figure 5.8). That is, the Category 6 

U/UTP under test was subjected to a localised heating at one spot. 

 

Figure 5.8: Temperature profile for the thermal cycling test (+200C to +1200C) 
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This was purposely left on to subject the cable to localised heating. After heating the cable locally 

for 9 hours, the temperature around the heating element, at cable temperature 6 was about 30 0C, 

but the temperature on the other parts of the cable was around 24 0C. The performance of the PL at 

this point was measured and then measured continuously after the heating element at cable 

temperature 6 was turned off. Moreover, the last measurement was taken when the temperature of 

every part of the cable was near the room temperature. The RJ45 plug was inserted into the jack 

before each thermal cycle and removed from the jack after each thermal cycle. The result of the 

multiple insertion and removal of the RJ45 plug from the jack is an open connection which is 

reflected in figure 5.9. The detailed results of this phase of the thermal cycling tests are presented 

in section 7.1.  

 

 

Figure 5.9: Long-term effects of insertion and removal of RJ45 plug from the jack 

 

 

5.3  Assessment of the performance of the portion insulated Cat 6 and Cat 6A cables 

The performance of the permanent links in which portions of the cables (shielded and 

unshielded) pass through thermally insulated areas is assessed in this section. Figure 5.10 represents 

the experimental setup for the Category 6 U/UTP and Category 6A F/UTP PLs under study. A 

substantial portion of Category 6 U/UTP and Category 6A F/UTP PLs was subject to thermal 

variation conditions by performing several thermal cycling tests on the insulated portion of the 

cables.  
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Figure 5.10: Experimental set-up for the cable portion insulation test. 

 

 5.3.1 Assessment of the performance of Cat 6 U/UTP cable (portion insulation) 

Using the general test procedure described in section 5.2, the performance of a 56.6 m length of 

a plenum rated (CMP) Category 6 U/UTP cable was tested within the PoE operating temperature. 

The cable under test was tested as a General Cable 6000 CMP cable type and as a Standard Category 

6 U/UTP cable type using the ISO 11801 PL Class E (+All) test standard to investigate the supplied 

VF of the cable for comparison with the obtained VF of the extracted dielectric rod sample from 

the cable under test (see section 9.1.4). In this study, twenty-four heating and cooling cycles were 

performed.   

Firstly, ten intermittent (daily) thermal cycles were performed, followed by another ten-

consecutive prolonged (weekly) thermal cycles. After that four thermal cycles were conducted on 

a monthly basis. In all the thermal cycling tests, the CMP cable was heated from the room 

temperature up to a temperature of ~65 0C. Figure 5.11 – 5.13 show the heating profile of the daily, 

weekly and monthly thermal cycles.  

 

Figure 5.11: Temperature profile for the daily thermal cycling 
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Figure 5.12: Temperature profile for the weekly thermal cycling 

 

 

 

Figure 5.13: Temperature profile for the monthly thermal cycling 

 

The baseline transmission performance of the Category 6 U/UTP PL was obtained at the beginning 

of the assessment (figure 5.14). Then, for each of the thermal cycles, the performance of the PL was 

monitored as the temperature of the cable portion was rising to the peak temperature and when the 

temperature was returning to near the room temperature. Furthermore, the VF and 휀𝑟 of the cable’s 

conductor insulation were calculated from the obtained electrical features of the PL using (8.18 – 

8.20). The baseline VF was validated against the VF obtained through dielectric measurements (see 

section 9.1.4) and the VF reported by the manufacturer of the cable under test.  

 

 

0

20

40

60

80

0 10000 20000 30000 40000 50000

Te
m

p
er

at
u

re
 (

0
C

Time (Minutes)

Temperature profile for the monthly thermal 

cycling

Room Temp 1 Room Temp 2 Near End Rig 2

Near End Rig 3 Near End Rig 1 Far End Rig 1

Far End Rig 3 Far End Rig 2



146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Baseline marginal values of Category 6 U/UTP PL at 22.50C 

 

 

5.3.2  Assessment of the performance of the portion insulated Cat 6A F/UTP cable 

The thermal cycling of a portion of the 30.8 m length of Category 6A F/UTP permanent link 

follows the same procedure as that of the Category 6 U/UTP (CMP cable) PL except that the 

Category 6A F/UTP PL was tested as F/UTP cable type using both the ISO 11801 PL2 Class Ea 

(+All) and TIA Cat 6A Permanent Link (+All) test Standards. Also, in this investigation, 40 heating 

and cooling cycles were performed. The first twenty thermal cycles were conducted daily while the 

last 20 cycles were on a weekly basis. The reason for this was to study the effects of the intermittent 

and prolonged thermal cycling on the performance of the link.  

The baseline transmission performance of the Category 6A F/UTP PL was obtained at the beginning 

of the assessment (figure 5.15), at the peak temperatures and at near the room temperature. 

Moreover, the VF and the 휀𝑟 of the cable’s conductor insulation were calculated from the obtained 

electrical characteristics of the PL using (8.18 - 8.20). Moreover, the baseline VF was validated 

Obtained with ISO 11801 PL Class E test standard 

Cable type: CMP Category 6 U/UTP 

 

Obtained with ISO 11801 PL Class E test standard 

Cable type: Standard Category 6 U/UTP 
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against the VF obtained through dielectric measurements (see section 9.1.3) and the VF reported by 

the manufacturer of the Cat 6A cable under test.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: Baseline marginal values of the Category 6A F/UTP PL at 18.40C 

 

5.4  Quantification of the drifts in the performance of Cat 6A F/UTP cable 

The aim of the study conducted in section 5.3.2 was to thermally cycle shielded cable in order to 

determine the drift in the transmission parameters of the cable as a function of thermal cycling. The 

results from the analyses were fed into the FSV tool for the quantification of the drift in the PL 

performance. That is, the FSV tool was used for comparing the baseline transmission parameters of 

Category 6A F/UTP PL with the degradation in the PL performance. The detailed results of the 

study conducted in this section can be found in section 7.4. 

 

ISO 11801 PL2 Class Ea (+All) test Standard 

Cable type: F/UTP 

 

TIA Cat6A Perm. link (+All) test Standard 

Cable type: F/UTP 
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5.5  Extraction of the primary line constants from the measured impedance variation 

As discussed in the literature review section, the performance of a transmission line (TL) such 

as a balanced twisted pair depends on the symmetry along the length of the line and its associated 

components. However, if the balance of the line is compromised in any form, the designed primary 

line constants will change. For instance, if the dielectric constant of the conductor insulation 

increases, the capacitance will increase. Moreover, when the heating of a portion of the cable 

separates the pair, the capacitance of that portion of the pair will decrease, and inductance will 

increase. As any of these scenarios can change the impedance profile of the TL and the quality of 

the received signal, analysing the TL behaviour using an analytical approach can provide insight 

into the contributing factors to the observed changes in the PL performance. Moreover, as a first-

order assessment of the analysis, the variation in the impedance profile of the Category 6A F/UTP 

PL as a function of thermal cycling was computed first from the measured HDTDR data of the line 

to establish possible changes in the impedance profile of the line (see section 7.3.2). After that, the 

primary line parameters were extracted from the variation in the impedance of the PL using the 

TLM approach implemented in Matrix Laboratory (MATLAB) software [146]. The results of the 

extraction of the primary line parameters can be found in section 7.5. 

 

5.6  Investigation of the changes in the properties of a twisted pair sample using SEM. 

To investigate the impact of heating and cooling on the dimensions and elemental composition 

of a twisted pair, SEM was used for the examination of the changes in the dimension and elemental 

composition of a short length of a twisted pair obtained from Category 6A F/UTP cable. 

The dimension and elemental composition of the short length of a twisted pair were examined 

first using the SEM. After that, the sample was heated once up to 600C inside an oven with automatic 

temperature control.  Then, after the heating had reached a maximum temperature of 60 0C, the 

temperature of the twisted pair was allowed to return to the room temperature naturally. Then, the 

dimensions and elemental composition of the twisted pair sample were investigated again using the 

SEM. The results of the study in this section are presented in section 7.6. 
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CHAPTER 6 – LONG - TERM EFFECTS OF REPEATED RESISTIVE HEATING ON THE 

PERFORMANCE OF CAT 6A F/UTP 

  This section presents the results on the simulated long-term effect of repeated electrical heating 

on the performance of Category 6A F/UTP PL. The changes in the electrical properties of the PL 

measured under two installation conditions (ventilated and non-ventilated) are presented in section 

6.1 whereas section 6.2 presents the changes in the transmission performance of the PL for both 

installation conditions.   

  

6.1  Effect of repeated resistive heating on the electrical properties of Cat 6A F/UTP 

 The baseline electrical properties and degradation in the electrical properties of Category 6A 

F/UTP PL are presented in table 6.1 whereas figures 6.1 – 6.6 present the traces for the measured 

electrical performance against the cable temperatures. The actual values of the changes in the 

electrical properties of the link are presented in table 6.1 while the difference between the baseline 

values of the electrical properties and the last measured changes are presented in table 6.2. 

 

Table 6.1: Effects of resistive heating on the electrical properties of Category 6A F/UTP PL 

 

 Effects of resistive heating on the electrical properties of Category 6A F/UTP permanent 

link  
Obtained at room temperature after performing several thermal cycling on the cable. 

Twisted 

pair 

colour 

codes 

Pair 

No.   
Baseline electrical properties (230C)  Electrical properties obtained after the insulation 

heating test (240C)  
Initial  
Length  

(m)  

Propagation 

delay (ns)  
Delay 

skew  
(ns)  

Initial 

resistance 

(Ω)  

Increased 

length  
 (m)  

Increased 

propagation 

delay (ns)  

Changes 

in delay 

skew (ns)  

Final 

resistance 

(Ω)   

Green 

pair 

3,6  71.6  341  24  10.2  73.4  350  25  10.2  

Blue 

pair 

4,5  70.3  335  18  9.9  71.6  341  16  10.0 

Brown 

pair 

7,8  68.2  325  8  9.7  69.9  333  8  9.8  

Orange 

pair 

1,2  66.5  317  0  9.6  68.2  325  0  9.6  
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6.1.1.  Effect of repeated resistive heating on the electrical resistance of Cat 6A F/UTP  

There was no clear difference in both the initial and the final DC loop resistance of each pair in 

the cable (Table 6.1). The increase of 0.1 Ω in the final loop resistance of pair 4,5 and 7,8 could be 

due to the resistance unbalance between the pins of the RJ45 connection which was not monitored 

for this study. Moreover, the DC loop resistance measured for each cycle is presented in figure 6.1. 

The figure showed that the resistance of each pair increased and decreased in response to the 

increase and decrease in cable temperatures. The significance of this is that cable bundles operating 

with high power such as 100 W or more will generate high temperature which may cause the 

resistance of the cable to increase and eventually limit the maximum available power to the end 

device and the attenuation of the signal power.  

 

Table 6.2: Absolute changes in the electrical properties of Category 6A F/UTP PL 

 

Effect of resistive heating on the electrical resistance
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Figure 6.1: Effect of resistive heating on the electrical resistance of Category 6A F/UTP PL 

Effects of resistive heating on the electrical properties of Category 6A F/UTP PL 

Obtained at room temperature after several thermal cycling 

 Ventilated -Free air heating test Non-Ventilated - Insulation heating test 

Pair 

number 

Decrease 

in length 

(m) 

Decrease in 

propagation 

delay (ns) 

Increase in 

delay skew 

(ns) 

Increase 

in length 

 (m) 

Increased 

propagation 

delay (ns) 

Change in delay 

skew (ns) 

Pair 3,6 0.2 1 1 1.8 9 Increased by 1 ns 

Pair 4,5 0.4 2 0 1.3 6 Decreased by 2 ns 

Pair 7,8 0.4 2 0 1.7 8 0 

Pair 1,2 0.4 2 0 1.7 8 0 
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6.1.2. Long-term effect of repeated resistive heating on the electrical length of Cat6A 

  Table 6.2 shows that the electrical length of each pair in the cable decreased due to the effects 

of repeated resistive heating in the ventilated environment. However, the electrical length of each 

twisted pair increased permanently due to the effect of prolonged thermal cycling. As observed in 

figure 6.1, the DC loop resistance of the twisted pairs decreased with a decrease in temperature 

during the insulation heating test. The trend in the DC loop resistance of the cable can be expected 

as the resistivity of copper depends on temperature. However, figure 6.2 shows that the electrical 

length of all the twisted pairs in the cable increased permanently as the cable temperature was 

decreasing. Given these, it could be assumed that the permanent increase in the electrical length 

was because of the increase in the dielectric constant of the conductor insulation as a result of the 

thermal ageing of the conductor insulation when the cable was tested using the thermal insulating 

material. 

 

 

Long-term effect of thermal cycling 
on the electrical length of Category 6A F/UTP 
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Figure 6.2: Effect of repeated resistive heating and thermal insulation on the electrical length 
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6.1.3  Long-term effect of resistive heating on the propagation delay of Cat 6A F/UTP 

The changes in the electrical length of each twisted pair in the Category 6A F/UTP cable also 

caused a proportionate change in the end-to-end propagation delay of the signal on each twisted 

pair (figure 6.3).  

Long-term effect of thermal cycling 
on the propagation delay of signal on Category 6A cable

P
ro

p
a

g
a

ti
o

n
 d

e
la

y
 (

n
s
)

320

330

340

350

pair 3,6 

pair 4,5 

pair 7,8 

pair 1,2 

Ventilated Insulated

B
a

s
e

lin
e

1
.1

5
 A

6
0

0
C

2
3

0
C

7
8

0
C

6
0

0
C

5
0

0
C

4
0

0
C

3
0

0
C

2
4

0
C

4
0

0
C

3
0

0
C

2
3

0
C

1
.2

5
 A

1
.3

5
 A

1
.5

 A

 

Figure 6.3: Long-term effect of repeated resistive heating (propagation delay of Cat 6A) 

As stated in table 6.1, the measured baseline propagation delay of pair 3,6 was ~ 4.763 ns per 

meter. Therefore, a change of 0.2 m in the route length of a signal as a consequence of the change 

in the dielectric constant of the conductor insulation will cause a phase delay of 1ns. As reported in 

table 6.2, this value corresponds to the change in the propagation delay of pair 3,6.  

 

6.1.4.  Long-term effect of repeated resistive heating on delay skew of Cat 6A F/UTP  

Table 6.2 shows that the delay skew on pair 3,6 increased by 1ns (from 24 to 25 ns) based on the 

last measurement made during the insulation heating tests but the plot of the delay skew for all pairs 

in figure 6.4 indicates that the delay skew on pair 3,6 initially decreased by 1ns (from 24 to 23 ns) 

at 600C and increased permanently from 23 ns to 25 ns during the transition between 600C to 500C, 

upon the cooling of the cable. This can be attributed to rounding errors in the measurements 

(rounding to the nearest half ns), which cannot be ignored but this observation is certainly 

interesting and worthy of further investigation, particularly in light of other findings. 
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Long-term effect of thermal cycling 
on the delay skew of signal on Category 6A cable
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Figure 6.4: Changes in the delay skew of Cat 6A cable due to repeated resistive heating 

 

Furthermore, the initial 1ns decrease in the delay skew of pair 7,8 (from 8 to 7 ns) during the 

first heating of the cable increased back by 1ns (from 7 to 8 ns) during the transition from 600C to 

500C as indicated in figure 6.4. Similarly, the initial 1ns decrease in the delay skew of pair 4,5 (from 

18 to 17 ns) during the first heating of the cable increased back by 1ns (from 17 to 18 ns) during the 

transition between 600C and 500C (figure 6.4). The delay skew of pair 4,5 later decreased again by 

1ns (from 18 to 17 ns) at the peak temperature of 780C observed during the heating and decreased 

further by another 1ns (from 17 to 16 ns) during the cooling between 780C and 600C. Moreover, as 

shown in figure 6.4, the delay skew on the shortest pair (pair 1,2) remained unchanged throughout 

the free air and insulation heating tests.  

 

6.1.5  Effect of resistive heating on the 𝑉𝐹 and 𝜺𝒓 of Cat6A conductor insulation  

The calculated dielectric constant and velocity factor (VF) of Category 6A F/UTP conductor 

insulation are presented in figures 6.5 and 6.6. As discussed in the methodology section, the 

effective 휀𝑟 and VF were calculated from the measured changes in the electrical characteristics on 

the PL. The 휀𝑟 of the conductor insulation of all the twisted pairs in the cable except the green pair 

(pair 3,6) decreased permanently because of repeated heating and cooling of the cable (figure 6.5). 

However, the 휀𝑟 of the conductor insulation around pair 3,6 initially decreased but later increased 

permanently. The reason for this could be due to the different composition of the conductor 

insulation. 
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Long-term effect of thermal cycling 
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Figure 6.5: Effect of resistive heating on the 𝜺𝒓 of Cat 6A conductor insulation 

 

The effects of the changes in the 휀𝑟 is noticeable on the VF of the conductor insulation around 

all the twisted pairs conductors (figure 6.6). That is, the lower the 휀𝑟 of the conductor insulation, 

the higher the VF and vice versa. The implication of the increase in the 휀𝑟 is the reduction in the 

speed of the signal passing through the cable. Moreover, the behaviour of pair 7,8 and 1,2 are similar 

but, that of pair 3,6 is distinct possibly due to a different composition of the conductor insulation 

that was extruded on the conductors or due to a unique twist ratio that was applied to make the 

twisted pair longer. 
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Figure 6.6: Effect of resistive heating on the 𝑉𝐹of Cat 6A F/UTP conductor insulation 
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Summary of results 

 

It has been observed that temperature affected all the twisted pairs in the Category 6A F/UTP 

cable differently. The distinct changes in the characteristics of pair 3,6 can be attributed to a unique 

twist ratio that was applied to the twisted pair, to make it about 1.8 m longer than the blue pair, ~3.5 

m longer than the brown pair and ~5.2 m longer than the orange pair. Nevertheless, the VF of its 

conductor insulation decreased permanently during the insulation heating test because of the 

permanent increase in the dielectric constant of its conductor insulation. Moreover, the electrical 

length of all the pairs in the cable increased permanently when the cable temperature was cooling 

to near the room temperature. The implication of the change in the electrical length of the cable is 

a phase shift between the differential lines. If the phase difference becomes so large at the receiving 

end of the communication link, the amount of the achievable data rate on the channel will reduce 

as the receiver compensates for the delays. 

 

 

6.2  Long-term effects of resistive heating on the transmission performance of Cat 6A PL  

This section presents the effects of resistive heating on the RL, IL and crosstalk performances 

of Category 6A F/UTP PL. The analysis of the changes in the RL performance of the link is 

presented in section 6.2.1 whereas, 6.2.2 presents the IL performance of the PL. Lastly, 6.2.3 gives 

a detailed analysis of the crosstalk performance of the PL. 

 

 

6.2.1  Long-term effect of resistive heating on the RL performance of Cat 6A F/UTP  

In figure 6.7, the RL marginal values of Category 6A F/UTP PL is presented while figure 6.8 

shows the RL traces obtained after the insulation heating tests. There was a decrease in the RL 

margin of the PL when the cable was thermally insulated. Repeated resistive heating in the 

ventilated environment caused the RL margin of the PL to decrease from 3 dB to 1.5 dB (figure 

6.7), while thermal cycling, cable insulation and high heating temperature (780C) caused the RL 

margin of the PL to decrease beyond 0 dB.  
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Electrical properties of Category 6A F/UTP
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Figure 6.7: Reduction in the RL margin of Cat 6A due to repeated resistive heating 

 

The impact of impedance mismatches along the link is apparent in figure 6.8. The worst RL 

performance was measured at the main side of the link around 37 MHz (on the worst pair -7,8). 

The cause of the RL performance can be attributed to the bends in the cable bundle due to tight 

bundling and heat aging of the conductor insulation when the cable was tested inside the insulation 

containment. The periodic non-uniformities in the cable geometry as a result of the bends in the 

cable created distinctive peaks in the RL characteristics of the link. The harmonics of the 37 MHz 

in the RL performance are also present in the IL and NEXT performances. (See figure 6.11 and 

6.15). 

 

 

 

  

 

 

 

 

   Figure 6.8: Reduction in the RL performance of Cat 6A because of repeated resistive heating 

The worst RL performance 
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6.2.2  Long-term effect of resistive heating on the IL performance of Cat 6A F/UTP  

Figure 6.9 is the baseline IL performance of Category 6A F/UTP PL at 230C, which shows that 

the IL performance of the link conformed to the TIA Category 6A PL specifications before the 

heating of the cable began.  

 

 

 

Figure 6.9: Baseline IL performance of Category 6A F/UTP PL 

 

Figure 6.10 also shows that the IL performance of the Category 6A F/UTP PL met the TIA 

Category 6A PL standard limit at 230C after the cable had been heated and cooled repeatedly in 

the ventilated environment. 

 

 

  

Figure 6.10: IL obtained after the heat cycling of Cat 6A cable (ventilated environment) 
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The IL performance obtained at 240C after the insulation heating tests (figure 6.11) shows that 

the cable failed around 35.5 MHz because of the long-term effects of repeated resistive heating at 

high temperature.  

 

 

 

        

 

 

 

 

 

 

Figure 6.11: IL obtained after the heat cycling of Cat 6A cable (insulated environment) 

 

Although IL is frequency dependent, the cause of the IL performance failure around the lower 

frequency range can be attributed to the impedance mismatches on the cable, caused by the heat 

ageing of the conductor insulation around various bends in the cable (bend losses) when tested 

inside the insulation containment. Also, because of the geometrical distortion of the twisted pairs 

around the bends (at ~3 m on the cable), caused by the thermal cycling of the cable, any induced 

noise in the cable will corrupt the signal passing through the cable (crosstalk attenuation) and cause 

the whole cabling system to fail altogether. As observed in figures 6.11 and 6.15, reflections at 

various interfaces (bends) in cable bundle also produced echoes at 35.5 MHz and the harmonics 

of the 35.5 MHz. It is appropriate to mention that crosstalk and impedance mismatch contribute to 

signal integrity issues. 

 

 

6.2.3  Effects of resistive heating on the crosstalk performance of Cat 6A F/UTP 

Figure 6.12 presents the High Definition Time Domain Crosstalk (HDTDX) analysis of the 

baseline measurement before the test began. The baseline performance of the PL met the 

specifications of the TIA Category 6A PL test limit as discussed in section 5.1. However, it can be 

observed in figure 6.12 that the amplitude of the baseline crosstalk was slightly high due to the 

IL performance failure 
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imperfections in the geometry of the twisted pairs. Moreover, the balance of twisted pairs is 

generally not ideal. Given this, the slight bending of the cable during bundling caused part of the 

energy of the transmitted signal to be converted to electromagnetic radiation which induced current 

in the surrounding twisted pairs.  

 

Figure 6.12: Baseline crosstalk performance of Category 6A F/UTP PL 

 

The crosstalk performance of the PL improved slightly after the repeated resistive free air heating 

tests (figure 6.13).  

 

Figure 6.13: Crosstalk performance of the link after the repeated resistive free air heating 

 

However, the spurious crosstalk signal shown in figure 6.14 reveals the impact of geometrical 

distortion of the twisted pairs and the inhomogeneity of the permittivity of the medium of the signal 
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propagation. That is, due to the asymmetry of the conductor pairs during the insulation cycling tests, 

severe energy coupling also occurred between the voltage modes with different velocities.  

 

 
 

Figure 6.14: HDTDX plot of the Category 6A PL obtained after the insulation heating tests. 

 

As indicated by the red arrow in Figure 6.15, crosstalk between pair 36-45 dominated the NEXT 

performance failure of the Category 6A F/UTP permanent link at 35.5 MHz. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15: Crosstalk performance of Cat 6A PL obtained after the insulation heating tests 

 

 

The worst NEXT performance 
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Summary of results 

In this section, it has been observed that repeated resistive heating has an adverse effect on both 

the electrical properties and transmission parameters of the cable. Repeated resistive heating in the 

ventilated environment caused a minimal degradation to the performance of the PL whereas the 

insulation of the cable and the repeated resistive heating at high temperature caused severe 

degradation to the Category 6A F/UTP performance. Moreover, the failure of PL was dominated 

by the RL, IL and crosstalk performance failure. Lastly, another key observation in this section is 

that the heating of the cable improved the crosstalk performance slightly when the cable was heated 

and cooled repeated in the ventilated environment. The next chapter presents the effects of non-

electrical heating on both the electrical properties and transmission parameters of shielded and 

unshielded balanced twisted pair cable. 

 

  



162 

 

CHAPTER 7 - EFFECTS OF NON-ELECTRICAL HEATING ON THE PERFORMANCE 

OF POE PERMANENT LINKS 

In this section, the immediate and long-term effects of thermal variation on the electrical 

properties and transmission parameters of different PoE PLs are presented. Section 7.1 reports the 

immediate and long-term effects of thermal variation on the fully insulated standard Cat 6 U/UTP 

performance. The impact of thermal cycling within +200C and +700C is presented first, followed 

by the thermal impact of the extended temperature of about 1200C. Moreover, sections 7.2 and 7.3 

present the immediate and long-term effects of thermal variation on the portion insulated Cat 6 

U/UTP CMP and Cat 6A F/UTP cables. In section 7.2, the effects of the first thermal cycling with 

the cyclic behaviour in the performance of the Category 6 U/UTP CMP PL are presented first, 

followed by the long-term effects of thermal variation on the cable. Section 7.3 also discusses the 

long-term effects of thermal variation on the performance of the Cat 6A F/UTP cables along with 

the drifts in the RL and IL performances of PL. Moreover, the validation of the drifts in the RL and 

IL performances of the portion insulated Category 6A F/UTP cable is presented in section 7.4. This 

is followed by the discussion of the long-term changes in the impedance profile of the Category 6A 

F/UTP cable and the extraction of the primary line constants of the PL. Moreover, this chapter 

ended with the presentation of the changes in the dimensions and elemental composition of the 

materials of a twisted pair sample. 

 

7.1  Effects of thermal variation on the performance of the fully insulated Cat 6 U/UTP  

  Section 7.1.1 presents the results of the extracted and measured changes in the electrical 

properties of the standard Category 6 U/UTP while section 7.1.2 presents the measured transmission 

parameters of the PL. 

  

7.1.1  Changes in the electrical properties of the fully insulated standard Cat 6 U/UTP   

 Figure 7.1 shows the DC loop resistance of each twisted pair in the standard Cat 6 U/UTP cable, 

which was obtained during the thermal cycling tests. Although the cable sheath length was 50.5 m, 

results show that the baseline DC loop resistance of each twisted pair was according to the physical 

length of each pair in the cable. That is, twisted pairs: 3-6, 4-5, 1-2 and 7-8 having the length of 

53.4, 52.3, 51.1 and 50.5 m respectively. Moreover, the DC loop resistance of each twisted pair 

increased and decreased in proportional to the increase and decrease in cable temperatures. Also, it 
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can be observed that the orange (pair 1,2) and brown (pair 7,8) pairs having physical lengths of 51.1 

and 50.5 m had lower DC loop resistance due to their similar lay lengths, in comparison to that of 

the green and blue twisted pairs. It can also be noted that pair 1,2 and 7,8 exhibited similar 

differential impedance characteristics (figures 7.7 and 7.8). 

       

 

Figure 7.1: Changes in the electrical resistance of a standard Category 6 U/UTP 

 

Figure 7.2 shows that the first heating of the cable caused the electrical lengths of the green and 

brown pairs to change while that of the blue and orange pairs was unchanged. However, the first 

cooling of the cable caused the electrical lengths of the orange and green pairs to decrease. After 

the third cooling of the cable, it was observed that the electrical lengths of all the twisted pairs 

remained relatively constant with the highest decrease of 0.4 m, measured on the orange twisted 

pair (pair 1,2) for the thermal cycling conducted within +200C to 700C.  
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Figure 7.2: Changes in the electrical length of the standard Category 6 U/UTP cable 
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As shown in table 7.1, the thermal cycling of the cable with a high temperature of up to 1200C 

caused the electrical length of each twisted pair to decrease more with the highest decrease of 0.7 

m measured at room temperature, on the longest pair (pair 3,6) in the cable. 

 

Table 7.1: Effects of thermal cycling on the electrical properties of standard Cat 6 U/UTP 

 

 

 

 

 

 

 

 

 

 

The proportional changes in the end-to-end propagation delay of each pair as a result of the changes 

in the electrical length are presented in figure 7.3. 

 

 

Figure 7.3: Changes in the propagation delay of the standard Cat. 6 U/UTP cable 

 

Furthermore, the induced skew during the first and second thermal cycling of the cable as a result 

of the changes in the propagation delay is presented in figure 7.4. As shown, it is apparent that 

delay skew on the differential pairs varied during the first and second thermal cycling. 
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Figure 7.4: Changes in the delay skew of the standard Cat. 6 U/UTP cable 

 

 

 Moreover, because the electrical length of each twisted pair had changed, the VF of the conductor 

insulation of each twisted pair also changed accordingly (figure 7.5). 

 

 

Figure 7.5: Effect of thermal cycling on the VF of Cat 6 U/UTP conductor insulation 

 

 

Lastly, figure 7.6 depicts the changes observed in figure 7.5. That is, changes in the effective 

medium of the signal propagation (휀𝑟) caused the speed (VF) of the propagating signal to change.  

 

Immediate effect of thermal cycling

Standard category 6 U/UTP permanent link

Heating cycle number

0 3 6 9 12 15 18 21

D
e
la

y 
s
k
e

w
 (

n
s
)

0

4

8

12
pair 12 

pair 36 

pair 45 

pair 78 

Cooling cycles

Cooling cycle number

0 3 6 9 12 15 18 21

D
e
la

y 
s
k
e

w
 (

n
s
)

0

4

8

12

pair 12 

pair 36 

pair 45 

pair 78 



166 

 

 

 

Figure 7.6: Effect of thermal cycling on the 𝜺𝒓 of Cat 6 U/UTP conductor insulation 

 

 

7.1.2  Immediate changes in the performance of the fully insulated Cat 6 U/UTP  

 This section presents the immediate changes in the transmission performance of Category 6 

U/UTP PL based on the effects of thermal cycling within +200C to +700C. The HDTDR plots and 

measured impedance variations on each twisted pair of the Category 6 U/UTP cable are presented 

side by side in figures 7.7 – 7.10. 

 The section starts with the discussion of the changes in the impedance of the permanent link 

knowing full well that the characteristic impedance is a function of the line geometry, the material 

properties of both the copper conductor and its insulator. Also, the velocity of propagation of the 

signal along the link depends on the values of 𝜇 and 휀𝑟. As discussed in the methodology section, 

efforts were made towards terminating the ends of the cable in the impedance (~100Ω) close to the 

characteristic impedance of the cable to minimise reflection on the link. Moreover, the baseline 

performance of the link (see figure 5.5) shows that the baseline measurement met the specification 

of the test standard limit with an acceptable level of reflection. In other words, the impedance 

variations presented in figures 7.7 – 7.10 are based on the measured changes in the geometry and 

material properties of the cable as a result of the heating and cooling of the cable. It should be noted 

that the immediate changes in the VF and 휀𝑟 have already been established in the previous section. 

Given these, the changes in the 휀𝑟 in figure 7.6 suggest that the capacitance has also changed.  

Furthermore, an electrical signal travels at a rate controlled by the effective capacitance and 

inductance per unit of length of the transmission line. Given this, changes in the separation distance 

https://en.wikipedia.org/wiki/Capacitance
https://en.wikipedia.org/wiki/Inductance
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between a pair imply the inductance will change.  The permittivity of the medium of propagation 

of the signal will depend on the field in the dielectric as well as the one in the air around the 

conductor pair, leading to the effective permittivity of the medium. Thus, the results presented in 

figures 7.7 to 7.10 establish the main causes of the changes in the impedance profile of each twisted 

pair in the standard Category 6 U/UTP cable.  

 

Immediate changes in the characteristic impedance of the standard Category 6 U/UTP cable 

Figure 7.7 shows the HDTDR plot and the changes in the differential impedance profile of the 

pair 7,8. The increase in the inductance during the heating of the cable predominates the increased 

impedance of pair 7,8. The reason for this, as indicated in figure 7.6 is that the 휀𝑟 of pair 7,8 

increased during heating, which implies that capacitance increased, and inductance decreased. 

However, because of the thermal expansion of the twisted pair during heating, the capacitance 

decreased while the inductance increased due to the increased separation distance between the 

conductor pair. Clearly, the dominant factor for the increased impedance of pair 7,8 during the 

heating of the cable is due to the changes in the dimension (increased electrical length and separation 

distance) of the twisted pair. In addition, this explains the reason why the velocity factor (speed) 

decreased (see figure 7.5), and the propagation delay increased (see figure 7.3) on pair 7,8 during 

the heating cycles. 

 

Figure 7.7: HDTDR plot and impedance profile of pair 7,8 (standard Cat 6 U/UTP) 

Also, the HDTDR plot (figure 7.7) suggests that the shrinking of the conductor pair during the 

cooling of the cable caused the separation distance between the conductors of pair 7,8 to decrease. 

This led to an increase in the capacitance and a decrease in the impedance of the twisted pair. 

Moreover, figure 7.6 indicates a decrease in the 휀𝑟, which suggests that the capacitance had 
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decreased, and the impedance increased. In addition, the HDTDR plot shows that the signal on pair 

7,8 was not reaching the remote side of the link during the cooling cycles because of the decrease 

in the dielectric constant. The decrease in impedance of pair 7,8 as a result of the increase in the 휀𝑟 

and capacitance of the pair can be linked with the shrinking of the copper conductor insulator during 

cooling of the cable. 

Figure 7.8 shows the HDTDR plot and the changes in the differential impedance profile of the 

pair 1,2. Similar to the behaviour of pair 7-8, the increase in the inductance of pair 1,2 predominates 

the increase in the impedance of the twisted pair during the heating cycles. Note that the HDTDR 

plot in figure 7.8 shows that the increase in the impedance of pair 1,2 is due to the thermal expansion 

of the twisted pair during the heating cycles. Also, it can be observed from the HDTDR plot that 

the transmitted pulse signal was not reaching the end of the line during cooling cycle 1 and 2. The 

decrease in the electrical length of the line by 0.2 m also caused the impedance of the twisted pair 

to decrease. Moreover, a further decrease in the electrical length during cooling cycle 3 to 5 as a 

result of the delay and thermal pulling of the dielectric also caused the impedance of pair 1,2 to 

decrease further. 

 

Figure 7.8: HDTDR plot and impedance profile of pair 1,2 (standard Cat 6 U/UTP) 

 

From figure 7.9, it can be observed that the differential impedance of pair 4,5 increased within 

the first and second cooling cycles due to the decrease in the 휀𝑟 of the conductor insulation of the 

twisted pair. (See figure 7.6). Also, from the HDTDR plot, the electrical length of the pair 4,5 

decreased during cooling cycle 3 to 5 because of the time delay of the pulse signal and the thermal 

pulling of the dielectric. In this case, the decrease in the separation distance between the insulated 
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conductors of the pair 4,5 caused the capacitance of the twisted pair to increase, leading to the 

decrease in the impedance of the link during cooling cycle 3 to 5.  

Figures 7.5 and 7.6 show that the 휀𝑟 and VF of the conductor insulation of the pair 4,5 did not 

change during the heating cycles. Given this, it is valid to conclude that the decrease in the 

impedance of pair 4,5 during the heating cycles 1 to 5 is linked to the decrease in the separation 

distance between the insulated conductors of the pair because of the thermal pushing effect that 

stretched out the pair during heating. 

  

 

Figure 7.9: HDTDR plot and impedance profile of pair 4,5 (standard Cat 6 U/UTP) 

 

The HDTDR plot and impedance profile of pair 3,6 are shown in figure 7.10. As shown, it was 

found that the first heating and cooling of the cable caused a permanent decrease in the impedance 

of the twisted pair. Moreover, figure 7.6 shows that the extracted effective 휀𝑟 of the pair conductor 

insulation decreased during the heating and cooling cycles which imply a decreased capacitance 

and increased impedance. Clearly, the decrease in the impedance of the longest pair in the cable 

(pair 3,6) was dominated by the changes in the mechanical dimension rather than the electrical 

dimension. It is noteworthy that the resulting long-term effect of the thermal push and pull of the 

dielectric around the conductors of pair 3,6 at a higher temperature of 1200C was an open connection 

(See Figure 7.16). The corresponding changes in the crosstalk performance of the cable due to 

dimensional changes are presented in figure 7.11.  



170 

 

 

 

Figure 7.10: HDTDR plot and impedance profile of pair 3,6 (standard Cat 6 U/UTP) 

 

 

An immediate decrease in the NEXT performance of the standard Category 6 U/UTP PL 

 

Figure 7.11 shows that the crosstalk headroom improved during the first heating of the cable 

and remained relatively constant after the second heating. However, the crosstalk headroom 

decreased progressively within the first eight cooling cycles. After that, it increased slightly and 

remained relatively constant afterwards. The poor crosstalk performance during the cooling cycles 

can be attributed to the proximity effect, which caused strong, unwanted signal coupling from one 

twisted pair to the other (capacitive coupling). The thermal expansion of the cable during heating 

means less noise coupling between the twisted pairs in the Category 6 U/UTP cable. 

 

 
Figure 7.11: Immediate changes in the NEXT headroom of the standard Cat 6 U/UTP 
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Immediate decrease in the RL performance of the standard Category 6 U/UTP PL 

 

The total reflected energy of the pulse signal passing through pair 1,2 during heating and cooling 

cycles 1 to 5 is presented in figure 7.12. The results showed that thermal cycling at lower 

temperatures of +20 0C to 70 0C caused an immediate decrease in the RL performance of the PL. 

The trend of the RL performance of the PL is also similar to that of the NEXT performance as 

captured in figure 7.11. 

Figure 7.12: Decrease in the RL value of the worst performing pair (7,8) at 34.5 MHz 

 

Also, as indicated on the left-hand side of figure 7.13, the first heating and cooling of the cable 

caused a 450 phase shift in the RL signal and a reduction in the amplitude of the reflected waveforms 

due to the cooling of the cable. Besides, a 900 phase shift from the baseline signal was observed at 

the frequency (34.5 MHz) at which the worst reflected signal was measured. 

 

Figure 7.13: Shift in the RL traces of the standard Cat 6 U/UTP cable 
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Changes in the PSACR-N headroom of the fully insulated standard Cat 6 U/UTP cable 

  

Figure 7.14 shows that the immediate performance of the cable was affected by thermal cycling. 

Another key observation is the hysteresis in the measurement plots. The improved crosstalk 

performance of the cable is concomitant with the decrease in the 휀𝑟 of the conductor insulation as a 

result of heat cycling. In addition, after the heat cycling of the cable for few times, the changing of 

the physical structure of the twisted pairs settles and the effect of capacitive coupling decreases. 

The decrease in the 휀𝑟 because of the effects of temperature fluctuations is discussed in section 9.2.1 

and 9.3.1. Generally, the PSACR-N performance of the standard Category 6 U/UTP cable was 

affected more during heating in comparison to the observed effect during the cooling phase of the 

cable (within the first 10 thermal cycles). 

 

 

Figure 7.14: Changes in the PSACR-N headroom of the standard Cat 6 U/UTP PL 

 

7.1.3  Long-term effects of thermal variation on the performance of the Cat 6 U/UTP  

The previous section (section 7.1.2) presented the results of phase 1 of the studies described in 

section 5.2. In this section, the results of phase 2 of the studies are presented. It was shown in section 

7.1.2 that the first few cycles of heating and cooling brought about some changes to the overall 

profile of the standard Category 6 U/UTP cable.  It is noteworthy that these changes did not result 

in the failure of the cable. However, the performance of the standard Category 6 U/UTP PL failed 

within +200C and 1200C due to the changes caused by the repeated thermal cycling of the cable at 

elevated temperature. It is also worth mentioning that the catastrophic failure of the PL did not occur 



173 

 

at the peak of 1200C but at ~250C when the cable temperature was cooling to near the room 

temperature after 9 hours of localised heating. From figure 7.15, the first red arrow represents the 

point where the Cable Analyser reported the initial permanent link failure, which was an open 

connection (see figure 7.16). Also, the open circuit observed at this point caused the loss of the PL 

and 100% of the pulse reflection (see figure 5.9). Note that the T1, T2d and Ta2 in figure 7.15 

represent the positions of the thermocouple sensors placed on the cable jacketing material as 

described in section 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.15: Temperature profile for the cyclic performance of the standard Cat 6 U/UTP PL 

 

The failure could as a result of the fracture of the dielectric around one of the conductor pair of 3,6 

due to the thermal pulling of the dielectric during the cooling phase. Also, due to the combination 

of stresses: localised heating, high temperature, mechanical degradation, and loss due to the change 

in impedance. 
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Figure 7.16: Showing the loss of the communication link due to a high resistance connection 

Furthermore, it was observed that the cable recovered partially from the stress (the green arrow 

in figure 7.15) when it was left unpowered for some days. The red and golden arrows in figure 7.15 

show that the cable performance passed at 1200C when it was heated again, whereas the last red 

arrow shows that the PL failed again at 240C.   

The DC loop resistance and Intra Pair Resistance Unbalance (IPRU) were measured in-between 

the heat cycling test, and the results obtained are presented in figures 7.17 and 7.18. The first 

indicated value (8.1 Ω) in figure 7.17 is the baseline DC loop resistance while the middle figure is 

the DC loop resistance obtained at room temperature after the initial failure of the PL. The right 

figure in figure 7.17 shows the RL measured after the initial failure of the PL. As shown previously 

in figure 7.1, the baseline DC loop resistance increased from 8.1Ω at 210C to 9.1Ω due to a 

temperature increase to ~600C. However, due to the effect of multiple insertion and removal of the 

RJ45 plugs from and into its jacks, and the fatigue of the cable conductors at high temperature, high 

contact resistance developed at the termination point of pair 3,6, (split pair) which caused the 

reflection of the transmitted signal (the right figure in figure 7.17). The significance of an increase 

in the resistance of the link is the loss of the signal strength and a limit on the available power to 

the connected end devices. More also, high resistance connection reflects signal. 
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Effect of high contact resistance 

  

  

 

 

 

 

 

 

 

 

Figure 7.17: Baseline resistance (a), high contact resistance (b) and (c) RL of the PL 

 

The poor Intra Pair Resistance Unbalance between the conductors of pair 3,6 is shown in figure 

7.18. As indicated, the unbalance in the resistance of pair 3,6 exceeded the specified limit of 0.05Ω 

as a result of the high contact resistance. Note that the impact of the high resistance connection in a 

real PoE channel is a loss of the communication link when data traffic is launched on the channel. 

Resistance unbalance between the pins of the Rj45 connector  

 

 

 

 

 

 

 

 

 

 

 

     Figure 7.18: Showing the Intra Pair Resistance Unbalance of pair 3,6 at cycle 12 and 28 
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Summary of results - Phase 1 of the thermal cycling tests (+200C to +700C) 

The immediate and long-term effects of thermal variation on the performance of the fully 

insulated standard Cat 6 U/UTP cable have been reported in this section. It was established that the 

first few cycles of heating and cooling affected the performance of the standard Cat 6 U/UTP cable. 

Moreover, the impact of thermal cycling within +200C to +700C affected the electrical performance 

of each pair differently; but the impact was more pronounced during the cooling phase than the 

heating phase. The effective 휀𝑟 of the dielectrics of all the twisted pairs in the cable decreased 

permanently due to the cooling of the cable. Also, the electrical length of the cable decreased by 0.4 

m due to the effect of thermal cycling conducted between +200C and +700C. Furthermore, the 

decrease in the electrical length of the cable is attributed to the decrease in the 휀𝑟 , which resulted in 

an increase in the VF of the conductor insulation and a reduction in the propagation delay.  The 

changes in the propagation delay caused the delay skew to change also. The variations in the 

characteristic impedance of each pair caused reflections to occur, which was measured as RL. 

Moreover, a 450 phase shift was observed at the fundamental frequency of the RL signal on pair 7,8 

while 900 phase difference was observed at 34.5 MHz. Immediate changes in the crosstalk 

performance of the permanent link were also observed. The reduction in the crosstalk loss between 

the twisted pairs was also observed after the repeated resistive free air heating tests section 6.2.3 

(see figure 6.13). Lastly, the PSACR-N performance of the cable was more affected during the 

heating phase than the cooling; although it was found that the PSACR-N of the cable improved after 

a few heating and cooling cycles.  

 

Summary of results - Phase 2 of the thermal cycling tests (+200C to +1200C) 

The thermal impact at an extended temperature of about 1200C caused the electrical length of 

each twisted pair in the Category 6 U/UTP to decrease more with the highest decrease of 0.7 m 

measured at room temperature. It was also shown that the cable had a partial recovery from the 

combination of stresses when unpowered for some days. Moreover, after the initial failure of the 

PL, the cyclic performance of the fully insulated standard Cat 6 cable was observed. Furthermore, 

the heating of the cable to a higher temperature of 1200C caused the loss of the link at room 

temperature and a DC contact resistance issue which of course resulted in poor intra-pair resistance 

unbalance of pair 3,6. The next section reports the effects of thermal variation on a similar Category 

6 unshielded twisted pair cable under a different installation condition. 
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7.2  Effects of thermal variation on the performance of portion insulated Cat 6 CMP    

 In this section, the effects of intermittent and prolonged thermal cycling on the performance of 

Category 6 U/UTP CMP cable in which its portion was thermally insulated are presented. The 

rationale for the study was to establish whether the effect of heating and cooling of the conductor 

insulation around the insulated portion of the cable cause performance degradation. In examining 

this, the dielectric rod sample, which was extracted from the Category 6 U/UTP CMP cable under 

test, was also heated and cooled repeatedly following the same heating regime of its cable in order 

to compare the cable behaviour to its dielectric behaviour. The response of the cable’s dielectric 

properties to this treatment is presented in section 9.3. 

 The cable performance failure points; transition points and thermal cycles at which the electrical 

length of the cable decreased are presented first, to establish the cyclic behaviour in the cable 

performance and the key points in the performance degradation of the cable. After that, the 

measured and extracted electrical properties of the PL are reported (section 7.2.1). Lastly, section 

7.2.2 presents the observed changes in the transmission parameters of the PL. 

 

Cyclic performance of the portion insulated Category 6 U/UTP CMP cable 

Figure 7.19 to 7.24 present the cyclic behaviour in the performance of the portion insulated 

Category 6 U/UTP CMP cable and the temperature profile for the cyclic behaviour. The maximum 

heating temperature set for the thermal cycling test was within the PoE operating temperature of 

600C and that the measured baseline RL performance of the PL was a marginal pass (see figure 

5.14). 

Figure 7.19: Initial cyclic performance of the portion insulated Cat 6 U/UTP CMP cable 
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Figure 7.19 shows the key points in the RL behaviour of the PL. As indicated (see 1 in figure 

7.19), the baseline RL performance of the PL was a marginal pass with a marginal value of 0.8 dB 

at 22.50C. However, the RL performance of the PL passed (see 2 in figure 7.19) during the heating 

of the cable when the temperature of the cable was at 300C, 400C and the peak of 600C. Furthermore, 

when the cable was cooling to the room temperature (during cooling cycle 1), the RL performance 

of the PL was a marginal pass again at 400C and room temperature (see 3 in figure 7.19). Moreover, 

during the second heating cycle of the cable, the RL performance passed again at the peak of 600C, 

and the cyclic behaviour of the RL performance of the PL continued until the cooling cycle 5 when 

the RL performance failed for the first time at 200C (see 4 in figure 7.19). After this point, the RL 

performance continued with a cyclic behaviour of (marginal pass)-pass- (marginal pass)-fail during 

the initial ten intermittent (daily) cycles and the subsequent four prolonged (weekly) cycles. 

However, after the 5th prolonged heating cycle (after 15 cycles altogether), the electrical length of 

pair 4,5 of the Cat 6 U/UTP cable decreased by 0.2 m, and the cyclic performance continued until 

the RL performance failed permanently at cooling cycle 18. After this point, the cyclic performance 

of the link changed from (marginal pass)-pass-(marginal pass)-fail to fail - (marginal pass) -

(marginal pass)-fail as illustrated in figure 7.20. 

 

 

 

 

 

 

 

 

Figure 7.20: Cyclic performance of the portion insulated Cat 6 U/UTP CMP cable 

 

Figure 7.21 shows the temperature profile for the 10 intermittent thermal cycles, whereas figure 

7.22 shows the temperature profile for the prolonged thermal cycles (11 weekly and 4 monthly 

thermal cycles). From figure 7.21, the highest cable temperature during the intermittent heating 

cycles was 600C. However, as indicated in figure 7.22, the peak temperature increased at cycle 15 

where the electrical length of the PL decreased. 
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Figure 7.21: Temperature profile for the intermittent thermal cycles 

 

It is evident in figure 7.22 that the RL performance of the permanent link passed at the peak 

temperatures (until cycle 18) but marginally passed in-between the peak temperatures and room 

temperature. It was also observed that the RL performance of the link failed at temperatures near 

the room temperatures (see the grey dot in figure 7.22). The last observation in figure 7.22 is that 

the temperatures at which the RL performance of the PL passed marginally upon cooling were 

approaching the failure temperature during the prolonged monthly thermal cycling (see the red 

arrow in figure 7.22). The drift in the failure and recovery temperatures is also clearly shown in 

figure 7.23. 
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Figure 7.22: Temperature profile for the last 14 thermal cycles (weekly and Monthly cycles) 
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The significance of the drift in the performance of the link is that the RL performance of the link 

was also moving from the marginal pass to a complete failure even at the peak temperatures. 
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Figure 7.23: Showing the drift in the failure and recovery temperatures 

 

The drift in the RL marginal values and the corresponding failure temperatures in figure 7.24 

confirm the degradation in the RL performance of the PL as a result of the thermal variation and 

prolonged heat cycling.  

  

Figure 7.24: Drift in the RL marginal values and the corresponding failure temperatures 
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7.2.1  Electrical properties of the portion insulated Cat 6 U/UTP CMP cable   

Figure 7.25 presents the decrease in the effective 휀𝑟 of the conductor insulation of pair 4,5 and 

its electrical length. The effective 휀𝑟 was calculated from the room temperature measurements of 

the cable’s electrical characteristics.  

 

 

Figure 7.25: 𝜺𝒓 of the conductor insulation and electrical length of Cat 6 U/UTP CMP cable 

 

From figure 7.25, it can be observed that the electrical length of the pair 4,5 decreased at cycle 

15 by 0.2 m, causing a proportional propagation delay of 1 ns (figure 7.26 - Left). Moreover, the 

decrease in the route length of a propagating signal means the speed will increase. It was also found 

that the velocity factor of the conductor insulation of pair 4,5 increased (figure 7.26 - Right) due to 

the decrease in the electrical length of the cable. 

 

 

Figure 7.26: Increase in the VF and propagation delay of Cat 6 U/UTP CMP cable 
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Figure 7.27 presents the delay skew measured on the longest twisted pair (pair 1,2) in the cable. 

It was observed that delay skew increased on all the twisted pairs in the cable, except the shortest 

pair (pair 4,5). Delay skew is the difference in propagation delay between the shortest pair and any 

pair in the same cable. 

 

 

 

 

  7.2.2   Changes in the transmission performance of the portion insulated Cat 6 CMP cable   

Changes in the characteristic impedance of the portion insulated Cat 6 U/UTP CMP cable 

Figure 7.28 shows the impedance mismatches at the two ends of the Category 6 U/UTP CMP PL 

based on the effects of localised heating of the cable. Note that the precision in the impedance 

measurements is less important for this study in comparison to the trend observed in the impedance 

of the PL as a result of localised heating of the cable. 

The impedance profile on the left-hand side of figure 7.28 is the observed impedance variations 

at the reference plane of the PL, while the right figure shows the electrical length mismatches 

towards the end of each twisted pair in the cable. The impedance profile of the heated portion of the 

cable is presented in figure 7.29.  

As shown on the left-hand side of figure 7.28, the differential impedance increased slightly at the 

reference plane of each twisted pair in the cable except pair 3,6 during the intermittent heating of 

the portion of the cable. Moreover, an abrupt increase in the differential impedance was measured 

at cycle 11 as a result of the phase change from the intermittent to prolonged thermal cycling. It is 

Figure 7.27: Increase in the delay skew of the longest pair in the Cat 6 U/UTP CMP cable 
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noteworthy that the observed abrupt change in the impedance during the transition period was also 

observed in the response of the cable’s dielectric, as reported in section 9.3.1 (see figure 9.18). More 

also, it can be observed that impedance decreased at cycle 15 where the electrical length of the 

shortest pair in the cable decreased. 

Furthermore, from the right-hand side of figure 7.28, the increase in the electrical length of each 

pair suggests an increase in the propagation delay in the arrival of the pulse signal at the end of the 

PL. Moreover, it is apparent that the behaviour of the cable exhibits reversible thermal push and 

pull effects as a result of the point-wise heating of the cable. In addition, looking at the impedance 

profile of the longest twisted pair (pair 3,6) in the cable, it can be noted that the impact of the thermal 

push and pull of the conductor insulation was minimal on the geometrical distortion of the twisted 

pair, which also justifies its distinctive impedance profile at the reference plane. 
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Figure 7.28: Impedance profile of Cat 6 U/UTP CMP cable at the connection ends. 
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Figure 7.29: Impedance profile of the heated portion of Category 6 U/UTP CMP cable 

The impedance profile of the heated portion of Category 6 U/UTP CMP cable, which was 

obtained during the heating cycles is shown in figure 7.29. As can be seen, the first heating of the 

cable brought about the overall changes in the impedance profile of the middle portion of pair 4,5. 

Although after the first heating of the cable, the characteristic impedance of the twisted pair 
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continued to vary slightly but not significantly during each cycle. Of course, the slight variations in 

the characteristic impedance are linked to the drift in the unit capacitance and inductance of the 

twisted pair. Also, the micro-variations in impedance seen along the heated portion of the pair 4,5 

were observed to be small for each temperature fluctuation, but they added up due to thermal 

cycling.  

Corresponding to the bandwidth of the cable (250 MHz), it was observed that the impedance 

along the unheated sides of the cable changed at every 
𝜆

2
  (0.4 m) and  

𝜆

4
  (0.2 m) but that of the 

middle portion varied significantly due to thermal cycling, which implies that the impedance of the 

conductors relative to ground has been altered. 

Moreover, as observed in figure 7.28, the measured impedance at the mating of the RJ45 plug 

and jack was utterly different from the impedance profile of the thermally insulated portion of the 

CMP cable, which means that the impedance mismatches along the whole length of the PL will lead 

to the multiple reflections of the signal passing through the cable. That is, the transmitted signal will 

reflect back to the source at impedance discontinuities and be further re-reflected to contribute to 

the Insertion Loss Deviation (ILD). Consequently, the mismatches along the transmission path will 

contribute to the reduction in the quality of the received signal. It is appropriate to mention that the 

correct operation of the network depends on the constant and matched impedance throughout the 

cabling systems and connectors. Impedance mismatches along the channel can cause signal 

reflections that can lead to network faults. 

 

Increase in the insertion loss performance of the portion insulated Cat 6 U/UTP CMP cable 

The drift in the Insertion Loss (IL) performance of the portion insulated Category 6 U/UTP PL 

based on the effects of thermal cycling is presented in figures 7.30 and 7.31. However, the maximum 

increase in IL, which was calculated by subtracting the measured baseline IL from the IL measured 

during each cycle is presented in table 7.2. 

From figure 7.30 and 7.31, it is shown that the IL performance of the PL increased progressively 

because of thermal cycling and thermal insulation of the middle portion of the cable.  
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Figure 7.30: Drift in the IL performance of the Cat 6 U/UTP CMP cable during heating 

 

Figure 7.31: Drift in the IL performance of the Cat 6 U/UTP CMP cable during cooling 

 

Although the results in table 7.2 show that the worst IL performance of the Category 6 U/UTP CMP 

PL was measured during the heating of the cable. A total increase in IL of ~ 8.2 % per degree (6.4 

dB at 77.5oC) was calculated due to the heat cycling of the cable and ~ 8.6 % per degree (2.5 dB at 

29oC) due to the cooling of the cable.  
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Table 7.2: Effects of thermal cycling on the IL performance of Category 6 U/UTP CMP cable 

 

Long-term insertion loss performance of Category 6 U/UTP CMP permanent link 

 The maximum increase in insertion loss with 

the corresponding frequency  

(dB) 

The maximum increase in insertion loss with 

the corresponding frequency  

(dB) 
 

Heating cycles 

~ 8.2 % per 

degree 

Cycle number and 

Temperature (0C) 

Cooling cycles 

~ 8.6 % per  

degree 

Cycle number and 

Temperature (0C) 

Pair 3,6 6.4 (346 MHz) Cycle 20 (77.50C) 2.5 (347 MHz) Cycle 24 (290C) 

Pair 4,5 6.2 (337 MHz) Cycle 19 (770C) 2.4 (320 MHz) Cycle 24 (290C) 

Pair 1,2 5.8 (350 MHz) Cycle 20 (77.50C) 1.9 (341 MHz) Cycle 20 (300C) 

Pair 7,8 5.8 (347 MHz) Cycle 20 (77.50C) 1.9 (347 MHz) Cycle 20 (300C) 

 

 

The IL increase can be attributed to the combination of the increase in the ac and dc resistance of 

the copper conductors, mismatch loss from the changes in the 휀𝑟 of the conductor insulation, and 

the absorption of energy due to the increased dissipation factor of the conductor insulation. Detailed 

discussion on the changes in the dielectric properties of the extracted FEP sample from the cable 

under test is discussed in the dielectric measurement section (Section 9.3.1). 

 

Changes in the return loss performance of the portion insulated Cat 6 U/UTP CMP cable 

RL values of pair 4,5 are presented in this section for explanation purpose. Table 7.3 presents 

the maximum changes in the RL value of pair 4,5 at 68 and 136 MHz, which was calculated by 

subtracting the measured baseline RL value from the values obtained during each cycle. As can be 

noted in table 7.3, the RL performance of the PL changed significantly from cycle 1 up to the last 

thermal cycle.   
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Table 7.3: Effects of thermal cycling on the RL performance of Category 6 U/UTP CMP cable 

 

 

 

 

 

 

 

 

Comparing the RL values of pair 4,5 at 68 MHz and 136 MHz, obtained during the cooling of 

the cable, it is apparent that the RL values decreased more at 136 MHz in comparison to the decrease 

in the RL at 68 MHz. In addition, the cooling of the cable caused more reflection of the transmitted 

pulse signal to occur when compared to the effect of temperature of ~770C. Note from table 7.3 that 

a maximum decrease of 5.3 dB in the RL value was observed during the prolonged weekly heating 

cycles, at cycle 15 where the electrical length of the pair 4,5 decreased. The cause of the decrease 

in the RL value at cycle 15 can be associated with the phase-temperature response of the conductor 

insulation when the electrical length decreased. 

Figure 7.32 shows the RL traces of the pair 4,5 from 10 to 18 MHz. Note the resonances and the 

significant phase shifts in the RL signal from 12.875 MHz and above. The resonances in the RL 

signal explain why negative RL values (in table 7.3) were obtained during the heating cycles. More 

also, a distinct resonance in the RL trace obtained during the cooling cycle 2 can be noticed.   

 

 

    Long-term return loss performance of the Category 6 U/UTP CMP permanent link 

      Daily cycles Weekly cycles Monthly cycles 

                          Cycle number 

 1 5 10 15 20 21 23 24   25 

 

The maximum decrease in the return loss value (dB) of pair 4,5, obtained after each cooling cycle 

(Maximum temperature 290C) 

 

   RL at 68 MHz 0.3 0.8   1   1 0.7  1 1.1 1.1  1.4 

 RL at 136 MHz 1.6 3.7 4.6 5.3 4.4 5.3 4.9 4.6   4.5 

 

Maximum changes in the return loss value (dB) of pair 4,5, obtained during the heating cycles 

(Maximum temperature 77.50C) 

 

   RL at 68 MHz -0.6 -0.3 -0.4 -0.8 -0.9 -0.7 -0.3 -0.3 -0.6 

 RL at 136 MHz -3.1 -0.7 -0.5 -0.1  -1   -1 -0.4 -0.5 -3.1 
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Figure 7.32: Showing the drift in the RL performance of the Category 6 U/UTP CMP cable 

Table 7.4 presents the observed phase shifts at 12.875 MHz during the heating and cooling 

cycles. From the stated results in table 7.4, it can be observed that the phase delay in the RL signal 

increased during the thermal cycling period. The first heating of the cable shifted the RL signal by 

630 because of the temperature change to 600C while the second heating caused a 900 phase delay 

of the RL signal. In addition, the third heating shifted the RL signal further by 3150 while the last 

heating cycle (cycle 24) caused a phase shift of 3150 of the RL signal towards the lower frequency. 

It can be observed that the first cooling of the cable did not cause a phase shift of the RL signal. 

However, the second and sixth cooling cycles caused a delay of 630 and 1800 respectively. 

Moreover, the last cooling cycle (cycle 24) shifted the RL signal by 2700. The delay in the RL signal 

can be attributed to the increase in the inductance and capacitance of the twisted pair (𝛽 = √𝐿𝐶). 

However, since the internal inductance does not contribute to the phase delay of a returned signal, 

the predominant factor for the phase difference is likely due to the changes in the capacitance as a 

result of the change in the 휀𝑟 of the conductor insulation. From the discussion in section 7.2.1, the 

decrease in the 휀𝑟 caused the electrical length to decrease by 0.2 m which also caused a proportional 

reduction in the propagation delay of 1 ns.  

  

  

  

  

Long-term performance of Category 6 U/UTP permanent link 

 General Cable 6000 CMP Cable under test  

RL traces for pair 4,5 (obtained at the main of the tester) 
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Table 7.4: Observed phase shifts in the RL signal on pair 4,5 of the Cat 6 U/UTP CMP cable 

Observed phase shifts in the RL signal on pair 4,5 of the Category 6 U/UTP CMP cable 

Cycle 

number 

Phase difference  

Obtained during the heating cycle 

Cycle 

number 

Phase difference  

Obtained after each cooling cycle 

1 630 1 - 

2 900 

 

2 630 

3 1350 6 1800 

24 3150 24 2700 

 

It can be noted from table 7.4 that the measured 315° time delay obtained for the entire thermal 

cycling conducted is almost an entire phase length of 360°. It is to be noted that the delay of one 

such wavelength can lead to an error on the network. This is because, in 1000BASE-T, the amount 

of time required to transmit a bit is 1ns, but the actual speed at which the bits are transmitted is 

subject to the velocity factor of the conductor insulation. Note that one bit is among the numerous 

bits embedded inside an Ethernet frame. For a frame to be received successfully, the frame check 

sequence (FCS) is recalculated by the destination node and compared with the FCS number 

transmitted with the frame. If the two numbers are different, the frame is discarded, and the upper 

layer protocol such as the Transmission Control Protocol initiates the retransmission and error 

recovery of the data packets. It is appropriate to mention that the retransmission of data packets will 

introduce additional network latency. 

The observed return loss echoes during the initial RL failure at cycle 5, and at cycle 16 when 

the electrical length decreased are indicated with the red arrows in figure 7.33. As can be seen on 

the right-hand side of figure 7.33, the obtained RL traces for the cooling cycle 5 and 16 lagged 

behind the baseline RL trace at 84.5 MHz by 900 because of the timing difference. The cause of the 

delay will be due to the changes in the dielectric constant of the conductor insulation and capacitive 

loading.  
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Figure 7.33: Showing the RL echoes in the performance of the Cat 6 U/UTP CMP cable 

 

 

Changes in the crosstalk performance of the portion insulated Cat 6 U/UTP CMP cable 

The NEXT marginal values for the Cat 6 U/UTP CMP PL are presented in figure 7.34. A 

relatively steep phase change between the baseline NEXT performance and the performance 

measured at cycle 10 is clearly visible.  Moreover, from cycle 10, it appears that the chemical 

reaction was over. Interestingly, the NEXT performance improved from ~4 dB back to its baseline 

value of 4.8 dB and remained almost flat with thermal cycling. Moreover, comparing the NEXT 

performance due to the heating and cooling of the cable, it can be observed that crosstalk 

performance improved slightly with heating due to the decrease in the 휀𝑟 of the conductor insulation 

with temperature and the increased separation distance between the twisted pairs. Of course, the 

obtained worst noise coupling between the twisted pairs during the cooling of the cable can be seen 

in the light of an increased flux linkage, which increased the capacitive coupling between the twisted 

pairs as they cool down and contract. 
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Figure 7.34: NEXT headroom of the portion insulated Cat 6 U/UTP CMP cable 

 

Figure 7.35 to 7.37 are the HDTDX plots for the crosstalk performance between pair 1,2 and 4,5. 

Figure 7.35 shows the baseline crosstalk performance of the Category 6 U/UTP and the measured 

crosstalk performance during cooling cycle 15.  As can be observed in figure 7.35, the crosstalk, 

which was not initially present in the RJ45 connector developed at the reference plane (0 m) after 

the electrical length of pair 4,5 had decreased, this shows that the heating and cooling of the cable 

influences the structure of the twisted pair. 
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Figure 7.35: Effects of electrical length variations on the noise immunity of Cat 6 CMP cable 

 



194 

 

From figure 7.36, the crosstalk between pair 1,2 and 4,5 increased rapidly from the point where 

the electrical length decreased. It should be remembered that the change in the characteristic 

impedance of pair 4,5 as a result of the change in the electrical length was discussed at the beginning 

of this section (see figure 7.28). Also, the RL echo generated after the electrical length of the pair 

4,5 had decreased was indicated in the RL plot in figure 7.33. From these two observations, it can 

be argued that the cause of the crosstalk seen at 0 m is attributable to the reflections from the end 

of the line which manifested as noise signals at 0 m. Of course, this shows that variations in the 

electrical length have a significant impact on the noise immunity of a cabling system. 
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Figure 7.36: Effect of the changes in the electrical length on crosstalk performance 
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Figure 7.37: Crosstalk performance of the Cat 6 U/UTP CMP cable at the portion insulated 
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The observed crosstalk performance at the 30 m location of the PL is shown in figure 7.37. As 

can be seen, the crosstalk between pair 1,2 and 4,5 decreased initially during the first heating of the 

cable due to the effect of temperature, and then increased progressively with thermal cycling until 

cycle 15 before decreasing again. The decrease in the crosstalk performance of the cable during the 

first heating of the cable has been observed in the NEXT performance of the standard Cat6 U/UTP 

shown in figure 7.11. Moreover, the performance of the two unshielded twisted pair cables (figure 

7.11 and 7.37) shows that noise coupling between twisted pairs is more pronounced due to cooling 

of the cable than heating presumably because of the proximity of the twisted pairs when the cable 

cools down. 

 

Changes in the TCL performance of the portion insulated Cat 6 U/UTP CMP cable 

Figure 7.38 shows the TCL traces obtained for the pair 4,5 from 12 MHz to 18 MHz, while figure 

7.39 presents the actual values of the TCL parameter at 16.625 MHz for the 24 thermal cycles 

conducted. As discussed in chapter 2, the TCL parameter is an important parameter for evaluating 

the performance of the PLs. Higher values of the TCL indicate better performance of the PL. Given 

these, it can be seen in figure 7.38 that the performance of the cable drifted. In addition, the drift 

quantifies the imbalance in the conductors of pair 4,5 with respect to ground.  
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Figure 7.38: Drift in the TCL performance of pair 4,5 of the Cat 6 U/UTP CMP cable 
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The results in figure 7.39 show that the performance of the Category 6 U/UTP CMP cable was 

significantly affected during the first thermal cycle. The significance of this is that the impact of an 

induced noise voltage on the signal passing through the twisted pair will be more pronounced during 

the first thermal cycling of the cable when the cable is installed in a noisy environment like an 

industrial and wireless network environment.  

 

TCL performance of pair 4,5 at 16.625 MHz 
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Figure 7.39: TCL values for Pair 1,2 at 16.625 MHz 

 

Furthermore, the equivalent differential mode noise voltages for the TCL values are plotted in figure 

7.40. The differential mode noise voltage was calculated based on the assumption of an induced 

common mode noise of 1 V. As can be seen in figure 7.40, the most substantial noise coupling was 

at cycle 15 where a voltage spike is indicated. The spike can be attributed to the delay skew observed 

at this point which converted part of the original differential signal into a common mode signal. 
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Differential mode noise (Vdm) for different values of TCL at 16.625 MHz
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Figure 7.40: Differential mode noise voltage for different values of TCL of pair 4,5 

 

Long-term performance of Category 6 U/UTP permanent link
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Figure 7.41: Drift in the TCL performance of pair 1,2 of Cat 6 U/UTP CMP cable 

 

Figure 7.41 shows the TCL traces obtained for the longest pair (pair 1,2) in the cable, whereas figure 

7.42 presents the values of the TCL performance at 14.5 MHz for the 24 thermal cycles conducted. 

Twisted pair 1,2 generated spurious resonances, because of the changes in the structure of the cable 

based on the effects of thermal cycling. Moreover, as indicated in figure 7.41, the resonances at the 

point (cycle 15) where the electrical length decreased were distinct. Also, it was found that the TCL 

values (figure 7.42) of pair 1,2 decreased during the first thermal cycle (cycle 1) and at the transition 

between the intermittent daily cycling and weekly thermal cycling (cycle 11). 
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TCL performance of pair 1,2 at 14.5 MHz 
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Figure 7.42: TCL values for pair 1,2 of the Cat 6 U/UTP CMP cable at 14.5 MHz 

 

Changes in the ELTCTL performance of the portion insulated Cat 6 U/UTP CMP cable 

 

The TCL and ELTCTL are both used for evaluating the performance of the PLs. The TCL 

evaluates the mode conversion at the near end, while ELTCTL evaluates the mode conversion at 

the far end of a channel or PL. 

Figure 7.43 is a plot for the ELTCTL performance of all the twisted pairs in the Cat 6 U/UTP CMP 

cable. As can be observed, the performance of the cable was affected during the first heating and 

cooling of the cable, but the worst performance was measured during the prolonged thermal cycling 

after the permanent failure of the link occurred. Also, it is apparent in figure 7.43 that pair 4,5 and 

7,8 exhibited similar resonances when compared to pair 3,6 and 1,2. That is, pair 4,5 and 7,8 

generated resonances at the critical points: at cycle 5, where the first RL failure occurred, at cycle 

11 which is the transition between the daily cycling and the weekly cycling and lastly, at cycle 15 

where the electrical length decreased. The reason for the similar behaviour of pair 4,5 and 7,8 is not 

fully explained but it should be noted that the two twisted pairs have a similar lay length to each 

other which are quite different from that of pair 3,6 and 1,2. It is also noteworthy that pair 4,5 and 

7,8 exhibited similar differential impedance characteristics, as shown in figure 7.28. 
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Long-term ELTCTL performance of pair 7,8
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Long-term ELTCTL performance of pair 4,5
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Long-term ELTCTL performance of pair 3,6
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Long-term ELTCTL performance of pair 1,2
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Figure 7.43: ELTCTL performance of all the twisted pairs in the Cat 6 U/UTP CMP cable. 
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Changes in the CDNEXT performance of the portion insulated Cat 6 U/UTP CMP cable 

 Figure 7.44 and 7.45 present the traces obtained for the Common Mode Near End Crosstalk 

(CDNEXT) performance between pair 1,2 and 4,5 at the main and remote of the PL. As can be seen 

in the figures, the performance of the PL drifted from the first heating of the cable. Also, the 

CDNEXT performance at the main side of the PL (figure 7.44) shows some distinctive resonances 

from cycle 13 to cycle 15, where the decrease in the electrical length of the cable was observed.  
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Figure 7.44: CDNEXT performance of Cat 6 U/UTP CMP cable (main of the PL) 

 

Long-term performance of Category 6 U/UTP permanent link
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Figure 7.45: CDNEXT performance of Cat 6 U/UTP CMP cable (remote of the PL) 
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The obtained CDNEXT performance at 31 MHz is shown in figure 7.46. It was observed that 

the first thermal cycling of the cable caused the CDNEXT performance of the PL to decrease by 

30.9 dB while the subsequent heating cycles, up to the last heating cycle caused an extra decrease 

of 4.2 dB. Note that the reduction in the CDNEXT value corresponds to degradation in the noise 

immunity of the cabling system. As discussed in the literature review, the main source of mode 

conversion for balanced twisted pair cabling is the mated point of the 8-pin RJ45 modular plug and 

jack. Also, common-mode signal readily converts to differential mode signal at the termination 

point of the cabling system. Given this, the cause of the signal loss through mode conversion can 

be attributed to the untwisting of the twisted pairs at the termination point during the thermal cycling 

test. The untwisting of the twisted pairs unequally implies that the noise coupling to the conductors 

will be unequal because of lack of symmetry. Consequently, part of the original differential stimulus 

signal injected on a twisted pair will be converted to a common mode signal on another pair. 
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Figure 7.46: CDNEXT performance between pair 1,2 and 4,5 of the Cat 6 U/UTP CMP cable 

 

 

Changes in the ACR-N performance of the portion insulated Cat 6 U/UTP CMP cable 

The ACR-N marginal values for the portion insulated Cat 6 U/UTP CMP PL is presented in 

figure 7.47. It can be observed that the quality of the cable degraded from the first heating and 

cooling of the cable. Also, a decrease of 3.1dB in the ACR-N value of the PL was measured during 

the first thermal cycle. However, the subsequent heating and cooling cycles up to the last thermal 

cycle caused a further decrease of 0.7 dB to the ACR-N value of the PL. 
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Long-term performance of Category 6 U/UTP permanent link

Cable under test is CMP Cat 6 cable.
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Figure 7.47: ACR-N headroom of the portion insulated Cat 6 U/UTP CMP cable 

 

Summary of results 

It was observed that the baseline RL performance of the Cat 6 U/UTP CMP PL was a marginal 

pass with a marginal value of 0.8 dB at 22.50C. However, it was observed in most of the graphs that 

the first heating and cooling of the cable caused an accentuated decrease in the performance of the 

cable. Furthermore, after heating and cooling the middle portion of the cable repeatedly for five 

times, the RL performance of the cable failed for the first time at 200C. The initial partial recovery 

of the cable from the failure was observed at temperatures close to the room temperature. However, 

results show that the subsequent failure and recovery temperatures accelerated towards higher 

temperature after the electrical length of the cable had decreased. Moreover, it was observed that 

the RL marginal values and the cyclic behaviour of its corresponding failure temperatures drifted 

towards the higher temperature, which portends a degradation in the performance of the PL. 

Furthermore, the reduction in the electrical length of the cable was observed to be 0.2 m during 

the prolonged thermal cycling. The extracted effective 휀𝑟 of the conductor insulation also confirmed 

that the velocity factor of the conductor insulation had decreased. Moreover, the 0.2 m decrease in 

the electrical length of the cable also caused a proportional decrease of 1 ns in the propagation delay 

of the cable. In addition, because the propagation delay had decreased, delay skew also increased. 

The impedance profile obtained from the HDTDR data of the Category 6 U/UTP CMP PL 

revealed some electrical length mismatches towards the end of each line and impedance variations 
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at the reference plane of each of the lines. It was found that the twisted pairs with a similar lay 

length exhibited similar differential impedance characteristics and ELTCTL performance. 

Furthermore, the impedance along the unheated sides of the cable reverted at every 
𝜆

2
  (0.4 m) and  

𝜆

4
  (0.2 m) but the impedance profile of the middle portion of the cable varied significantly, which 

indicates that the impedance of the conductors relative to ground has been altered due to the thermal 

cycling of the cable. Moreover, the observed impedance at the mating of the RJ45 plug and jack 

and that of the thermally insulated portion of the cable show impedance mismatches, which of 

course caused multiple reflections of the signal on the PL and contributed to the increased insertion 

loss of the PL. An increase in insertion loss of ~8.6 % per degree was observed while return loss 

decreased by ~6.8 % per degree for the 24 thermal cycles conducted.  

The mismatches in the electrical length of the twisted pair, which caused a delay in the arrival of 

the pulse signal at the end of the link also caused the phase shifts of the RL signal. Results show 

that the RL signal drifted during heating from 630 to 900, from 900 to 1350 and from 1350 to 3150 

respectively. 

NEXT resonance was observed at the point where the electrical length decreased. RL echo was 

also observed after the electrical length decreased. Crosstalk performance at the heated portion of 

the cable decreased initially during the first heating of the cable but increased progressively 

afterwards until cycle 15 before decreasing again. In addition, the crosstalk which was not initially 

present at the reference plane of the cable, near the RJ45 connector was observed to increase rapidly 

from the point where the electrical length decreased.  

Furthermore, the TCL and ELTCTL of the PL revealed some imbalances in the structure of the 

twisted pairs. Also, the equivalent differential mode noise voltages for the TCL values of the cable 

revealed a voltage spike where the electrical length decreased. In addition, the ELTCTL showed a 

“ghost-like” resonances at the critical points: at cycle 5 where the first RL failure occurred, at cycle 

11 which is the transition between the daily cycling and the weekly cycling and at cycle 15 where 

the electrical length of the cable decreased. Furthermore, the CDNEXT at the main side of the PL 

showed some distinctive resonances from cycle 13 to cycle 15 where the electrical length of the 

cable decreased. In addition, it was found that the first heating of the cable caused the CDNEXT 

value to decrease by 30.9 dB while the subsequent heating cycles up to the last heating cycle caused 

just a decrease of 4.2 dB in the CDNEXT value of the PL.  
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The ACR-N, which is an important parameter for evaluating the Signal-to-Noise Ratio (SNR) of 

a cabling system was significantly affected during the first heating and cooling of the cable. Also, 

it was observed that the ACR-N value decreased by 3.1 dB during the first heating of the cable 

while the subsequent heating cycles caused the ACR-N value of the cable to decrease by 0.7 dB. 

 

7.3  Effects of thermal variation on the performance of portion insulated Cat 6A F/UTP  

 The immediate and long-term effects of repeated non-electrical heating on the performance of 

the portion insulated Cat 6A F/UTP PL are presented in this section. Section 7.3.1 presents the 

effects of thermal variation on the electrical properties of the cable, while section 7.3.2 presents the 

effects of thermal variation on the transmission parameters of the cable. 

 

7.3.1  Effects of thermal variation on the electrical properties of insulated Cat 6A  

 The extracted 휀𝑟 of the conductor insulation of pair 1,2 in the Category 6A F/UTP cable is 

presented in figure 7.48 whereas the changes in the electrical length of pair 1,2 are presented in 

figure 7.49. The first and second thermal cycles caused the effective 휀𝑟 of the conductor insulation 

of pair 1,2 to decrease at room temperature (figure 7.48). Furthermore, figure 7.49 shows that the 

electrical length of pair 1,2 decreased by 0.2 m during the first and second cooling cycles. It can be 

noted that the effective 휀𝑟 and the electrical length of pair 1,2 decreased permanently due to cooling 

during a phase change (cycle 21) between the intermittent thermal cycling and prolonged thermal 

cycling. However, while the effective 휀𝑟 and electrical length of pair 1,2 decreased permanently due 

to cooling during the transition period, results show that the 휀𝑟 and the electrical length of pair 1,2 

increased briefly, back to the baseline values during the heating cycle 39 before decreasing back 

again. It should be noted that the values of 휀𝑟 are extracted from the tester and indicate small changes 

in the capacitance. However, previously discussed PL performance suggests that the real changes 

are much higher than this and direct representation of the dielectric constant is needed. This is 

presented in chapter 9. 
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Figure 7.48: Changes in the effective 𝜺𝒓 of the Category 6A F/UTP conductor insulation 

 

Figure 7.49: Changes in the electrical length of the Category 6A F/UTP cable 

 

Figure 7.50 shows that the speed of the pulse signal on pair 1,2 changed due to the changes in the 

effective medium of the signal propagation. 

 

 

Figure 7.50: Changes in the VF of the Category 6A F/UTP conductor insulation 
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Also, the time taken for the pulse signal to travel and reflect from the source of the impedance 

mismatch during each thermal cycle is presented in figure 7.51. The propagation delay decreased 

by 1 ns at the thermal cycles while the electrical length of the cable decreased by 0.2 m. 

 

Figure 7.51: Changes in the propagation delay of Category 6A F/UTP cable 

 

Lastly, signal skew was observed on the Category 6A F/UTP cable due to the difference in the 

propagation delay of the signal on the longest and shortest twisted pair in the cable (figure 7.52). 

 

  

Figure 7.52: Changes in the signal skew on Category 6A F/UTP cable 

 

As mentioned previously, these small (extracted) changes in the 휀𝑟 do not necessarily explain the 

already observed changes in the PL performance. Direct measurement of 휀𝑟 is needed to understand 

the changes in the secondary parameters of the cable, and this is shown in chapter 9.  

It is also worth mentioning that the values of the extracted 휀𝑟 shown in figure 7.48 are effective 휀𝑟; 

therefore, because of the existence of air gaps around the twisted pair, the values of the effective 휀𝑟 



207 

 

will be slightly lower than the actual 휀𝑟 of the conductor insulation. Moreover, the reduction in the 

overall diameter of the copper conductor over its insulation due to thermal cycling, (see figure 7.74) 

implies that the 휀𝑟 will increase. Consequently, the per unit capacitance of the twisted pair will 

increase also and the characteristic impedance (𝑍𝑜) of the twisted pair will decrease. The next 

section presents the effects of thermal variation on the transmission parameters of the portion 

insulated Category 6A F/UTP cable. 

 

7.3.2  Effects of thermal variation on the transmission performance of Cat 6A F/UTP 

 

 

Changes in the impedance profile of the longest and shortest pairs in the Category 6A 

F/UTP cable 

Figure 7.53 shows the baseline HDTDR plot of all the twisted pairs in the Category 6A F/UTP 

cable. Note the impedance discontinuity on the pair 1,2 at ~19.5 m location along the length of the 

cable, which could be due to a kink, bent or damage from the manufacturing process. Although the 

amplitude of the impedance discontinuity at 19.5 m exceeded the limit of 0.8 m, the baseline results 

(see figure 5.15) show that the cable met the specification of both the TIA and ISO test limits and 

that there was no electrical length reduction before the heating of cable began.  

 

Figure 7.53: Baseline HDTDR plot of all the twisted pairs in the Category 6A F/UTP cable 
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The HDTDR plots for all the twisted pairs during the transition period (cycle 21) are plotted in 

figures 7.54 and 7.55. The amplitude of the discontinuity at 19.5 m increased by 0.65% during the 

heating of the cable and by 0.79% due to the cooling of the cable (Figure 7.54). 

 

 

 

 

 

 

 

 

 

Figure 7.54: HDTDR plot of the portion insulated Cat 6A F/UTP PL (heating cycle 21) 

 

 

Figure 7.55: HDTDR plot of the portion insulated Cat 6A F/UTP PL (cooling cycle 21) 

 

Pair 1,2 
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To verify the impedance discontinuity at 19.5 m location on the PL, the baseline electrical length 

and the mismatched electrical length of pair 1,2 (see figure 7.49) were calculated as follows: 

electrical length = physical length*√휀𝑟. Baseline electrical length = 30.8m * √2.0472 = 44.07m 

and the mismatched electrical length = 30.6 m * √2.0461 = 43.77m. Furthermore, since the pulse 

signal must be transmitted and the reflection from the discontinuity must be received, the physical 

distance to the source of the mismatch will be half of the calculated value of the electrical lengths. 

Given this, it can be argued that one of the sources of the impedance mismatch on the cable segment 

will be around 19 to 22 m as indicated in figure 7.55. 

The impedance profile along the length of pair 1,2 (figure 7.56) reveals the three major events 

on the cable during the thermal cycling tests. The characteristic impedance of pair 1,2 at 11 m and 

15.5 m were inductive during the heating cycle 2 and 39 while that of the 19.5 m was capacitive 

during cycle 21. The extracted primary line constants from the calculated impedance confirm the 

dominant factors or the impedance mismatches at 11.1 m and 19.5 m of the pair 1,2 (See section 

7.5). 

 

 

Figure 7.56: Showing the discontinuities on the Cat 6A F/UTP PL due to thermal cycling 
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As shown in figure 7.57, the 𝑍𝑜 of pair 1,2 at 11.1 m location increased progressively from cycle 1 

to cycle 40. 

 

 

Figure 7.57: Increasing impedance of pair 1,2 at 11.1m location on the Cat 6A PL. 

 

Figure 7.58 shows that the 𝑍𝑜 of pair 1,2 at 19.5 m decreased from its baseline value from cycle 1 

to 40 except for the heating cycles 2 and 39 where the balance of the twisted pair was compromised. 

The generated RL echo and the resonances obtained during cycle 2 and 39 are shown in figure 7.62 

and 7.60. 

 

Impedance profile of pair 1,2 at 19.5 m
Category 6A F/UTP permanent link

Cycle number

0 10 20 30 40

Im
p

e
d

a
n

c
e

 (


)

99.9810

99.9855

99.9900

99.9945

Obtained during each heating cycle

Obtained after each cooling cycle

Baseline impedance of pair 1,2
0 10 20 30 40

99.978

99.981

99.984

99.987

 

Figure 7.58: Showing the reduction in the impedance of pair 1,2 at 19.5 m. 
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Figure 7.59 presents the impedance profile of the longest pair (pair 3,6) in the Category 6A F/UTP 

cable. The profile on the left-hand side of figure 7.59 is the impedance profile of the heated portion 

of the cable, while the one on the right-hand side, the impedance profile towards the end of the link 

is presented. As can be seen on the left of figure 7.59, the differential impedance traces obtained 

during the heating cycle 2 and 39 were distinct when compared to the impedance traces obtained 

for other thermal cycles. From this observation, it is apparent that the impedance bridging on the 

PL, due to the localised heating of the cable and the simultaneous thermal expansion of the twisted 

pair caused the electrical length mismatches, which are evident at the end of the link. From the right 

of figure 7.59, it can be observed that the pulse signal on the pair 3,6 did not reach the end of the 

link during each heating cycle. The significance of this is that the transmitted signal will be reflected 

at the end of the line without delivering electrical power and data signal to the load when the cable 

attains certain high temperature under this installation condition. Furthermore, the impedance 

profile of the heated (middle) and unheated portions of the cable shows some impedance 

mismatches, which contributed to the poor performance of RL measured from the PL (see figure 

7.62). It should be noted that the adverse effect of the impedance mismatches at the end of the line, 

is a voltage standing wave, which will contribute to the losses of the PL.  

 

 

Figure 7.59: Showing the impedance mismatches on pair 3,6 of Category 6A F/UTP PL. 
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Effects of thermal variation on the balance and crosstalk performance of the portion 

insulated Cat 6A F/UTP 

Figure 7.60 is the ELTCTL plot for the pair 1,2 of the Cat 6A cable, which presents the amount 

of differential mode voltage signal that is being converted to common mode voltage signal at the 

far end of the PL. As presented in figure 7.56, the distinct resonances in the differential impedance 

of pair 1,2 during heating cycle 2 and 39 can also be observed in the ELTCTL of the pair 1,2. Hence, 

from this correlation, it can be inferred that the noise immunity of the PL has been affected.  
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Figure 7.60: ELTCTL performance of the pair 1,2 of Category 6A F/UTP PL. 

 

Figure 7.61 presents the magnitude of the crosstalk measured between the shortest and longest 

twisted pairs (1,2 - 3,6) at 20.7 m and 20.9 m locations on the PL. The noise coupling between the 

two twisted pairs increased initially during the first thermal cycle due to the shifting of the twisted 

pairs and increase in the 휀𝑟 of the conductor insulation. However, the crosstalk between the twisted 

pairs decreased afterwards. The reduction in the crosstalk magnitude after the first thermal cycle 

may be linked to the reduction in the value of the 휀𝑟 of the conductor insulation. Also, due to the 

fact that changes in the structure of the twisted pairs stabilised after performing a few thermal 

cycling on the cable. Furthermore, comparing the magnitude of the noise coupling during the 

heating and cooling of the cable, it is noted that the crosstalk performance improved slightly due to 

the heating of the cable. Moreover, the observed worst noise coupling between pair 1,2 and 3,6 due 

to the cooling of the cable was due to an increased flux linkage, which increased the capacitive 

coupling between the twisted pairs as they cool down and contract. Note that this trend in the 

crosstalk performance of Category 6A F/UTP cable has been observed in the performance of the 

standard Category 6 U/UTP (figure 7.11) and Category 6 U/UTP CMP cables (figure 7.37). 
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Figure 7.61: Crosstalk performance between pair 1,2 and 3,6 of the Category 6A F/UTP cable. 

 

 

Effects of thermal variation on the return loss performance of Category 6A F/UTP cable 

The obtained RL values for pair 1,2 at 136 MHz (main & remote), using the ISO PL2 Ea test 

limit are presented in table 7.5 whereas table 7.6 presents the comparison of the RL values using 

both the ISO PL2 Ea and TIA Cat 6A PL test limits.  

From table 7.5, it can be noted that the effects of thermal cycling and installation condition 

caused the RL value of pair 1,2 to decrease from its baseline value. Although the RL values 

decreased from the first thermal cycle (cycle 1) up to the last thermal cycle (cycle 40), it can be 

observed that the most significant change in the RL performance of the Category 6A F/UTP PL was 

within the first heating and cooling of the cable. Furthermore, comparing the RL performance due 

to heating and cooling of the cable. Moreover, the RL performance of the PL was more affected 

due to the cooling of the cable when compared to the effect of heating. Lastly, it was observed that 

the RL value decreased more at the main of the PL (0.6 dB) in comparison to the decrease in the 

RL value (0.5 dB) at the remote of the PL. 
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Table 7.5: Effects of thermal cycling on the RL performance of Category 6A F/UTP 

 

 

 

 

 

 

Furthermore, comparing the RL performance of the Category 6A F/UTP PL using the TIA and 

ISO test standards, it can be observed that there was harmony between the results obtained using 

the ISO and TIA test limits (table 7.6). That is, the same amount of RL degradation was measured 

using the two test standards. Moreover, the difference in the baseline RL values was due to the 

selected wrong cable type for the ISO test limit, which was corrected during the first thermal cycle. 

That is, Category 6 F/UTP was used for the baseline measurement instead of the Category 6A 

F/UTP cable type.  

Table 7.6: Comparisons of the RL values of pair 1,2 at 136 MHz, (ISO vs TIA test limits) 

 

Figure 7.62 shows the RL traces of pair 1,2 of the Category 6A F/UTP cable from 70 to 90 MHz. 

As can be observed, the spurious resonances at the heating cycle 2 and 39 in the ELTCTL traces 

are also evident in the RL plot for the pair 1,2. It should be noted that the amplitude of the RL 

echoes at 74.8 MHz and 81.3 MHz, which indicate severe impedance mismatches on the PL.  

Return Loss (dB) at 136 MHz - ISO PL2 Ea limit  
Baseline Cycle 1 Cycle 10 Cycle 20 Cycle 30 Cycle 40 

Results obtained from the Main of the DSX-5000 Cable Analyzer. 

Heating 26.9 25.4 24 23.7 23.8 22.2 

Cooling 26.9 24.8 23.5 23.3 23.5 21.9 

Difference 0 0.6 0.5 0.4 0.3 0.6 

Results obtained from the Remote of the DSX-5000 Analyzer. 

Heating 25.2 24.2 23.1 23 22.8 22.6 

Cooling 25.2 23.7 22.7 22.7 22.4 22.3 

Difference 0 0.5 0.4 0.3 0.4 0.3 

Comparisons of the return loss measurements using the ISO & TIA test limits 

Results obtained from the remote of the PL, using the DSX-5000 Analyzer 

Return Loss (dB) at 136 MHz (For pair 1,2) 

ISO11801 Ea limit vs TIA PL2 Ea limit 

 Baseline Cycle 1 Cycle 10 Cycle 20 Cycle 30 Cycle 

40 

Heating 

cycles 

ISO test limit 25.2 24.2 23.1 23 22.8 22.6 

TIA test limit 26.2 24.2 23.1 23 22.9 22.7 

        

Cooling 

cycles 

ISO test limit 25.2 23.7 22.7 22.7 22.4 22.3 

TIA test limit 26.2 23.7 22.7 22.6 22.4 22.3 
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Long-term performance of Category 6A F/UTP permanent link
Maximum heating temperature = 600C
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Figure 7.62: Showing the generated RL echoes by the pair 1,2 at 74.8 and 81.3 MHz 

 

Figure 7.63 presents the RL traces measured on pair 1,2 of the Category 6A F/UTP cable from 135 

to 140 MHz. The magnitude of the RL signal around 136 MHz, which is an indication of the 

superposition of the reflected signal on the transmitted pulse signal as the reflected signal travels 

from the point of the impedance mismatch down to the source. Also, it is apparent that the 

magnitude of the superimposed signal decreased from its initial value from cycle one up to the last 

thermal cycle due to the phase shift of the RL signal.  

Figure 7.63: Showing the significant phase shifts in the RL signal on pair 1,2 around 136 MHz 

 



216 

 

Long-term effects of thermal variation on the insertion loss performance of the portion 

insulated Cat 6A F/UTP 

Figure 7.64 is the insertion loss (IL) margin of the Category 6A F/UTP PL, which shows that the 

IL headroom decreased progressively from the first heating and cooling of the cable up to the last 

thermal cycle (cycle 40). 

  

Figure 7.64: Degradation in the insertion loss performance of the Cat 6A F /UTP PL. 

 

Also, figure 7.65 shows that the effects of thermal cycling caused the IL performance of the pair 3,6 

to increase progressively from its baseline performance. As can be seen, the highest increase in the 

IL due to the heating and cooling of the Category 6A F/UTP cable was measured at 500 MHz during 

cycle 40. With these set of results, it is noted that the dielectric and conductor losses are frequency 

dependent and that long-term thermal variation on the cable contributes to the loss of the signal 

strength.  

 

 

 

 

 

Figure 7.65: Showing the drift in the IL performance of the Category 6A F/UTP PL 

Pair 3,6 IL at room temperature 
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Table 7.7: IL performance as a function of the physical length of the twisted pairs 

 

 

 

 

 

 

The IL of pair 3,6 at 500 MHz, which was measured before the heating of the cable began and 

during the last heating and cooling cycle are presented in table 7.7 while table 7.8 presents the 

comparison of the IL values using both the ISO PL2 Ea and TIA Cat 6A PL test limits. As stated in 

table 7.7, it is apparent that the IL of the Category 6A F/UTP PL at 500 MHz is length dependent 

as ohmic losses depend on the DC loop resistance of the twisted pair. Moreover, as can be noted, 

pair 3,6 which is the longest pair in the cable had the highest IL value (19.4dB) in comparison to 

the IL values measured on the other twisted pairs. 

Furthermore, the results in table 7.8 show that the IL value of the Cat6A F/UTP PL at 500 MHz 

drifted from its baseline value due to the effect of thermal cycling. It was observed that the 

maximum IL increase due to the 40 thermal cycles conducted on the middle portion of the cable 

was 9.2% per degree. Also, comparing the measured IL performance of the Category 6A F/UTP PL 

using the TIA and ISO test limits, it can be noted from the table that there is harmony between the 

amounts of IL degradation obtained using the ISO and TIA test limits. Any observed difference in 

the IL values was due to the time difference between when the TIA and ISO measurements were 

conducted. 

 

 

 

Long-term insertion loss performance of the Category 6A F/UTP PL at 500 MHz  
Obtained using the ISO PL2 Ea test limit  

Pair 

number 

Length of the   

twisted pair  

(m)  

Baseline   

Insertion 

loss (dB)  

Insertion loss for 

last heating 

cycle (dB)  

Insertion loss 

for the last 

cooling cycle   

Pair 3,6  33.8  13.6  19.4  19.1  

Pair 4,5  33.1  12.6  18.0  17.3  

Pair 7,8  32.1  12.2  17.9  17.1  

Pair 1,2  31.3  11.8  17.6  16.9  



218 

 

Table 7.8: Comparison of the IL performance of Cat6A F/UTP PL (ISO vs TIA IL values) 

 

 

 

Long-term effects of thermal variation on the PSACR-N performance of the portion 

insulated Cat 6A F/UTP PL 

The degradation in the PSACR-N performance of the Category 6A F/UTP PL is presented in 

figure 7.66. As shown, the PSACR-N performance of the Category 6A F/UTP PL decreased 

progressively from the first heating and cooling of the cable. Furthermore, as can be noted, the 

PSACR-N plot shows a similar trend to that of the IL performance presented in figure 7.64. The 

reason for the similar trend is because the impact of attenuation was more substantial when 

compared to the impact of the crosstalk on the received signal. Additionally, because of the 

impedance bridging on the cable, part of the transmitted signal from the far end transmitter would 

have been reflected to the source, which implies that only part of the transmitted signal will be 

received at the near end. Also, because attenuation is temperature dependent, it can be observed 

from figure 7.66 that the PSACR-N performance was more affected due to the heating of the cable 

than the cooling of the cable. 
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Figure 7.66: Degradation in the PSACR-N performance of the Category 6A F/UTP PL  

 Insertion loss (dB) at 500 MHz using the ISO PL2 Ea test limit 

 9.2% / oC Baseline Cycle 1 Cycle 10 Cycle 20 Cycle 30 Cycle 40 

 Results obtained from the DSX-5000 cable Analyzer 

Heating 

cycles 

ISO test limit 13.6 13.8 14.7 15.6 15.8 19.4 

TIA test limit 13.5 13.8 14.7 15.6 15.8 19.0 

        

Cooling 

cycles 

ISO test limit 13.6 13.6 14.4 15 15.3 19.1 

TIA test limit 13.5 13.6 14.4 15 15.2 19.1 
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7.4  Validation of the drifts in the RL and IL performance of Cat 6A using the FSV tool  

 Having seen the drifts in the RL (table 7.6) and IL (table 7.8) performances of the Category 6A 

F/UTP PL because of the effects of thermal cycling and long-term thermal variation, this section 

presents the validation of the drifts using the Feature Selective Validation (FSV) technique. Table 

7.9 presents the FSV validation rating scale used for the analysis of the result. 

 

Table 7.9: Validation rating scale with its associated natural language description 

 

Baseline RL and IL performances vs degradation in the RL and IL performances of the 

Category 6A PL 

It has been shown in table 7.6 and 7.8 that the obtained RL and IL results using the TIA test limit 

are in good agreement with that of the ISO test limit. However, to quantify and validate the 

degradation in the Category 6A F/UTP PL performance, the baseline RL and IL traces were 

compared with the RL and IL traces measured during cycle 1, 10, 20, 30 and 40 respectively. Table 

7.10 and 7.11 present the GDMtot values for each of the comparisons, whereas figures 7.67 to 7.70 

are the plots for the GDMtot values.  

 

7.4.1  Comparison of the return loss measurements (ISO vs TIA test standards) 

The averaged GDMtot value (0.24) for the comparison made between the baseline RL 

performance and the RL performance measured during cycle 1 shows that the baseline RL 

performance of the cable was still in good agreement with the performance of the cable due to the 

FSV Value 
  

  Quantitative ) ( 
  

FSV Interpretation  

( qualitative ) 
  

Less than 0.1 
  

Excellent 
  

Between 0.1 and 0.2 
  

Very good 
  

Between 0.2 and 0.4 
  

Good 
  

Between 0.4 and 0.8 
  

Fair 
  

Between 0.8 and 1.6 
  

Poor 
  

Greater than 1 .6 
  

Very poor 
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first heating and cooling of the cable. Similarly, the GDMtot value (0.34) for the comparison made 

between the baseline and cycle 20 RL performances falls within the good agreement range (see the 

rating scale in table 7.9). However, the comparison between the baseline RL and that of the last 

cycle (cycle 1 vs cycle 40) shows that the baseline RL performance of the cable was in poor 

agreement with the performance of the cable due to the long-term thermal variation on the cable.  

 

Table 7.10: Validation of the return loss degradation (ISO vs TIA test limits) 

 

As presented in figure 7.67 and 7.68, the set of the results show the degradation in the RL 

performance of the Category 6A F/UTP PL due to the long-term effects of thermal variation on the 

cable and installation condition. More also, it can be noted that the quantification of the RL 

degradation using the ISO test limit agrees with that of the TIA test limit. 
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Figure 7.67: Comparisons of the return loss measurements - heating (ISO vs TIA test limits) 

Comparisons of the return loss measurements using the ISO & TIA test limits  

Results obtained from the  

 

remote  of the DSX-5000 cable Analyser 

,     

Results, using the FSV tool (ISO11801 Ea limit vs TIA PL2 Ea limit) 

GDMtot Values 

     Baseline Cycle 1  Cycle 10  Cycle 20  Cycle 30  Cycle 40  

  Heating 

cycles 

ISO test limit - 0.24  0.30  0.32  0.31  0.86 

TIA test limit - 0.17  0.27  0.30  0.33  0.89 

            

Cooling 

cycles 

ISO test limit - 0.28  0.30  0.32  0.34  0.86 

TIA test limit   -  0.25   0.32    0.34    0.37   0.88 
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TIA vs ISO  Return loss 
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Figure 7.68: Comparisons of the return loss measurements - cooling (ISO vs TIA test limits) 

 

7.4.2  Comparison of the insertion loss measurements (ISO vs TIA test standards) 

The averaged GDMtot value (0.11) for the comparison made between the baseline IL 

performance and the measured IL performance during cycle 1 shows that the baseline IL 

performance of the cable was in very good agreement with the performance of the cable due to the 

first heating and cooling of the cable. However, the averaged GDMtot value (0.25) for the 

comparison made between the baseline and cycle 20 IL performances falls within the good 

agreement range (see the rating scale in table 7.9), which shows that the amplitude of the 

transmitted pulse signal has decreased slightly. Furthermore, the comparison made between the 

baseline IL and that of the last cycle (cycle 1 vs cycle 40 IL traces) shows a further degradation in 

the quality of the transmitted signal. That is, the baseline IL performance of the PL was in fair 

agreement with the performance of the cable due to the long-term effects of thermal variation on 

the cable as well as installation condition such as localised heating. 

 

Table 7.11: Validation of the insertion loss degradation (ISO vs TIA test limit) 

 Comparison of insertion loss measurements using the ISO & TIA test limits  

 Comparisons of the Insertion Loss results using the FSV tool  

 ISO11801 Ea test limit - Baseline IL vs degradation in IL      

TIA PL2 Ea test limit - Baseline IL vs degradation in IL  

    GDMtot Values 

  Pair 3,6   Baseline  Cycle 1  Cycle 10  Cycle 20  Cycle 30  Cycle 40  

Heating 

cycles 

ISO test limit  - 0.12  0.19  0.28  0.29  0.55  

TIA test limit  - 0.11  0.19  0.27  0.29  0.54  

Cooling 

cycles 

ISO test limit  - 0.08  0.13  0.21  0.23  0.53  

TIA test limit  - 0.09  0.14  0.21  0.23        0.53  
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Figure 7.69 and 7.70 show that the effects of non-electrical heating, long-term thermal variation 

and installation condition accelerated the degradation of the IL performance of the Category 6A 

F/UTP PL. It also shows that the amount of the IL performance degradation measured using the 

TIA test limit is in good agreement with that of the ISO test limit. 
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Figure 7.69: Comparisons of the IL measurements - heating (ISO vs TIA test limit) 
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Figure 7.70: Comparisons of the IL measurements – cooling (ISO vs TIA test limit) 
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  7.5 Extraction of the primary line constants of Category 6A F/UTP cable 

Figure 7.71 and 7.72 show that the characteristic impedance (𝑍𝑜) of pair 1,2 of the Category 6A 

F/UTP cable increased at 11.1m and decreased at 19.5m locations on the PL. As the changes in the 

𝑍𝑜 can be due to the changes in the unit capacitance or inductance, investigating the dominant factor 

is important. In view of this, using the impedance variations obtained during cycle 39 and 21, the 

predominant factors for the observed changes in the 𝑍𝑜 at 11.1m and 19.5m locations on the cable 

were identified from the extracted primary line constants. 

Figure 7.71 presents the extracted inductance and capacitance of the pair 1,2 from the 𝑍𝑜 of the 

line, which was obtained during the heating cycle 39. It was observed that the inductance of pair 

1,2 increased from 4.7689E-07 H/m to 4.7696E-07 H/m at 11.1m while the capacitance of that 

location decreased from 4.7685E-11 F/m to 4.7677E-11 F/m during the heating cycle 39. From this 

analysis, however, it can be argued that the increase in the inductance was the predominant factor 

for the increase in the 𝑍𝑜 (see figure 7.57) of the pair 1,2 at 11.1m. The reason for this is that the 

increase in the centre-to-centre spacing between the conductors of a twisted pair due to thermal 

expansion (during heating) causes the inductance of the twisted pair to increase. Moreover, the 

increase in the inductance of a twisted pair implies that the characteristic impedance of that twisted 

pair will increase. 

 

Figure 7.71: Showing the root cause for an increased impedance of pair 1,2 at 11.1 m. 

 

 

Figure 7.72 presents the extracted inductance and capacitance of the pair 1,2 from the impedance 

obtained during cycle 21. It was observed that the capacitance increased from 4.76931E-11 F/m to 

4.76959E-11 F/m at 19.5m location on the cable while the inductance decreased from 4.76807E-07 

H/m to 4.76778E-07 H/m at the same location. Hence, the increase in the unit capacitance can be 

linked to the observed decrease in the 𝑍𝑜 of pair 1,2 at 19.5m location of the cable segment. 
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Figure 7.72: Showing the root cause for the decrease in the impedance of pair 1,2 at 19.5 m 

 

Moreover, as discussed in chapter 2, if the effective area of the twisted pair decreases due to the 

decrease in the overall diameter of the copper conductor over its insulation as a consequence of 

thermal cycling, the 휀𝑟 will increase, the unit capacitance will increase, then impedance will 

decrease as observed in the impedance profile of pair 1,2 shown in figure 7.58. Also, if the 

separation distance between the conductors of a twisted pair decreases due to the contraction of the 

twisted pair as a result of the cooling of the cable, the capacitance will increase, the impedance will 

decrease. As any of these could cause the 𝑍𝑜 of the twisted pair to decrease, finding the exact cause 

is necessary. The next section presents the investigation of the changes in the elemental composition 

and dimensions of the materials of a twisted pair sample. 

 

7.6  Changes in the dimensions and elemental composition of a twisted pair sample 

Electrical length mismatches towards the end of the three cables under study (see figures 7.7, 

7.28 and 7.60) have been observed due to the insulation of the full length of the cable and localised 

heating of the cables. Moreover, the decrease of 0.2 m length and the increase of 1ns in the 

propagation delay of the signal on the cable suggest that the pulse signal was not reaching the end 

of the link. Given this, since electromagnetic energy propagates through the dielectric, the electrical 

length mismatches at the end of the link during the heating and cooling of the cable suggest that the 

conductor insulation suffered a thermal push and pull effect as a result of the strain on the cable. 

Furthermore, the degradation in the RL and overall performance of the cable based on the effect of 

non-electrical heating indicates that thermal cycling has effects on the dimensions and materials of 

the cable. Given these, in the investigation of the changes in the dimensions of a twisted pair sample, 

Scanning Electron Microscope (SEM) was used to observe the deformation in the physical structure 

of a short length of a twisted pair sample. The results of these observations are presented in section 

7.6.1. 
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7.6.1  Changes in the dimensions of the Ethernet cable conductor insulation 

Figure 7.73 shows the baseline dimensions of a copper and its dielectric obtained from Category 

6A F/UTP cable before the twisted pair sample was heated and cooled, whereas figure 7.74 shows 

the dimensions of the twisted pair after the heating and cooling of the twisted pair sample. 

 

Figure 7.73: Baseline dimensions of a short length of a twisted pair sample. 

 

 

Comparing the baseline thickness of the conductor insulation in figure 7.73 to that of the heated 

sample in figure 7.74, it can be observed that the thickness of the conductor insulation decreased by 

222.4 𝜇𝑚 because of the effects of thermal cycling. It is worth mentioning that the shrinking of the 

conductor insulation of a twisted pair will lead to a decrease in the effective area of the overlapping 

conductors, which will, of course, lead to an increase in the 휀𝑟 of the conductor insulation. More 

also, the increase in the 휀𝑟 will cause the unit capacitance of the twisted pair to increase. 

Furthermore, an increase in the unit capacitance will cause the 𝑍𝑜 of the twisted pair to decrease.  

From figure 7.74, the adhesion of the twisted pair insulator to its copper conductor can be 

observed to be affected near the end of the twisted pair sample, of which evidently justifies the 
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observed thermal push and pull effects seen in the HDTDR plots of the cable performance. The 

significance of the poor interfacial adhesion of the insulator to its copper conductor is that, in an 

installation condition in which a portion of the cable passes through thermally insulated areas, the 

resultant deformation in the conductor insulation as a result of the local heating of the cable will 

lead to an irreversible damage to the cable and its performance. 

Clearly, figures 7.73 and 7.74 indicate an increasing gap between the copper and its dielectric as 

a result of thermal cycling. However, more precise cable preparation would help quantify the 

deterioration in the physical structure of the twisted pair. 

 

Figure 7.74: Deformation of the conductor insulation 

 

Summary of results 

It has been shown in section 7.3.1 that the extracted effective 휀𝑟 of the conductor insulation and 

the electrical length of pair 1,2 of the Category 6A F/UTP decreased permanently due to prolonged 

thermal cycling. Also, the reduction in the electrical length of the cable caused the propagation 

delay of the pulse signal on the cable to decrease and the velocity factor of the conductor insulation 

to increase. Signal skew was observed based on the changes in the propagation delay of the pulse 

signal on the cable. Moreover, while the electrical properties of pair 1,2 decreased permanently due 
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to the cooling of the cable, results show that the electrical properties of pair 1,2 increased briefly, 

back to the baseline values during the heating cycle 39 before decreasing back again. 

The observed impedance discontinuity at the 19.5m location of the shortest twisted pair (pair 

1,2) in the cable was reported in section 7.3.2. It was observed that the amplitude of the discontinuity 

increased by 0.65% during the prolonged heating cycle 21 and by 0.79% due to the cooling of the 

cable after the heating cycle 21. Other discontinuities at 11.5m and 15.5m on pair 1,2 generated RL 

echoes and spurious resonances during heating cycle 2 and 39 as shown in the ELTCTL and RL 

traces (figures 7.60 and 7.62). Moreover, the extraction of the primary line constants from the 

obtained impedance profile of the link revealed that the impedance of pair 1,2 at 19.5 m location 

decreased due to an increased unit capacitance while the increased differential impedance at 15.5m 

was due to an increase in the unit inductance of the twisted pair. Furthermore, the obtained 

differential impedance profile of the longest pair in the cable (pair 3,6) was distinct during cycle 2 

and 39 in comparison to the impedance traces obtained during other thermal cycles. It was observed 

that the impedance bridging on the PL due to the localised heating of the cable caused the thermal 

push and pull of the dielectric, which further caused the observed electrical length mismatches 

towards the end of the PL. More also, the impedance profile of the heated and unheated portions of 

the cable shows some impedance mismatches which contributed to the poor RL performance of the 

PL in general.  

As observed in the crosstalk performance of the standard Category 6 U/UTP and Category 6 

U/UTP CMP cables, crosstalk performance between the longest and shortest pair in the Category 

6A F/UTP cable was also observed to be better due to the heating of the cable in comparison to the 

measured crosstalk performance due to the cooling of the cable. More also, it was found that the 

crosstalk performance of the portion insulated cables was initially worse during the few heating and 

cooling cycles but improved afterwards. 

The effects of the long-term thermal variation and installation condition caused the RL value of 

pair 1,2 to decrease progressively from its baseline value, whereas the effects of thermal cycling 

and installation condition caused the IL performance of the Category 6A F/UTP PL to increase 

progressively. Although the RL values decreased from the first thermal cycle (cycle 1) up to the last 

thermal cycle (cycle 40), it was observed that the worst RL performance of the Category 6A F/UTP 

PL was within the first heating and cooling of the cable. Furthermore, comparing the RL 

performance due to the heating and cooling of the cable, it was found that the RL performance was 

more affected due to the cooling of the cable than when it was heated. Also, the RL value at the 
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main of the PL was found to be lower in comparison to the RL value measured at the remote side 

of the PL. The maximum reduction in the RL value due to the 40 thermal cycles conducted was 

observed to be 1 % per degree, whereas the maximum IL increase due to the 40 thermal cycles 

conducted was observed to be 9.2 % per degree. 

The quantification and comparison of the baseline RL performance with the long-term RL 

performance of the Category 6A F/UTP PL using the FSV tool showed a poor agreement, which 

implies a degradation in the RL performance of the PL. More also, the comparison of the baseline 

IL performance with the long-term IL performance of the Category 6A F/UTP PL showed a fair 

agreement, which also implies a deviation from the baseline IL performance of the PL.  Lastly, the 

quantification of the RL and IL degradation using the ISO test limit agreed with that of the TIA test 

limit.  

The PSACR-N performance of the Category 6A F/UTP PL decreased progressively due to the 

effect of thermal variation and installation condition. It was found that the impact of attenuation 

was more substantial in comparison to the impact of the crosstalk on the received signal. Also, the 

PSACR-N performance of the PL was found to be lower during the heating of the cable in 

comparison to the PSACR-N performance obtained due to the cooling of the cable. 

Lastly, the results of the Scanning Electron Microscope (SEM) revealed the deformation in the 

conductor insulation of a twisted pair sample. It was observed that the conductor insulation 

decreased by 222.4 μm based on the effects of one thermal cycle. Also, the adhesion of the twisted 

pair insulator to its copper conductor was observed to be affected near the end of the twisted pair 

sample, of which justifies the observed thermal push and pull effects seen in the HDTDR plots of 

the cable performance. On examination of the deformation in the Ethernet cable dielectric, it was 

observed that dielectric deformation is due to the slippages at the atomic level, which is not the 

focus of this research. However, the next chapter examines the properties of the Ethernet cabling 

dielectrics to understand the root causes of Ethernet cable performance degradation. 
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CHAPTER 8 - RECTANGULAR RESONANT CAVITY DESIGN AND MEASUREMENTS 

OF ETHERNET CABLE DIELECTRIC 

This chapter starts with the theoretical analysis of a 2.4 GHz Rectangular Resonant Cavity 

(RRC) design (section 8.1) based on the Cavity Perturbation Method (CPM) of the ASTM D2520-

13 standard. This is followed by the modeling and actual fabrication of the cavity (section 8.1.2 and 

8.1.3). Furthermore, the verification and validation of the accurate sample position inside the 

simulated and fabricated cavities were carried out in section 8.2.  Section 8.3 presents the 

assessment of the baseline dielectric properties of different Ethernet cable dielectrics. In section 

8.4.1, the immediate effects of an increase in temperature to 650C and continuous 30-day heating 

were examined on the dielectric constant (휀𝑟) of the FEP at 2.4 and 5 GHz. The rationale for the 

constant heating of the sample without cooling was to differentiate the immediate effects of 

temperature increase from the long-term effects of temperature increase on the dielectric properties 

of the FEP sample, which was obtained from the Category 6 U/UTP CMP cable.  

The drifts in the transmission parameters of the portion insulated Category 6A F/UTP and 

Category 6 U/UTP CMP PLs have been observed in response to long-term thermal variations and 

localised heating. As discussed in chapter 2, if the dielectric constant of the cable dielectrics around 

the cable portion, passing through insulated area, changes as a result of thermal variation and 

localised heating, the capacitance of the cable will also vary (figure 7.72), leading to the impedance 

variation on the cable. After a long time, the impedance variations along the length of the cable 

(figures 7.7, 7.28 and 7.58) will cause multiple reflections of the signal passing through the cable 

(7.12, 7.32 and 7.63) and ultimately, contribute to an increase in the Insertion Loss of the system 

(figures 7.30 and 7.64). In view of these, the aim of the study in section 8.4.2 was to examine the 

drifts in the dielectric properties of the FEP sample at 2.4 GHz as functions of the intermittent and 

prolonged thermal cycling to establish correlations between the drifts in the transmission 

parameters of the Category 6 U/UTP CMP cable and its dielectric properties. 

  

8.1  Design of the 2.4 GHz rectangular resonant cavity 

This section presents the design procedure for the construction of Rectangular Resonant Cavities 

(RRCs). The design process begins with the analytical expression for a Transverse Electric (TE) 

TE101 mode rectangular cavity that is capable of operating within the Industrial, Scientific, and 

Medical (ISM) frequency band. This is followed by the simulation of the cavities using CST 
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Microwave Studio. After that, the rectangular cavities were manufactured in the Mechanical 

workshop of De Montfort University (DMU), tested and verified to be working according to the 

designed specifications. The RRCs were after that calibrated following standard procedure. 

 

8.1.1 Theoretical analysis of the 2.4 GHz rectangular resonant cavity design 

Three Rectangular Resonant Cavities (RRCs) were modeled and simulated (figure 8.2) before 

they were fabricated (figure 8.4), but the analytical design of a 2.4 GHz RRC is given in this section. 

Depending on the cavity dimensions and the Electromagnetic boundary conditions, a different 

number of modes exist inside a cavity. For instance, consider a TElmn rectangular cavity (figure 8.1), 

its dimensions, and the integral number of half-waves and their directions of propagation as 

terminated by the walls of the cavity, the resonant frequency of a given mode is determined 

according to (8.1). 

                    𝑓𝑙𝑚𝑛 =
𝑐

2√𝜇𝑟𝜖𝑟

√(
𝑙

𝑎
)
2

+ (
𝑚

𝑏
)
2

+ (
𝑛

𝑑
)
2

                                                             (8.1) 

                                               

Where l, m, n are the mode numbers a, b and d are the width, height, and the length of the rectangular 

cavity, respectively. c is the speed of light in free space, 𝜇0 is the permeability of free space and 휀0 

is the permittivity of free space. 

 

 

 

 

 

 

 

 

 

Figure 8.1: Schematic of the RRC connected to a Network Analyzer 
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Assuming the cavity rejects all other modes in the cavity except the fundamental mode TE101 and 

operates at 2.45 GHz, then the width of the cavity is determined by (8.2). 

 

Width of the cavity (a) 

                                 𝑎 =
𝑐

(2.45 ) 109√2
 

3 𝑥 108

(2.45 ) 109√2
          = 86𝑚𝑚                                   (8.2) 

                                 

For TE101 → TElmn, l represents the number of half-waves across the cavity. As indicated in the 

schematic of the cavity in figure 8.1, a is only one-half wavelength across the cavity (x-direction). 

The cutoff wavelength (𝜆𝑐) is given as (8.3):  

 

                 𝜆𝑐 =
2

√(
𝑙

𝑎
)
2
+ (

𝑚

𝑏
)
2
              𝜆𝑐 =

2

√(
1

86
)
2
+(0)

   = 172𝑚𝑚                                     (8.3) 

                         

Height of the cavity (b) 

The height of the cavity is given according to (8.4) 

 

                                   
𝑎

𝑏
= 2         𝑏 = 43𝑚𝑚                         (8.4) 

                                                      

                      

Similarly, for TE101 → TElmn, m represents the number of half-waves from the top to the bottom of 

the cavity. In this case, m is zero.  

 

Length of the cavity (d) 

It is required that the following assumptions be met for the length of the rectangular cavity. 

a > b   and  b < d                                  (8.5) 
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Therefore, the length of the rectangular cavity (d) was chosen to be 88mm. Where n accounts for 

the number of waves along the cavity. For TE101 → TElmn, n is just one and must be a positive integer. 

Hence, the resonant frequency of the fundamental (TE101) mode operating in the 2.4 GHz cavity 

with the above dimensions is determined by (8.6). 

 

𝑓𝑙𝑚𝑛 =
𝑐

2√𝜇𝑟𝜖𝑟

√  (
𝑙

𝑎
)
2

+ (
𝑚

𝑏
)
2

+ (
𝑛

𝑑
)
2

                         (8.6) 

                        

                          𝑓(𝐺𝐻𝑧) = 150√(
1

86
)
2

+ (0) + (
1

88
)
2

 = 2.4 𝐺𝐻𝑧 

 

Since the resonant frequency of a particular mode must be higher than its cutoff frequency, the 

cutoff frequency (fc) of the first-order mode TE10 is determined by (8.6). 

           𝑓𝑐10 =
𝑐

2√𝜇𝑟𝜖𝑟

√(
1

𝑎
)
2

+ (
1

𝑏
)
2

                                           (8.7) 

 

   𝑓𝑐10 =    150√(
1

86
)
2

+ (0)      = 1.7 𝐺𝐻𝑧 

 

8.1.2 Cavity Modelling 

The goal of the cavity modeling was to develop a model that would allow the cavity and its 

antenna dimensions to be optimised before the construction of the actual cavity. Given a resonant 

frequency, the physical dimensions of the cavity had to be large enough to contain the sample and 

include the antennas at the frequency of interest. It must also allow sufficient modes to be supported 

within the structure. As a result, the dimensions of the rectangular cavities were determined mainly 

by (8.2) to (8.5). Using the various building blocks available in the CST Microwave Studio, three 

rectangular cavities were modelled, as shown in figure 8.2. Brass material was chosen for the cavity 

and copper for the energy coupling device. To obtain the desired resonant frequency for each cavity, 

the length of the two monopole antennas built into the cavity lids for energy coupling into the RRCs 
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were varied and optimised. The cavities were designed to resonate around 1 GHz, 2.4 GHz and 5 

GHz respectively. 

 

 

 

 

 

(a)     (b)                  (c) 

Figure 8.2: Simulated 1 GHz (a), 2.4 GHz (b) and 5 GHz (c) RRC 

 

8.1.3 Material selection and the construction of the three resonant cavities 

The Quality factor (Q-factor) of a resonant cavity defines the sharpness of its resonance curve 

against frequency.  That is, it characterises the resonator's bandwidth relative to its centre frequency.  

It is a function of the conductivity of the inner surfaces of the cavity. High Q-factor is an indication 

of a low electrical loss of the cavity. To have a very sharp Q-factor, material such as Perfect 

Electrical Conductor (PEC) would be ideal for the construction of the cavity. However, in the 

absence of a PEC, metallic conductors such as copper, silver, aluminium, and brass are used. Copper 

and silver are expensive; aluminium is difficult to solder; brass material was chosen for the 

construction of the rectangular cavity. Brass has no soldering problem but has a lower electrical 

conductivity when compared to the electrical conductivities of aluminium, copper, and silver. The 

Q-factor of the cavities was enhanced by polishing the inside surfaces with a metal polish to remove 

any contamination that would be less conductive. 

Before the cavity was modeled, thought was given to make the cavity lids as adaptable as 

possible. That is, to have a cavity lid with an aperture that will allow the sample to be fed through 

into the cavity (figure 8.3) or a completely covered lid that will allow the samples to be placed 

inside the cavity (figure 8.4). Moreover, the cavity lid (figure 8.3) that allows for the insertion of 

the samples has an aperture of a certain diameter depending on the measurement frequency. The 

diameter of the aperture was chosen to give a cutoff frequency of 𝑓𝑐 as determined by (8.8) [147].  

 

https://en.wikipedia.org/wiki/Bandwidth_(signal_processing)
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𝑓𝑐 =
𝑐

𝑟.3.142
                               (8.8) 

 

where  

c = Speed of light in a vacuum 

r = Radius of the aperture  

 

 

(a) Simulated RRC                        (b) Fabricated RRC 

Figure 8.3: Introduction of the DUT into the RRCs 

 

 

(a)             (b)                       (c) 

Figure 8.4: Fabricated 1 GHz (a), 2.4 GHz (b) and 5 GHz (c) RRC 

 

The volume of each RRC at room temperature was calculated from the cavity, inner width, length, 

and height, as shown in table 8.1. The measurements at room temperature assume the constant 

volume of the cavities. 
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8.2  Requirements of the ASTM D2520-13 for the implementation of the CPM 

The assessment of dielectric properties of different Ethernet cable dielectrics was performed 

using a method based on the Cavity Perturbation Method. However, for the successful 

implementation of the CPM, sample volume and placement, which are the two critical factors in 

achieving good precision of the measurements and accurate results were considered. The following 

section provides a detailed description of the samples used in this research. 

 

8.2.1 Sample preparation for the material testing 

The dielectrics under test (DUT) are the samples of materials extracted from the data grade 

cables. The dielectric samples were obtained from Category 5e U/UTP, standard Category 6 U/UTP, 

CMP Category 6 U/UTP, Category 6 F/UTP, Category 6A F/UTP, Category 6A F/FTP and 

Category 7A S/FTP cables respectively. Before the testing of the dielectrics, the twisted pair wires 

were separated and prepared for the material testing. Also, before measuring the materials as 

extruded dielectrics, the copper conductors were removed carefully from the insulated copper 

conductors. That is, the DUT is approximated to be rod-shaped. The active length of the DUT is the 

same as the inner height of the RRCs. The Ethernet cable dielectrics tested in this research are 

shown in figure 8.5. 

Figure 8.5: Dielectric rod samples obtained from data grade cables 

Table 8.1: Volume of the three RRCs at near the room temperature 

Room Temperature = 200C – 220C 

 

Resonant Frequencies Width 

(mm) 

Length 

(mm) 

Height 

(mm) 

Volume 

(mm3) 

1 GHz 205.00 218.00 109.00 487121 

2.4 GHz 86.36 88.00 43.18 328154 

5 GHz 40.00 42.00 20.00 33600 
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8.2.2  Sample volume at room temperature and elevated room temperature 

 Different numbers of the dielectric samples were tested to assess the impact of the sample 

volume on the baseline 휀𝑟 of FEP and HDPE at an elevated room temperature of 250C and across 

three frequencies (1GHz, 2.4GHz and 5GHz). The volume of a single dielectric rod or multiple 

dielectric rods (figure 8.6) at room and the elevated temperature was calculated according to (8.9) 

and (8.10).  

 

 

 

     

 

 

 

 

(a)              (b) 

 

Figure 8.6: Schematic, illustrating the dimensions of a tube (a) and a bundle of tubes (b) 

 

        𝑉𝑠𝑚𝑎𝑥 = (𝑉𝑠𝑜𝑚𝑎𝑥 ∗ (1 + 3 ∗ ( 𝛼 ∗ Δ𝑇)) ∗ 𝑁                  (8.9) 

                     

 

      𝑉𝑠𝑚𝑖𝑛 = (𝑉𝑠𝑜𝑚𝑖𝑛 ∗ (1 + 3 ∗ ( 𝛼 ∗ Δ𝑇)) ∗ 𝑁)                                              (8.10) 

                    

 

Where  

 

𝑉𝑠𝑜𝑚𝑎𝑥 = Initial maximum sample volume, considering the variations in the copper diameter and 

diameter over insulation.  

𝑉𝑠𝑜𝑚𝑖𝑛 = Initial minimum sample volume, considering the variations in the copper diameter and 

diameter over insulation. 

𝑉𝑠𝑚𝑎𝑥 =   Maximum sample volume, considering Δ𝑇 

𝑉𝑠𝑚𝑖𝑛 =   Minimum sample volume, considering Δ𝑇 

Δ𝑇 =      Difference in temperature between the room and the material temperature 

𝛼 =       Linear temperature expansion coefficient of the material 

𝑁 =      Number of tubes in a bundle 

𝒍 
𝑟2  

𝑑2 
𝑑2 

𝑟2  
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8.2.3 Verification of the accurate sample position inside the RRC 

The primary requirement for accurate dielectric property measurements is to place the sample in 

a region of a uniform E-field inside the cavity. Before the testing of the dielectric samples was 

conducted, a region for the accurate dielectric property measurements was located inside the cavity, 

with the aid of a removable template shown in figure 8.7. The removable template was placed inside 

the cavity to obtain the resonance curves of a single PTFE rod; that was introduced into different 

locations inside the cavity.  

 

  

 

 

 

 

 

 

 

Figure 8.7: PTFE rod with the dielectric placeable template 

 

A set of phase-preserving cables was connected in-between the RRC and the network analyser. 

Then, the calibration of the system was performed using the standard calibration kits (Rohde and 

Schwarz®) with short, open and match loads. After that, the resonances of the empty (unloaded) 

cavity were obtained first by measuring the Scattering parameter (S21) of the unloaded RRC. Then, 

the resonance curves for the PTFE in all the locations were obtained one after the other, under 

approximately the same room temperature. The different resonances of the loaded cavity as a 

function of the PTFE’s placement positions are shown in figure 8.8. As indicated, the resonance of 

the PTFE rod placed in the centre of the cavity appears to be the last; from the resonance of the 

unloaded cavity. That is, the resonance of the PTFE placed at the centre of the cavity experienced 

the highest frequency shift. 
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Figure 8.8: Resonances of a single PTFE placed in different positions in the fabricated RRC 

 

Moreover, this accurate position was also verified by simulating each position inside the RRC with 

a single PTFE rod (Figure 8.9). 

Figure 8.9: PTFE rod placed in different locations inside the simulated RRC 
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Using (8.11), the dielectric constant of the single PTFE in various locations inside the cavity 

was calculated. The 휀𝑟 obtained by measurements are shown in Figure 8.10, while that of the 

simulation is shown in Figure 8.11. 

 

  

 

 

 

 

 

 

 

 

Figure 8.10: 𝜺𝒓 of the PTFE placed in different positions inside the fabricated cavity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.11: 𝜺𝒓 of the PTFE placed in different positions inside the simulated cavity 
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As indicated in figure 8.10 and 8.11, the highest and most accurate 휀𝑟 obtained for the PTFE rod 

at room temperature was 2.1 and 2.16. These values are in good agreement with the value (2.1) 

reported in the published literature [148]. However, the indication of these results is that the 

dielectric rod sample must be placed in about 90% of the maximum E-field to obtain an accurate 

value of 휀𝑟. 

To visualise the field distributions inside the cavity, the measured and simulated resonances of 

the PTFE rod as a function of the sample positions were plotted and shown in Figure 8.12. As 

shown, a very weak tangential component of the E-field was found near the surface of the brass 

material. However, the position of the maximum field obtained was at the centre of the cavity, in 

between the two antennas. This location was used for the sample placement throughout the 

measurements conducted in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                            (b) 

 

              Figure 8.12: Field distribution inside the fabricated (a) and simulated (b) RRCs 

 

 

 

 

Maximum field 
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8.3  Assessment of dielectric properties of Ethernet cable dielectrics 

 

8.3.1 Assessment of the baseline dielectric properties of Ethernet cable dielectrics 

 

To assess the baseline, 휀𝑟 , of the FEP at 1GHz, 2.4GHz and 5GHz, at about the same room 

temperature and humidity, three network analysers (Rohde and Schwarz®) were set up in one area. 

In addition to the network analysers, the measurement setup consisted of a humidity meter and a 

temperature acquisition system. Two thermocouple sensors were used to monitor and record the 

room temperature whenever a set of dielectric type (1GHz, 2.4GHz and 5GHz samples) is tested 

across the three frequencies. However, to obtain the actual temperature of the DUT, three 

thermocouple sensors were placed around each cavity. One thermocouple sensor was connected to 

the lid of the cavity, one was connected beside the cavity, and the last one was placed underneath 

the cavity. Although the cavities have small apertures that allow the samples to be fed through, no 

thermocouple sensor was introduced into the cavity to measure the material temperature. This was 

to ensure that the perturbation on the E-field inside the cavities was mainly due to the introduction 

of the dielectrics. Hence, the average cavity temperature, obtained from the three thermocouple 

sensors placed around each cavity, is referred to as the material temperature in this study.  

 

Measurements of the resonances of the loaded and unloaded cavities 

To measure the scattering parameter (S21) of the DUT, each of the dielectrics was inserted into 

the RRCs through an aperture one after the other, as shown in figure 8.13. The resonant curves of 

the samples were then obtained at 1GHz, 2.4GHz and 5GHz from the network analysers.  

 

Figure 8.13: Measurement setup with a rectangular resonant cavity 
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Calculation of the 𝜺𝒓  for a rod sample 

After the resonances of the loaded and unloaded cavities have been obtained at room 

temperature, the baseline, 휀𝑟 , for the DUT was calculated according to (8.11) and (8.12). The two 

equations eliminate two different types of error from the calculated휀𝑟. (1) It eliminates errors from 

the measured dimensions of the rod samples. (2) It eliminates systemic error or quantisation error 

from the shifts in the resonances of the loaded and unloaded cavity. 

 

                          휀𝑟𝑚𝑎𝑥 = (
𝑉𝑐

2𝑉𝑠𝑚𝑖𝑛
) ∗ (

(𝑓𝑐−𝑓𝑠+Δ𝑓)

(𝑓𝑠−Δ𝑓)
) + 1                                              (8.11) 

                                                            

 

                             휀𝑟𝑚𝑖𝑛 = (
𝑉𝑐

2𝑉𝑠𝑚𝑎𝑥
) ∗ (

(𝑓𝑐−𝑓𝑠−Δ𝑓)

(𝑓𝑠+Δ𝑓)
) + 1                                              (8.12) 

                 

𝑤ℎ𝑒𝑟𝑒  

 

εrmax =  Maximum relative permittivity (Dielectric constant) 

εrmin =   Minimum relative permittivity (Dielectric constant) 

𝑉𝑐        =   Volume of the cavity 

𝑓𝑐         =    Resonant frequency of the unloaded cavity 

𝑓𝑠       =    Resonant frequency of the loaded cavity 

Δ𝑓    =    Frequency step size 

 

 

Calculation of the dielectric loss for a rod sample 

 

The dielectric loss was calculated using (8.13), (8.14) and (8.15) respectively. 

 

                                         𝐿𝑚𝑎𝑥 = (
𝑉𝑐

4𝑉𝑠𝑚𝑎𝑥
) ∗ (

1

𝑄𝑠
−

1

𝑄𝑐
)                                                  (8.13) 
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                  𝐿𝑚𝑖𝑛 = (
𝑉𝑐

4𝑉𝑠𝑚𝑖𝑛
) ∗ (

1

𝑄𝑠
−

1

𝑄𝑐
)                                                     (8.14) 

                                          

 

                                                  
1

𝑄
= 

(𝑓2𝛼− 𝑓1𝛼)

𝐵∗ 𝑓
    𝑜𝑟 

𝐵𝑤

𝐵∗𝑓
                                                     (8.15) 

                                                     

 

Where 

𝑄𝑐 = Quality factor of the unloaded cavity  

𝑄𝑠 = Quality factor of the loaded cavity  

𝑄  = 𝑄𝑠 𝑜𝑟 𝑄𝑐 

𝑓  =  Resonant frequency of the loaded or unloaded cavity 

𝑓2𝛼 = Frequency setting above resonant mode for the loaded or unloaded cavity 

𝑓1𝛼 = Frequency setting below the resonant mode for the loaded or unloaded cavity 

𝐵𝑤 = (𝑓2𝛼 − 𝑓1𝛼) Bandwidth at 6dB or 20dB points down the resonant frequency of the loaded or 

unloaded cavity 

𝐵 =  Constant (which is either 1 or 3) at 6dB or 20dB points down the resonant frequency of the 

loaded or unloaded cavity 

𝐿𝑚𝑎𝑥 = Maximum dielectric loss of the sample 

𝐿𝑚𝑖𝑛 = Minimum dielectric loss of the sample 

 

 

Calculation of 𝒕𝒂𝒏𝜹 for a rod sample 

The loss tangent, or dissipation factor, is the ratio of the imaginary part of dielectric permittivity to 

the real part. The loss tangent was calculated according to (8.16) and (8.17). 

 

                             𝑡𝑎𝑛𝛿𝑚𝑎𝑥 = (
"
′)  =

𝐿𝑚𝑎𝑥

𝑟𝑚𝑎𝑥
                                                                        (8.16) 

 

                              𝑡𝑎𝑛𝛿𝑚𝑖𝑛 = (
"
′)  =

𝐿𝑚𝑖𝑛

𝑟𝑚𝑖𝑛
                                                                        (8.17) 
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Where 

tan𝛿𝑚𝑎𝑥 = Maximum dissipation factor of the dielectric rod sample 

tan𝛿𝑚𝑖𝑛 = Minimum dissipation factor of the dielectric rod sample 

 

After the measurement of the cavity resonances, the baseline dielectric properties assessments 

started with the baseline dielectric constant (휀𝑟) of the CMP Category 6 U/UTP conductor insulation 

(FEP). This was examined at an elevated room temperature of 250C and 1 GHz, 2.4 GHz and 5 GHz 

(results are in section 9.1).  After that, the baseline 휀𝑟 of HDPE and FEP at 5 GHz were examined 

for comparison purpose. This was followed by the assessment of the baseline dielectric properties 

of different Ethernet cabling dielectrics. As detailed below, the last study in this section examined 

the potential of using a dielectric measurement method based on CPM in assessing the baseline VF 

of different Ethernet cable dielectrics. For instance, the VF of the Category 6A F/UTP and Category 

6 U/UTP conductor insulation verified. 

The verification of the VF of Category 6A F/UTP and Category 6 U/UTP conductor insulation 

started by examining the baseline 휀𝑟 of the dielectric rods extracted from the two cables. After that, 

the values of the VF were calculated using 8.18.  

 

                                                        𝑉𝐹 =
1

√ 𝑟
             (8.18) 

                                                                          

 However, since the electrical distance (length) and the propagation time of the signal passing 

through the PLs are obtainable from the cable Analyzer, the propagation speed and VF were 

calculated from the measured data using (8.19) and (8.20).  

 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑 =
𝐿𝑒𝑛𝑔𝑡ℎ 

𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑙𝑎𝑦
                                                         (8.19) 

                                                                                 

 

𝑉𝐹 𝑜𝑟 𝑁𝑉𝑃 =
𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎 𝑣𝑎𝑐𝑢𝑢𝑚
                                                (8.20) 
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Where 

Propagation delay = propagation time for the signal to be transmitted and received 

Length = electrical length of the signal on a twisted pair 

𝑐 = speed of light in a vacuum 

 

The calculated VF from the measured characteristics of the line was verified with the calculated 

VF obtained from the baseline 휀𝑟 of the dielectric rod extracted from Category 6A F/UTP cable 

first, then, with the VF reported in the datasheet of the cables. The results of this section are detailed 

in section 9.1.3 and 9.1.4. 

 

8.4  Assessment of 𝜺𝒓 of FEP at 2.4 GHz and 5 GHz with the temperature of ~650C 

The first assessment in this section examines the immediate effects of an increase in temperature 

to 650C and a continuous 30-day heating cycle on the 휀𝑟 of FEP at 2.4 and 5 GHz. After that, the 

drifts in the 𝜺𝒓 and 𝐭𝐚𝐧𝜹 of FEP at 2.4 GHz as functions of intermittent and prolonged thermal 

cycling were examined. The rationale for the constant heating of the sample without cooling was to 

differentiate the immediate effects of temperature from the long-term effects of heating on the 

dielectric properties of the FEP sample across two frequencies. However, since the drifts in the 

transmission parameters of the CMP Category 6 U/UTP PL have been established in chapter 7 based 

on the effects of intermittent and prolonged thermal cycling, the extracted dielectric sample of the 

cable was also examined in a like manner in this section to establish correlations between the drifts 

in the cable performance and its dielectric properties. 

 

 

8.4.1 Assessment of 𝜺𝒓 of FEP at 2.4 and 5 GHz based on constant heating of ~650C  

Two fresh FEP samples obtained from a Category 6 U/UTP cable were continuously heated in 

two separate ovens for 30 days without cooling. However, for the heating of the samples, the 

temperature setting on the ovens was slightly above 600C to compensate for the temperature loss 

due to the small openings on the ovens, but the maximum material temperature was ensured to be 

below 650C. The maximum peak temperature of the sample was obtained and recorded every day 

using thermocouple sensors attached to the resonant cavities. Also, the resonances of the loaded 

and unloaded cavities were manually obtained separately for the calculation of the Q-factor, 
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bandwidth and 휀𝑟 during the constant heating of the FEP. Figure 8.14 shows the temperature profile 

for the loaded 2.4 GHz cavity. It can be observed from the temperature profile that the fluctuations 

in the environmental temperature had an influence on the oven temperature and that the influence 

was not the same for the 5 GHz material testing because the two sets of tests were not started on 

the same day.   
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Figure 8.14: Temperature profile for the constant heating of the FEP sample 

 

8.4.2 Assessment of dielectric properties of FEP at 2.4 GHz based on thermal cycling  

This section evaluates the dielectric properties of FEP rod sample based on the effects of 

intermittent and prolonged thermal cycling at 2.4 GHz. Firstly, ten intermittent (daily) thermal 

cycles were performed, followed by three consecutive prolonged (weekly) thermal cycles. For 

both daily and weekly thermal cycles, the FEP sample was heated from the room temperature up 

to a set limit, which is ~650C. However, when the temperature on the material reaches the 

maximum set limit, the oven control stays on to maintain the temperature set-point until the oven 

is manually turned off. For each of the daily thermal cycles, the sample was heated for ~ 500 

minutes and cooled naturally for ~1000 minutes. However, for the weekly thermal cycles, the 

sample which had been heated and cooled repeatedly ten times was further subjected to a heating 

period of 7000 minutes and natural cooling of ~ 3000 minutes. The temperature profile for one 

of the daily and weekly thermal cycles is shown in figure 8.15. It should be noted that the material 
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properties were monitored as the temperature of the material was rising to the peak temperature, 

and when the temperature on the material was cooling to the room temperature. That is, the 

measurements of the material properties were in synchronisation with the material temperature 

by controlling the Vector Network Analyzer and temperature logger using SCPI commands. The 

results of the study in this section are presented in section 9.3. 

 

 

 

Figure 8.15: Temperature profile for one of the intermittent and prolonged thermal cycles 

 

The volume of the loaded and unloaded cavities used for the calculation of the baseline material 

properties in section 8.3.1 was different from the volume used for the calculations of dielectric 

properties with temperature. This is because all materials expand with an increase in temperature. 

It was assumed that the empty cavities would expand equally in all directions (isometrically) in 

response to a change in temperature. Therefore, the coefficient of the thermal expansion for a 

fractional change in the volume of a brass material (57 𝑥 10−6 𝐾−1) [149] was taken into 

consideration. The volume expansion coefficient (𝛼𝑐) was input into (8.21) for the calculation of 

the volume of the cavities due to the effect of temperature. 
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𝑉𝑐𝑇 = 𝑉𝑐 (1 + 3𝛼𝑐(Δ𝑇))                                                               (8.21) 

                                             

      

Where  

𝑉𝑐𝑇 = Volume of the RRCs due to an increased temperature 

𝑉𝑐 = Volume of the RRCs at room temperature 

𝛼 = Volume temperature expansion coefficient of brass 

Δ𝑇 = Change in temperature 

Similarly, the vast majority of dielectrics expand in response to temperature increase. An 

assumption made in this study is that the dielectrics have a constant diameter along the length. This 

is because any change in the inner diameter of the DUT will be challenging to determine as the 

dielectric heats up. Also, the proportional change in diameter of the DUT with temperature in the 

range of +200C - 650C is minimal. Hence, the linear thermal expansion coefficients (𝛼) of the solid 

and foamed dielectrics used are  13.5 𝑥 10−5  0
𝐶−1 and  12 𝑥 10−5  0

𝐶−1 respectively [150, 151]. 

These coefficients were input into (8.9) and (8.10) to calculate the new volume of the DUT at 

different temperatures. 
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CHAPTER 9 - DIELECTRIC MEASUREMENT RESULTS 

In this chapter, the baseline dielectric constant (휀𝑟) of the Category 6 U/UTP CMP cable 

conductor insulation (FEP) at an elevated room temperature of 250C and 1 GHz, 2.4 GHz and 5 

GHz are presented first. After that, comparisons between the baseline 휀𝑟 of the HDPE and FEP at 5 

GHz are made. This is followed by the assessment of the baseline dielectric properties of different 

Ethernet cabling dielectrics. The last results in section 9.1 demonstrate the impact of using an 

incorrect cable type for the testing of the PL length. It also demonstrates the potential of using a 

method based on Cavity Perturbation Method (CPM) in validating the Velocity Factor (VF) 

supplied by the cable manufacturers for Ethernet cable dielectrics. In section 9.2, the immediate 

effects of temperature (650C) and a continuous 30-day heating cycle on the 휀𝑟 of FEP at 2.4 and 5 

GHz are presented. The last set of results in this chapter (section 9.3) presents the drifts in the 𝜺𝒓 

and 𝐭𝐚𝐧𝜹 of FEP at 2.4 GHz as functions of intermittent and prolonged thermal cycling and drawn 

correlations between the drifts in the cable performance and its dielectric properties as functions of 

intermittent and prolonged thermal cycling. Note that the upper frequencies used in the 

measurements of the dielectric properties are significantly outside the current maximum operational 

frequency of the current cables.  However, the results obtained using the three RRCs help to build 

a picture of the dielectric behaviour at extended frequencies. 

 

 9.1 Results of the assessment of the baseline dielectric properties  

 

9.1.1  Baseline dielectric constant of Ethernet cable dielectrics 

The baseline 휀𝑟 of FEP at an elevated room temperature of 250C and at 1GHz, 2.4 GHz and 

5GHz are presented in table 9.1. However, table 9.2 shows the comparisons between the baseline 

휀𝑟 of the standard Category 6 U/UTP dielectric (HDPE) and that of the CMP Category 6 U/UTP 

conductor insulation (FEP) at 5 GHz and elevated room temperature.  

It was noted that the 휀𝑟 of the FEP under test was in good agreement with the published 휀𝑟 of 

FEP (table 9.1), Also, as noticeable in the table, the 휀𝑟 of FEP remained consistent across the three 

frequencies at room temperature. The reason for the consistency in the 휀𝑟 is based on the low loss 

and non-dispersive nature of the FEP sample under study.  
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Table 9.1: Baseline 𝛆𝐫 of FEP at 250C and at 1GHz, 2.4GHz and 5GHz. 

 

 

 

 

 

 

 

Also, comparing the 휀𝑟 of FEP and HDPE at room temperature and at 5 GHz, it was found that the 

휀𝑟 of FEP was lower than that of the HDPE. Furthermore, it is shown in table 9.2 that the 휀𝑟 of FEP 

was more stable across the configurations used for the volume of the sample (number of tubes 

tested).  

 

Table 9.2: Comparison between the 𝛆𝐫 of FEP and HDPE at 5 GHz 

Comparison between the 𝜺𝒓 of FEP and HDPE at 5 GHz 

Number 

of tubes  
𝜺𝒓 of FEP (5 GHz) ± 𝜺𝒓 of HDPE (5 GHz) ± 

1  2.06 0.04 2.23 0.04 

2  2.06 0.03 2.36 0.03 

3  2.03 0.03 1.96 0.02 

4  2.10 0.03 2.06 0.02 

5  2.03 0.02 2.11 0.03 
 

 

9.1.2 Baseline dielectric properties of the extracted dielectric samples 

The summary of the baseline dielectric properties of different Ethernet cable dielectrics is 

presented in table 9.3. As stated in the table, the calculated values of the VF for all the cables agree 

with the values of the VF supplied by different manufacturers of Ethernet cable with a difference 

of 1 – 4%. Also, the 𝜺𝒓 obtained for the foamed dielectrics was found to be lower when compared 

to the 𝜺𝒓 obtained for the solid dielectric materials. Lastly, the 𝜺𝒓 obtained for the foamed dielectrics 

was found to be between 1.64 and 1.70 at room temperature and at 2.4 GHz, which suggests that 

the VF for the two foamed dielectrics will be in the range of 77% - 80% of the speed of light in a 

vacuum.  

 

 

 Dielectric constant of FEP at 250C (Humidity = 36%)   

Number 

of tubes  
𝜺𝒓 (1 GHz)  ±  𝜺𝒓 (2.4 GHz)  ± 𝜺𝒓 (5 GHz)  ± 

1  2.01  0.27  1.96  0.03  2.06  0.04  

2  1.98  0.14  2.03  0.03  2.06  0.03  

3  2.03  0.10  2.05  0.03  2.03  0.03  

4  2.03  0.08  2.04  0.02  2.10  0.03  

5  2.05 [99] 0.07  2.04  0.02  2.03  0.02  
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Table 9.3: Baseline dielectric properties of the extracted dielectric rods at 2.4 GHz 

 

 

 

9.1.3 Validation of the extracted baseline 𝜺𝒓 and VF of Cat 6A F/UTP dielectric  

Table 9.4 presents the baseline dielectric properties of the extracted Category 6A F/UTP 

conductor insulation. Also, in table 9.5, the VF reported by the cable manufacturer for the Category 

6A F/UTP cable under study is compared with the VF calculated from the εr obtained with the CPM 

first and then, with the calculated VF from the measured electrical characteristics of the PL. 

 

Table 9.4: Baseline dielectric properties of the Category 6A F/UTP conductor insulation 

 

 

 

 

 

 

     Calculated Manufacturer VF 

Cable Types Room 

Temperature 
ɛ’ ɛ” tan𝜹 VF VF Difference 

(%) 

 oC       

Category 7A S/FTP 

Foamed material 

23.3 1.64 0.000584 0.000357 0.78 0.82 4 

Category 6A 

F/UTP. Solid 

25.8 2.12 0.001046 0.000492 0.69 0.70 1 

Category 6A F/FTP 

Foamed 

Polyethylene 

26.0 1.70 0.000649 0.000382 0.77 0.76 1 

Category 5e U/UTP 

Polyethylene 

25.0 1.93 0.000861 0.000446 0.72 0.72 0 

Category 6 U/UTP 

 

27.8 2.06 0.000982 0.000477 0.70 0.69 1 

Category 6 F/UTP 27.8 1.93 0.000864 0.000447 0.72 0.72 0 

Baseline dielectric properties of a dielectric rod extracted from Category 6A F/UTP cable 

Results obtained from a method based on Cavity Perturbation Method (CPM) 

Frequency = 2.4GHz         Temperature = 22.80C     Humidity = 52% 

Dielectric Constant Dielectric Loss Loss Tangent 

휀𝑟 휀" Tan 𝛿 (
"
′) 

2.0438 

 

0.00064 0.00031 
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Table 9.5: Comparisons of the VF of Cat 6A cable (manufacturer’s data vs measured data) 

 

From table 9.5, the baseline VF supplied by the cable manufacturer is in good agreement with 

the calculated VF from the 휀𝑟 obtained using the CPM. The 0.05% difference in the values of the 

VF could be due to the fact that the extracted dielectric rod was tested at a frequency (2.4 GHz) 

which is significantly higher than the maximum operating frequency of the cable. Also, given the 

tolerance in the measurement results in table 9.5, it can be argued that the two values of the 휀𝑟 agree.  

Furthermore, a difference of 0.96% in the values of the VF was recorded when the VF supplied 

by the cable manufacturer is compared with VF extracted from the measured electrical properties 

of the cable itself. The reason for this difference is because VF is also a function of the line geometry 

(Capacitance and Inductance). That is, it depends on the variation in the twist rate of the twisted 

pairs. If the heating and cooling of the cable change the twisting of the cable, part of the propagating 

wave will be in the air; hence, the effective 휀𝑟 will be lower. 

 

9.1.4  Validation of the extracted baseline 𝜺𝒓 and VF of Cat 6 U/UTP CMP dielectric  

From table 9.6, the baseline VF extracted from the measured electrical properties of the Category 

6 U/UTP CMP PL agrees with the VF (NVP) supplied by the cable manufacturer when the correct 

cable type (CMP Category 6 U/UTP) was selected from the cable analyser memory. As stated in 

the table, VF of 72.1% was obtained when the correct cable type was selected with both the TIA 

and ISO/IEC test limits. With the correct cable type selection, it was found that the calculated VF 

from the 휀𝑟 obtained using a method based on CPM and that which was obtained from the line 

characteristics were in agreement with the VF supplied by the cable manufacturer but with the 

deviations of 1 and 0.04%. However, using the standard Category 6 U/UTP instead of the actual 

cable type (Category 6 U/UTP CMP) in testing the PL, VF of 69 % was obtained from the cable 

analyser.  The 69 % gave a deviation of 2.1 and 3.1 % from the values of the VF calculated from 

Comparisons between the VF reported by the cable manufacturer, the VF calculated from the 휀𝑟 using CPM and 

the one extracted from the measured electrical properties of the line. 

 

 Manufacturer’s data 

TIA Cat 6A perm link (+All) 

Manufacturer’s data 

ISO11801 PL2 Class Ea (+All) 

 

CPM Extracted from the 

line properties 

휀𝑟 2.0407 2.0407 2.0438 

 

2.098 

VF 70 % 70 % 69.95 % 69.04 % 
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the 휀𝑟 obtained using a method based on CPM and that which was obtained from the measured line 

characteristics. 

 

Long-term performance of the CMP Category 6 conductor insulation
Resonances of FEP sample obtained at frequencies around 2.4 GHz
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Figure 9.1: Resonances of the FEP at frequencies around 2.4 GHz 

 

Table 9.6: Comparison of VF of Cat 6 insulation (manufacturer’s data vs measured data) 

 

 

9.2   Immediate effects of temperature and prolonged heating on the 𝜺𝒓 of FEP 

The immediate effects of temperature and continuous heating without cooling on the 휀𝑟 of FEP 

at 2.4 and 5 GHz are presented in this section.  

 

Comparison between the VF reported by the cable manufacturer, the VF calculated from the 휀𝑟 using CPM and 

the one calculated from the measured electrical properties of the line. 

 

 Manufacturer’s data 

TIA Cat 6  

perm link (+All) 

Manufacturer’s data 

ISO11801 PL  

Class E (+All) 

 

Manufacturer’s data 

ISO11801 PL  

Class E (+All) 
Standard Cat 6 U/UTP 

CPM Extracted from 

the line 

properties 

휀𝑟 1.924 1.924 2.1 1.98 

 

1.926 

VF 72.1 % 72.1 % 69 % 71.1 % 72.06 % 
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9.2.1 Immediate effects of temperature on the performance of FEP at 2.4 GHz 

The immediate effects of an increase in temperature and continuous heating on the 휀𝑟 of FEP 

at 2.4 GHz and the temperature around 650C are presented in this section. Figure 9.1 shows the 

resonances of the loaded and unloaded 2.4 GHz cavities that were obtained during the 30-day 

constant heating, whereas figure 9.2 shows the maximum peaks in the S21-magnitude data. 

 

 

As depicted in figure 9.1, it is apparent that the introduction of the FEP sample into the cavity 

caused the resonant frequency shifts of the loaded cavity to below the resonance of the unloaded 

cavity, as expected. Moreover, figure 9.2 shows an immediate frequency shift of 1.43 MHz in the 

resonance of the loaded cavity to below the resonance of the unloaded cavity during the first-day 

heating of the sample. After the first heating, the resonance of the loaded cavity shifted slightly 

up by 1.234 MHz. Furthermore, it was observed that the third day heating of the sample caused 

the highest frequency shift of 1.507 MHz and after the third-day heating, the resonant frequency 

shift was ~1.4 MHz, and that continued to change slightly, up to the last day heating of the 

material. 
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Figure 9.2: Peak frequencies in the resonance shifts of the loaded cavity around 2.4 GHz 

 

An immediate increase in the magnitude of the S21 was measured during the first-day heating of 

the sample (figure 9.3). As can be observed, the magnitude of the S21 continued to increase up to 

the 7th-day heating before decreasing. The immediate increase in the magnitude of the S21 implies 



255 

 

that the loaded cavity was less damped initially because of the low loss nature of the FEP sample 

and this is evident in the Quality factor of the loaded cavity (figure 9.4).  

 

 

Immediate and long-term performance of Category 6 conductor insulation
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Figure 9.3: Maximum peaks in the S21-magnitude data around 2.4 GHz 

 

 

Quality factor of the loaded 2.4 GHz cavity at temperature around 60
0
C

Immediate and long-term performance of Category 6 conductor insulation (FEP)

Cycle number

0 5 10 15 20 25 30

Q
u
a
lit

y
 f

a
c
to

r

400

450

500

550

Obtained during heating

Baseline Q-factor of the loaded cavity

 

Figure 9.4: The Quality factor of the loaded cavity at frequencies around 2.4 GHz 

 

Moreover, as the FEP sample becomes lossy after the 7th day heating, the magnitude of the S21 

and the Quality factor of the loaded cavity began to decrease progressively (increase in insertion 

https://en.wikipedia.org/wiki/Underdamped
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loss) up to the last heating of the sample. As can be expected, a decrease in the loaded Q-factor 

implies that the bandwidth of the loaded cavity will increase (figure 9.5). 
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Figure 9.5: Bandwidth of the loaded cavity at frequencies around 2.4 GHz 

 

The 휀𝑟 of FEP at 2.4 GHz based on the 30-day constant heating is presented in figure 9.6. It can 

be observed that the 휀𝑟 of FEP decreased during the first- and second-day heating of the sample. 

Moreover, as previously observed in figure 9.2, the third day heating of the sample caused the 

highest resonant frequency shift, and that is also evident in figure 9.6. That is, the third day 

heating of the sample caused the observed highest 휀𝑟. Moreover, after the third day of heating, a 

progressive decrease in the values of the 휀𝑟 could be seen, as in figure 9.6. 
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Effect of temperature and continous heating without cooling 
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Figure 9.6: Effect of temperature and prolonged constant heating on the 𝛆𝐫 of FEP at 2.4 GHz 

 

9.2.2 Immediate effects of temperature on the performance of FEP at 5 GHz 

Figure 9.7 presents the maximum peaks in the resonance frequency shifts of the loaded cavity 

around 5 GHz, while figure 9.8 presents the S21 magnitude peaks. Similar to the behaviour of 

the sample at 2.4 GHz (figure 9.2), an immediate resonant frequency shift of 3.6 MHz was 

measured during the first-day heating of the sample. However, the second and third heating of 

the sample caused the highest frequency shift of 4.425 MHz to below the resonance of the 

unloaded cavity. After the third day heating, it was observed that the resonant frequency shift was 

relatively constant at 4.425 MHz up to the last day measurement.  
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Maximum frequencies in the resonance shifts of the loaded cavity 
Immediate performance of Category 6 conductor insulation (FEP) at 5 GHz 
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Figure 9.7: Peak frequencies in the resonance shifts of the loaded cavity around 5 GHz 

 

 

An immediate reduction (increase in insertion loss) in the magnitude of the S21 was observed 

during the first day heating of the sample (figure 9.8). After the first day heating, insertion loss 

increased further and that brought about the changes to the overall profile of the sample for the 

30-day heating of the sample. That is, after the first few days of the heating of the sample without 

cooling, the performance of the FEP sample remained relatively constant.  
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Figure 9.8: Maximum peaks in the S21-magnitude data around 5GHz 
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It can be observed in figure 9.9 that the Q-factor of the loaded cavity decreased immediately due 

to the first heating of the sample and decreased permanently afterwards. 
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Figure 9.9: The Quality factor of the loaded cavity at frequencies around 5 GHz 

 

Moreover, low Q-factor indicates high electrical loss of the cavity and that of the FEP sample. 

Also, a decrease in the loaded Q-factor implies an increase in the bandwidth of the loaded cavity 

(figure 9.10). 
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Figure 9.10: Bandwidth of the loaded cavity at frequencies around 5 GHz 
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The calculated 휀𝑟 of FEP at 5 GHz based on the 30-day constant heating are plotted in figure 9.11. 

As shown, the effect of temperature initially caused the 휀𝑟 of FEP to decrease during the first day 

heating of the sample. Moreover, after the first-day heating, 휀𝑟 increased during the second and 

third-day heating and then decreased and increased permanently. 
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Figure 9.11: Effect of temperature and prolonged constant heating on the 𝜺𝒓 of FEP at 5 GHz 

 

9.3  Effects of thermal cycling and prolonged heating on the dielectric properties of FEP  

The effects of thermal cycling and prolonged heating on the dielectric properties of FEP 

sample at 2.4 GHz are presented in this section. As discussed in chapter 5, the rationale for the 

study in this section is to:  

 

(i) observe the effects of intermittent and prolonged thermal cycling on the behaviour of 

a dielectric rod (FEP sample) extracted from Category 6 U/UTP CMP cable and 

(ii) correlate the observed behaviour of the cable itself to the behaviour of its dielectric.  

 

Figure 9.12 and 9.13 present the resonances and bandwidths of the loaded and unloaded cavity 

at 2.4 GHz during the intermittent heating and cooling (initial ten thermal cycles) of the FEP 

sample. As presented in figure 9.12, it is apparent that the resonances of the FEP sample shifted 

more to the lower frequencies due to the cooling of the sample when compared to resonances 

measured during heating. Furthermore, as observed in figure 9.2, the distinct resonance of the 
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FEP sample during the third heating of the sample is also evident in figure 9.12. More also, as 

can be seen, the fifth heating of the FEP sample caused the resonance of the sample to shift above 

all other resonance curves. It is worth noting that this behaviour of the FEP sample during the 

fifth heating of the cable is related to the spurious resonance observed in the RL performance of 

its cable (figure 7.33), where the first performance failure of the cable occurred. Although not 

shown in figure 9.12, another observation in the resonances of the loaded cavity was a spurious 

resonance that was measured during the transition between the intermittent heating and prolonged 

heating of the sample.  
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Figure 9.12: Resonances of loaded and unloaded cavities at frequencies around 2.4 GHz 

 

Figure 9.13 shows that the bandwidth of the loaded cavity increased more during heating than 

during cooling, which implies that the Q-factor of the loaded cavity decreased more during the 

heating phase than during the cooling phase. The reason for the worst Q-factor during heating is 

because the Q-factor is related to the loss factor in the cavity and insertion loss is more 

temperature dependent.  
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Figure 9.13: Drifts in the bandwidth of the loaded cavity at frequencies around 2.4 GHz 

 

Figure 9.14 and 9.15 show the effect of prolonged thermal cycling on the bandwidth of the 

loaded cavity. As can be observed in both figures, the bandwidth of the loaded cavity increased 

more due to the prolonged thermal cycling of the sample when compared to the measured 

bandwidth due to the intermittent heating of the sample. The significance of this is that dielectric 

loss will be more accentuated due to heating than cooling. Evidently, it is sufficient to correlate 

the worst insertion loss performance (figure 7.30 and 7.31) of the CMP cable having the FEP 

under study, during the prolonged thermal cycling to the observed larger bandwidth of the loaded 

cavity shown in figures 9.14 and 9.15. 
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Figure 9.14: Effect of prolonged thermal cycling on the bandwidth of loaded cavity (cooling) 
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Figure 9.15: Effect of prolonged thermal cycling on the bandwidth of loaded cavity (heating) 

 

The drift in the bandwidth of the loaded cavity at the transition points and the corresponding 

transition temperature for the drift are presented in figures 9.16 and 9.17. As can be noted, the 

drift in the bandwidth of the loaded cavity is more noticeable due to the prolonged thermal cycling 

following the intermittent thermal cycling (figure 9.16). The significance of these results is that 

the quality factor of the FEP sample will be more affected a consequence of prolonged thermal 

cycling than the effects of intermittent thermal cycling. Of course, the net effect of this 

observation is that the sample would not be able to hold its charges due to the effect of prolonged 

thermal cycling and as a result, it will begin to lose energy as heat under the influence of a rapidly 

changing Electric field. Consequently, the effect of the drift in the bandwidth of the loaded cavity 

is the drift in the transition temperature of the loaded cavity, which is evident in figure 9.17.  

 

Figure 9.16: Showing the drift in the bandwidth of the loaded cavity 
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Furthermore, as observed in the performance of the cable, the temperature at which the RL 

performance of the cable failed and passed drifted during the intermittent heating, and the drifting 

accelerated during the prolonged heating (see figure 7.23). Similarly, the transition temperatures for 

the drift in the bandwidth of the loaded cavity also followed the same pattern. It is evident in figure 

9.17 that the amplitude of the transition temperatures from cycle 11 became larger as a result of the 

prolonged thermal cycling.  
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Figure 9.17: Transition temperature for the drifts in the bandwidth of the loaded cavity 

 

9.3.1  Effects of thermal cycling on the dielectric properties of FEP at 2.4 GHz  

  The effects of intermittent and prolonged thermal cycling on the dielectric properties of FEP 

sample are presented in this section. Figures 9.18 and 9.19 present the calculated 휀𝑟 and tan𝛿 for 

the initial ten intermittent (daily) cycles and subsequent three prolonged (weekly) thermal cycles.  

As shown in figure 9.18, the effect of temperature of 600C (upon heating and cooling) caused the 

휀𝑟 of FEP to decrease during the intermittent thermal cycling. Furthermore, it was observed that the 

휀𝑟 of the FEP decreased further due to the prolonged thermal cycling. It is apparent that the 휀𝑟 of 

the FEP increased due to the cooling of the sample. Moreover, while the 휀𝑟 of the FEP decreased 

sharply at 600C during the transition between the intermittent and prolonged thermal cycling, it was 

found that the 휀𝑟 of the FEP increased sharply due to cooling during the transition period. Generally, 

the rise in temperature caused the 휀𝑟 of the FEP understudy to decrease but cooling caused it to 
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increase at 2.4GHz. Consequently, an increase in the 휀𝑟 of the FEP sample under test means the unit 

capacitance of its twisted pair will increase, then impedance will decrease (see figure 7.28) and 

return loss performance of the cable will be affected (see table 7.3).  
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Figure 9.18: Effects of thermal cycling and prolonged heating on the 𝜺𝒓 of FEP at 2.4 GHz 

 

Furthermore, it has been observed that the thickness of the conductor insulation decreased by 222.4 

𝜇𝑚 because of the effects of thermal cycling (figure 7.74). The shrinking of the conductor insulation 

of a twisted pair as a result of thermal cycling indicates a decrease in the effective area of the 

overlapping conductors, which will, of course, led to an increase in the 휀𝑟 of the conductor 

insulation. In addition, an increase in the 휀𝑟 will cause the unit capacitance of the twisted pair to 

increase and the 𝑍𝑜 of the twisted pair to decrease. Moreover, the decrease in the characteristic 

impedance of a propagating signal implies more current will be drawn for the same amount of power 

transmitted. The more the power drawn, the more temperature rise; which will cause the resistance 

of the cable to increase. More also, an increase in the resistance of the cable will cause an increase 

in the conductor losses, which of course will contribute to the attenuation of the transmitted signal.  

From this result (figure 9.18) however, it can be suggested that an increase in the 휀𝑟 of the FEP 

sample due to cooling was part of the contribution to the increase in the IL performance of the 

Category 6 U/UTP CMP PL.  

 Figure 9.19 presents the loss tangent (tan𝛿) of the FEP sample at 2.4GHz. As can be observed, 

the tan𝛿 of the FEP understudy increased in response to, intermittent heating and cooling as well as 

prolonged thermal cycling of the sample. The observed increase in the 𝑡𝑎𝑛𝛿 of the FEP during 
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heating and cooling of the sample implies absorption of electromagnetic energy by the material and 

the heating of the material at 5GHz. Evidently shown, in figure 9.19, the increasing loss tangent of 

the FEP sample extracted from the Category 6 U/UTP CMP cable suggests the cause of the 

increasing IL of the PL during the heating and the cooling (Figures 7.30 and 7.31) of the cable. 

Similar to the observation in figure 9.18, a sharp increase in the tan𝛿 of the sample is also apparent 

during the transition period (cycle 11).  
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Figure 9.19: Effects of intermittent and prolonged thermal cycling on the 𝑡𝑎𝑛𝛿 of FEP 

 

Chapter summary  

This chapter has demonstrated the potential of using a method based on the Cavity Perturbation 

Method in the validation of the extracted Velocity Factor of different PLs based on measured 

electrical characteristics of the PLs (Section 9.1). The study investigated the baseline dielectric 

constant (휀𝑟) of the Category 6 U/UTP CMP cable conductor insulation (FEP) at an elevated room 

temperature of 250C and at 1 GHz, 2.4 GHz and 5 GHz. It was noted that the measured 휀𝑟 of the 

FEP under test was in good agreement with the published 휀𝑟 of FEP. Also, the 휀𝑟 of the FEP 

remained consistent across the three frequencies at room temperature based on its low loss and non-

dispersive nature. To establish the unique properties of the FEP, its baseline 휀𝑟 was compared to 

that of the HDPE at 5 GHz. It was found that the 휀𝑟 of FEP was lower than that of the HDPE. 

Furthermore, to establish the accuracy of the dielectric properties measurement methods, the 

baseline 휀𝑟 of different Ethernet cabling dielectrics was investigated. The obtained 𝜺𝒓 for the 

foamed dielectrics was found to be lower when compared to that of the solid dielectric materials. 
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More also, the calculated baseline VF from the obtained dielectric constant of different Ethernet 

cabling dielectrics was compared with the VF supplied by different manufacturers. It was observed 

that the VF for all the cables agreed with the values of the VF supplied by the manufacturers of the 

different Ethernet cables with the differences of 1 – 4%. The last results in section 9.1 demonstrate 

the impact of using an incorrect cable type for the testing of the PL length. When the correct 

Category 6 U/UTP cable type was selected for the testing of the PL length, it was found that the 

calculated VF from the 휀𝑟 obtained using a method based on CPM and the VF which was obtained 

from the PL characteristics were different by just 1 and 0.04 % from the VF supplied by the cable 

manufacturer. However, using a different Category 6 U/UTP cable type instead of the actual 

Category 6 U/UTP CMP cable type for the testing of the PL length, differences of 2.1 and 3.1 % in 

the values of the VF were obtained.  In other words, the results demonstrate the potential of using 

a method based on CPM in validating the VF supplied by the manufacturers of Ethernet cables.  

Furthermore, the observed changes in the material properties also provide insight into the cable 

behaviour as was similarly reported in chapter 6 and 7. For instance, it has been established in 

chapter 7 that the first heating of the cable changes the performance of the cable drastically. In 

investigating the immediate effects of temperature increase and continuous heating on the 

performance of the cable, the extracted dielectric rod sample from the Category 6 U/UTP CMP 

cable was heated continuously without cooling. It was found that an increase in temperature to 

~650C caused an immediate frequency shift in the resonance of the loaded 2.4 and 5 GHz cavity.  

In addition, it was found that the third day heating of the sample caused the highest frequency shift 

of 1.507 MHz in the resonance of the loaded 2.4 GHz cavity and 4.425 MHz in the resonance of 

the loaded 5 GHz cavity to below the resonance of the unloaded cavity. After the third day heating, 

it was observed that the resonant frequency shift was relatively constant. Based on the observed 

highest resonant frequency shift on the third day heating of the sample, it was also observed that 

the 휀𝑟 of the FEP increased permanently within the first 3-days of the heating of the sample both at 

2.4GHz and 5GHz. Furthermore, due to the low loss and non-dispersive nature of the FEP sample, 

the electrical loss, Q-factor and bandwidth of the loaded cavity improved initially at 2.4 GHz due 

to the immediate effect of temperature increase but were affected after a few days of heating of the 

sample. However, while the internal loss, Q-factor and bandwidth of the loaded cavity improved 

initially at 2.4 GHz with an increase in temperature, it was observed that the performance of the 

FEP sample was affected at 5 GHz from the first day of heating of the sample. 
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The dielectric rod (FEP sample) extracted from the Category 6 U/UTP CMP cable was subject to 

intermittent and prolonged thermal cycling in order to investigate the root cause of the observed 

drifts in the return loss and insertion loss performances of the cable itself based on the effects of 

intermittent and prolonged thermal cycling. It was found that the resonances of the FEP sample 

shifted more to the lower frequencies due to the cooling of the sample than when it was heated. 

Furthermore, the fifth heating of the FEP sample caused the resonance of the sample to shift above 

all other resonance curves. It is worth noting that this behaviour of the FEP sample during the fifth 

heating of the cable is related to the spurious resonance observed in the RL performance of its cable 

(figure 7.33), where the first performance failure of the cable occurred. An echo of RL measured 

during the transition between the intermittent and prolonged thermal cycling of the cable can also 

be correlated to the spurious resonance, which was observed in the resonance of the FEP sample 

during the transition period.  

 

The 휀𝑟 of the extracted FEP rod sample from Category 6 U/UTP CMP cable increased due to 

the effect of cooling and prolonged thermal cycling, which also suggests the root cause of the 

observed poor RL performance measured was due to cooling. Furthermore, as observed in the 

performance of the cable, the temperature at which the RL performance of the cable failed and 

passed drifted during the intermittent heating, and the drifting accelerated during the prolonged 

heating (figures 7.23 and 7.24). Similarly, the transition temperatures for the drift in the bandwidth 

of the loaded cavity also followed the same pattern (figure 9.17). That is, the amplitude of the 

temperatures at which the RL performance of the PL was passing marginally upon heating and 

cooling was approaching the temperature at which the RL performance was failing (figure 7.22) 

during the prolonged thermal cycling. Similarly, the amplitude of the transition temperatures for 

the drift in the bandwidth of the loaded cavity also increases during the prolonged thermal cycling 

(Figure 9.17).  

The effect of temperature of 600C (upon heating and cooling) caused the 휀𝑟 of FEP to decrease 

during the intermittent thermal cycling but decreased further due to the long-term effect of thermal 

variation. Also, the 휀𝑟 of FEP increased due to the cooling of the sample and increased further due 

to the long-term effect of thermal variation. It was observed that the thickness of the conductor 

insulation decreased by 222.4 𝜇𝑚 because of the thermal cycling (figure 7.74). The shrinking of the 

conductor insulation of a twisted pair as a result of thermal cycling indicates a decrease in the 

effective area of the overlapping conductors, which will, of course, lead to an increase in the 휀𝑟 of 

the conductor insulation. As presented in figure 9.18, the increase in the 휀𝑟 of the FEP sample due 
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to the cooling of its cable was part of the contribution to the increase in the RL and IL performance 

of the Category 6 U/UTP CMP PL.  

Furthermore, it was found that the bandwidth of the loaded cavity increased more due to the 

effect of prolonged thermal cycling of the sample when compared to the measured bandwidth due 

to the intermittent heating of the sample. The significance of this is that dielectric loss will be more 

accentuated by the effect of prolonged thermal cycling. The increased tan𝛿 of the FEP because of 

the thermal cycling, suggests that IL performance degradation of the Ethernet cables will increase 

both due to heating and cooling when the Ethernet cables are subjected to thermal cycling. Although 

on a long-term, IL performance will drift due to the cooling and thermal cycling, there will be more 

IL performance degradation as temperature rises than at low temperature. It is, therefore, safe to 

infer that the long-term effect of thermal variation on the cable conductor insulation has a direct 

effect on the long-term performance of the cable. 
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CHAPTER 10 – CONCLUSIONS, RECOMMENDATION AND FURTHER WORK 

Summary and conclusion of the research study, recommendations and suggestions for future work 

are presented in this chapter. Section 10.1 detailed the summary and conclusions. Section 10.2 

outlines some recommendations on how to intelligently manage PoE infrastructure. Lastly, section 

10.3 suggests some further studies on the long-term performance of Balanced Twisted Pair Cabling. 

 

10.1 Summary and Conclusions  

The steady growth in the development and deployment of IP enabled devices requiring to be 

remotely powered and networked will continue to drive the demand for improved Power over 

Ethernet Technology worldwide. Coping with the diversity and growing intensity of the demand 

for more power standardisation will require an adequate appraisal of the challenges being faced 

with the existing technology, to provide informed designed considerations improvement. 

Moreover, the peculiarity of the deployment environments, the inherent nature of power and 

data transmission in the cables, the range of options in material selection both for the cable 

conductors and the insulator as well as the twisting and cable bundle size demand critical 

appraisal in order to slow degradation and improve the operational performance. To this end, 

this research study was conducted to simulate some of the possible scenarios that could trigger 

thermal variation (thermal cycling) in cable bundles in service.  

In the first sets of experiments, temperature rise in shielded and unshielded Ethernet cable 

bundle consisting of 37 cables was assessed under two different installation environments 

(ventilated - “Free air” and unventilated- insulated spaces) using three different approaches; 

which are thermocouple approach, resistivity approach and mathematical modelling. The 

experiment was conducted at three DC Power levels (PoE+ at 34.2 watts, UPoE at 60 watts and 

HDBase-T at 100 watts). Furthermore, cable bundle heating was evaluated with various cable 

construction such as the material of the crossweb, conductor material, the quality of the 

conductor insulation and cable screening mode. In addition, temperature rise on 24 (24 cables 

in a bundle) and 37 (37 cables in a bundle) cable bundles of Category 6A F/UTP was assessed 

in two installation environments using six current levels: 0.3A, 0.45A, 0.6A, 0.75A, 0.9A, and 

1A respectively (values of current below and above the specified 0.6 A of the IEEE 802.3at). 

Furthermore, temperature distribution across 37 cable bundle (36 around 1) was validated 

using the thermocouple approach and compared with the prediction made using the 



271 

 

mathematical model. As a close of the cable bundle heating experiments, the temperature rise 

in Ethernet cable bundles using the three temperature measurement approaches on a 37 CB was 

compared. That is, the thermocouple approach was used to validate the mathematical model 

and the resistivity approach. Note that in most cases, the worst-case scenario of cable bundle 

heating was chosen because, in some typical hidden insulated pathway systems, the cable bundle 

will generally be larger than a 37 CB and installed inside a conduit before being placed under 

the floor or ground or inside wall and so on. Also, as climatic conditions and installation 

environments vary all over the world, knowing the results of the worst-case scenario, the effects 

of a higher power in restricted heat dissipation environments can be considered or avoided. 

 

Summary of the results of the cable bundle heating assessment 

Results from these sets of experiments showed that the maximum temperature rise above 

ambient temperature occurred in the centre of each cable bundle. Also, the CBs heated in the 

free air environment generated less temperature rise than the CBs under insulated heating. It was 

observed that the resistance of the CBs increased due to heat, and the magnitude of the increase 

was directly proportional to the temperature rise in all the CBs. In addition, high power (100W) 

deployment over the bundled insulated unshielded Ethernet cables caused an extremely high 

temperature rise in the cable bundle. Category 5e cable (which has the smallest conductor 

diameter) produced the highest temperature rise during the free air heating test and failed along 

with other unshielded Ethernet cables due to the extreme heat build-up within the cable bundle. 

However, shielded cables such as Category 6 FTP, Category 6A F/UTP, Category 6A F/FTP 

and Category 7A S/FTP did not reach a point of failure when tested in the free air, and insulated 

environments at all power levels even though there was a temperature rise. Category 7A S/FTP 

cable with a large overall diameter and the lowest conductor resistance along with a large amount 

of screening generated the lowest temperature rise at 100Watts. Temperature rise in the shielded 

cable bundles met the standard limit of 60 0C at IEEE 802.3at power level and did not fail, even 

in the worst-case scenario of cable bundle heating. 

From the results in these sets of the experiment, it can be concluded that cable constructions 

(material and size) and installation environments play pivotal roles in the dissipation of the heat 

generated in cables used in PoE applications. Cables with larger conductor size and screened 

construction, such as an individual screening of the conductor pairs and overall screening, will 

likely generate lower temperatures. Furthermore, conductor material and the quality of the 
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conductor insulation (cables whose conductor insulation made from Fluoropolymers did not 

fail), as well as installation conditions, will determine the amount of heat generated and 

dissipated by a CB. Larger cable bundles tend to prevent free dissipation of heat, leading to heat 

ageing of the conductor insulating materials. Thus, factors such as overall screening, individual 

pair screening and conductor diameter influence the heat generation and dissipation properties 

of bundled Ethernet cables.  

Since it has been established that regardless of the amount of power transmitted through the 

CB, heating occurs within the cables and their surroundings due to the passage of the electrical 

current. Also, that installation condition and long-term thermal variation may affect the 

transmission performance of the cable. The second set of experiments was conducted to 

investigate the hypothesis. 

 

Summary of the results of the resistive heating conducted on Category 6A F/UTP PL 

 The first experiment in this set simulated the long-term effect of repeated electrical heating on 

the performance of Category 6A F/UTP PL. Repeated resistive heating affected both the 

electrical properties and transmission parameters of the Ethernet cables. Moreover, repeated 

resistive heating in the ventilated environment caused a minimal degradation to the performance 

of the PL whereas repeated resistive heating under insulation environment at high temperature 

caused severe degradation to the Category 6A F/UTP performance. Although it was observed 

that the heating of the cable improved the crosstalk performance slightly when the cable was 

heated and cooled repeatedly in the ventilated environment, the failure of Category 6A F/UTP 

PL was dominated by the RL, IL and crosstalk performance at 35 MHz when the cable was 

insulated and tightly bundled.  

 

Non -resistive heating tests results 

Summary of the results on the fully insulated Standard Category 6 U/UTP PL 

The experiments on the immediate and long-term effects of thermal variation on the performance 

of the fully insulated Standard Cat 6 U/UTP PL, established that the first few cycles of heating 

and cooling affected the performance of the Standard Cat 6 U/UTP cable and the impact of 
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thermal cycling within +200C to +700C affected the electrical performance of each pair 

differently. The impact was more pronounced during the cooling phase than the heating phase. 

The effective 휀𝑟 of the dielectrics of all the twisted pairs in the cable decreased permanently due 

to the cooling of the cable. Also, the electrical length of the cable decreased in response to 

thermal cycling between +200C and +700C. Furthermore, the decrease in electrical length of the 

cable resulted in an increase in the velocity factor of the conductor insulation while propagation 

delay decreased. The changes in the propagation delay caused changes in the delayed skew. The 

variations in the characteristic impedance of each pair caused reflections to occur, which was 

measured as RL. Moreover, a 450 phase shift was observed at the fundamental frequency of the 

RL signal on pair 7,8 while a 900 phase difference was observed at 34.5 MHz. As observed in 

the crosstalk performance measured during the repeated resistive heating test, an immediate 

change in the crosstalk performance of the fully insulated Standard Category 6 U/UTP cable was 

also observed. Lastly, the PSACR-N performance of the cable was more affected during the 

heating phase than the cooling phase; although it was found that the PSACR-N of the cable 

improved after a few heating and cooling cycles due to some chemical reactions in the dielectric 

material (hysteresis). In the second phase of the full cable bundle heating tests that investigated 

the effects of thermal cycling between +200C and +1200C, the thermal impact at an extended 

temperature of about 1200C caused the electrical length of each twisted pair in the Category 6 

U/UTP cable to decrease more with the highest decrease measured at room temperature. It was 

observed that the cable had a partial recovery from the combination of stresses when left 

unpowered for some days. Moreover, after the initial failure of the PL, the cyclic performance 

of the fully insulated Standard Cat 6 cable was observed. The heating of the cable to a higher 

temperature of 1200C caused the loss of the link at room temperature and a DC contact resistance 

issue which of course resulted in poor intra-pair resistance unbalance between the split pair, pair 

3,6.  

 

Summary of the results for the portion insulated Category 6 U/UTP CMP PL 

For the experiment conducted on the portion insulated Category 6 CMP cable, the result showed 

that the baseline RL performance of the Cat 6 U/UTP CMP PL was a marginal pass with a 

marginal value of 0.8 dB at 22.50C. However, the first heating and cooling of the cable caused 

an accentuated decrease in the performance of the cable. Furthermore, after heating and cooling 

the middle portion of the cable repeatedly for five times, the RL performance of the cable failed 
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for the first time at 200C. The initial partial recovery of the cable from the failure was observed 

at temperatures close to the room temperature, while subsequent failure and recovery 

temperatures accelerated towards higher temperature after the electrical length of the cable had 

decreased. The RL marginal values and the cyclic behaviour of its corresponding failure 

temperatures drifted towards the higher temperature, which portends degradation in the 

performance of the PL. Furthermore, the reduction in the electrical length of the cable was 

observed during prolonged thermal cycling. The extracted effective 휀𝑟 of the conductor 

insulation also confirmed that the electrical length of the cable had decreased. The decrease in 

the length of the cable caused a proportional decrease in the propagation delay of the cable. In 

addition, because the propagation delay had decreased, the velocity factor of the conductor 

insulation of the cable also increased. Moreover, the timing difference also caused the signal 

skew on all the twisted pairs except the shortest pair in the cable. Electrical length mismatches 

towards the end of each line and impedance variations at the reference plane of each of the lines 

were observed. Moreover, the observed impedance at the mating of the RJ45 plug and jack and 

that of the thermally insulated portion of the cable show impedance mismatches along the whole 

length of the PL, which of course caused multiple reflections on the PL and contributed to the 

increased insertion loss of the PL. An increase in insertion loss of ~8% per degree was observed 

while return loss decreased by ~6.8% per degree for the 24 thermal cycles conducted within the 

specified operating temperature of PoE. The mismatches in the electrical length of the twisted 

pair which caused a delay in the arrival of the pulse signal at the end of the link also caused the 

phase shifts from cycle to cycle. NEXT resonance was observed at the point where the electrical 

length decreased. RL echo was also observed after the electrical length decreased. Crosstalk 

attenuation at the heated portion of the cable decreased initially during the first heating of the 

cable but increased progressively afterwards until cycle 15 before decreasing again. In addition, 

the crosstalk which was not initially present at the reference plane of the cable, (mating at the 

RJ45 connector) was observed to increase rapidly from the point where the electrical length 

decreased. Furthermore, the TCL and ELTCTL of the PL revealed some mode conversion as a 

result of the imbalances in the structure of the twisted pairs during the thermal cycling tests. 

Also, the equivalent differential mode noise voltages for the TCL values of the cable revealed a 

voltage spike where the electrical length decreased. In addition, the ELTCTL showed a “ghost-

like” resonances at the critical points: at cycle 5 where the first RL failure occurred, at cycle 11 

which is the transition between the daily thermal cycling and weekly thermal cycling and finally, 

at cycle 15 where the electrical length of the cable decreased. The CDNEXT at the main side of 

the PL showed some distinctive resonances from cycle 13 to cycle 15 where the electrical length 
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of the cable decreased, and delay skew was observed. It was found that the first heating of the 

cable caused the CDNEXT value of the PL to decrease by 30.9 dB while subsequent heating 

cycles up to the last heating cycle caused just a decrease of 4.2 dB. The ACR-N, which is an 

important parameter for evaluating the Signal-to-Noise Ratio (SNR) of a cabling system was 

significantly affected during the first heating and cooling of the cable. Lastly, it was observed 

that the ACR-N value decreased by 3.1 dB during the first heating of the cable while the 

subsequent heating cycles caused a decrease of 0.7 dB. 

 

Summary of the results for the portion insulated Category 6A F/UTP PL 

For the experiment investigating the long-term effects of thermal variation on the performance of 

portion insulated Category 6A F/UTP, the electrical length of the shortest pair of the Category 6A 

F/UTP, pair 1,2 decreased permanently due to prolonged thermal cycling. Also, the reduction in the 

electrical length of the cable caused the propagation delay of the cable to decrease and the velocity 

factor of the conductor insulation to increase. Signal skew was observed based on the changes in 

the propagation delay of the cable. Impedance discontinuity at the 19.5 m location on the shortest 

twisted pair (pair 1,2) in the cable was observed.  The amplitude of the discontinuity increased by 

0.65 % at the transition point to the prolonged heating (cycle 21) and by 0.79 % due to the cooling 

of the cable after the heating cycle 21. Other discontinuities at 11.5m and 15.5m on pair 1,2 

generated RL echoes and spurious resonances during heating cycle 2 and 39. Moreover, the 

extraction of the primary line constants from the obtained impedance profile of the link revealed 

that the impedance of pair 1,2 at 19.5 m location decreased due to an increased unit capacitance 

while the increased impedance at 15.5 m was due to an increase in the unit inductance of the twisted 

pair. The obtained impedance profile of the longest pair in the cable (pair 3,6) was observed to be 

distinct during cycle 2 and 39. Furthermore, it was observed that the impedance bridging on the PL 

due to the localised heating of the cable caused the thermal push and pull of the dielectric, which 

further caused the observed electrical length mismatches towards the end of the PL. More also, the 

impedance profile of the heated and unheated portions of the cable shows some impedance 

mismatches which contributed to the poor RL performance of the PL in general.  

As observed in the crosstalk performance of the standard Category 6 U/UTP and Category 6 U/UTP 

CMP cables, crosstalk performance between the longest and shortest pair in the Category 6A F/UTP 

cable was also observed to be better due to the heating of the cable in comparison to the measured 

crosstalk performance due to the cooling of the cable. More also, it was found that the crosstalk 
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performance of the portion insulated cables was initially worse during the first few heating and 

cooling cycles, but improved afterwards due to some chemical reaction in the conductor insulation. 

Long-term thermal variation and installation condition caused the RL value of pair 1,2 to decrease 

progressively from its baseline value, whereas the effects of thermal cycling and installation 

condition caused the IL performance of the Category 6A F/UTP PL to increase progressively. 

Although the RL values decreased from the first thermal cycle (cycle 1) up to the last thermal cycle 

(cycle 40), it was observed that the worst RL performance of the Category 6A F/UTP PL was within 

the first heating and cooling of the cable. Furthermore, comparing the RL performance due to the 

heating and cooling of the cable, it was found that the RL performance was more affected due to 

the cooling of the cable than heating. Also, the RL value at the main of the PL was found to be 

lower in comparison to the RL value measured at the remote side of the PL. The maximum reduction 

in the RL value due to the 40 thermal cycles conducted was observed to be 1 % per degree, whereas 

the maximum IL increase due to the 40 thermal cycles conducted was observed to be 9.2 % per 

degree. The PSACR-N performance of the Category 6A F/UTP PL decreased progressively due to 

the effect of thermal variation and installation condition, but in general, the PSACR-N performance 

of the PL was found to be lower during the heating of the cable in comparison to the values obtained 

due to the cooling of the cable. The Feature Selective Validation tool was used to validate the long-

term performance degradation of the Category 6A F/UTP PL. The comparison of the baseline 

performance with the long-term performance of the Category 6A F/UTP PL showed a fair 

agreement, which implies a deviation from the baseline performance of the PL.  More also, the 

quantification of the RL and IL degradation using the ISO standard agreed with the quantification 

of the degradation made using the TIA standard. The last study conducted on the portion insulated 

Category 6A F/UTP PL was using the Scanning Electron Microscope (SEM) to investigate the 

deformation in the conductor insulation of a twisted pair sample. The SEM results revealed the 

deformation in the conductor insulation of the twisted pair sample. Furthermore, the adhesion of the 

twisted pair conductor insulator to its copper conductor was observed to be affected near the end of 

the twisted pair sample, of which justifies the observed thermal push and pull effects seen in the 

HDTDR plots of the cable performance.  
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Investigation of the Ethernet cable dielectric properties 

 The last study conducted in this research examined the properties of Ethernet cabling dielectrics 

to understand some of the root causes of the observed Ethernet cable performance degradation. In 

this regard, Rectangular Resonant Cavities were designed and fabricated based on the Cavity 

Perturbation Method (CPM). The verification and validation of the accurate sample position inside 

the simulated and fabricated cavities were carried out. After that,  the cavities were used to assess 

the baseline dielectric properties of different Ethernet cable dielectrics. Moreover, the immediate 

effects of an increase in temperature to 650C and continuous 30-day heating at this temperature 

were examined on the 휀𝑟 of the extracted FEP at 2.4 and 5 GHz. The last study in the dielectric 

measurement section examined the drifts in the dielectric properties of the extracted FEP sample 

at 2.4 GHz as functions of intermittent and prolonged thermal cycling to establish correlations 

between the drifts in the transmission parameters of the Category 6 U/UTP CMP cable and its 

dielectric properties. 

 The study demonstrated the potential of using a method based on the Cavity Perturbation Method 

in the validation of the extracted Velocity Factor of different Ethernet cables based on measured 

electrical characteristics of the PLs. The designed cavities were able to measure the 휀𝑟 of the FEP 

and the value obtained was found to be in good agreement with the published 휀𝑟 of FEP. Also, the 

baseline 휀𝑟 of the extracted FEP was found to remain consistent across three frequencies (1GHz, 

2.4 GHz and 5 GHz) at room temperature based on its low loss and non-dispersive nature. The 

increase in temperature to ~650C caused an immediate frequency shift in the resonance of the loaded 

2.4 and 5 GHz cavity, while sustained heating at this temperature caused a further frequency shift 

in the resonance of the loaded cavities. The 휀𝑟 of the extracted FEP rod sample from Category 6 

U/UTP CMP cable increased as a consequence of prolonged thermal cycling, particularly during 

the cooling phase, which suggests the root cause of the poor RL performance observed during the 

cooling phase. Moreover, thermal cycling between 600C and room temperature caused the 휀𝑟 of 

FEP to fluctuate depending on the phase i.e. cooling or heating. Furthermore, the bandwidth of the 

loaded cavity increased in response to the prolonged thermal cycling of the sample as compared to 

the measured bandwidth during the intermittent heating of the sample. This means that dielectric 

loss will be more accentuated by prolonged thermal cycling. The increased tan𝛿 of the FEP during 

thermal cycling also indicate that Insertion Loss (IL) performance degradation of the Ethernet cables 

will increase during the heating and cooling process in Ethernet cables. Although on a long-term, 

IL performance will drift due to the cooling of the cable and thermal cycling. Also, there will be 

more IL performance degradation during temperature rise. Thus, it could be inferred that the long-
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term effect of thermal variation on the cable conductor insulation has a direct effect on the long-

term performance of Balanced Twisted Pair Cables. Also, from the observed CDNEXT performance 

of the Category 6 U/UTP CMP PL, it is apparent that the connection end of the PL plays a significant 

role in the performance of the PL within the first thermal cycling of the cable. Obviously, these 

statements raise an important question: how can PoE infrastructure be intelligently managed? 

 

10.2 Recommendations 

Remote powering is a fact of networked life. Ageing and degradation are to be expected during 

remote powering operations, but it can be minimised by avoiding extreme temperatures. To reduce 

the effects of cable bundle temperature, several factors contributing to the heat generation could be 

controlled during the manufacturing process. For instance, twisted pair cables with better 

construction (good polymers and larger conductor diameter and screening) will enhance the heat 

dissipation. Similarly, larger conductor size (e.g. AWG 22) has low resistance, therefore, will 

generate less heat. The material of the conductor is also important. As much as possible, Copper 

Clad Aluminium (CCA) cables should be avoided for remote powering applications, as aluminium 

has higher resistance in comparison to copper. Furthermore, the results from the resistive heating in 

lower cable bundle sizes; showed that power capabilities of structured cabling could be enhanced 

with a reduction in the cable bundle sizes. In practical terms, this implies the separation of large 

cable bundles into smaller bundles and avoiding tight bundles to allow free dissipation of the heat 

generated within the cable bundle in service. The research equally demonstrated that both the 

immediate and long-term, thermal variations affect the performance of Balanced Twisted Pair 

cables. While changes to the performance of the lower category of cables within the ‘usual’ range 

of temperatures can modify the performance profile, these are generally within specification except 

for the inferior/dodgy cables. However, should the temperature exceed 600C, the performance of 

the cable under tight cable bundling and full cable bundle insulation conditions will be off the 

standard limit. Also, while different types of Ethernet cables can be deployed for remote powering 

operations, it is essential to install efficient high bandwidth shielded cables for the upcoming 

connectivity. Ethernet cables should be robust enough to withstand temperature fluctuations and 

fulfil at least their designed working life. This means that Balanced Twisted Pair cable should be 

designed with Fluoropolymers and rated to transmit high DC power (100 𝑊𝑎𝑡𝑡𝑠) and high 

frequency (≥10 GB/s) data. This can be achieved by ensuring good material composition and 

polymer processing. Given that heat rise as a function of the conductor insulation, a material 
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composition such as fluoropolymers will enhance heat dissipation in the cable. In particular, the 

composition of the insulating material for single-pair Ethernet cables to be deployed in heavy 

industrial environments should be ruggedized, as it is possible for the industrial robots to run over 

the cables during operation. 

As bandwidth demands increase and more powered devices are added to the network, it is 

appropriate to ‘futureproof’ the cabling infrastructure for both higher-speed applications and more 

power demand, to avoid the replacement of the installed cables. This may involve the deployment 

of the higher categories of cables with enhanced dielectric materials. Furthermore, this study has 

demonstrated that the electrical length of twisted pair copper cable decreased during the phase 

change, between intermittent and prolonged thermal cycling.  Also, as one the major sources of 

noise and mode conversion is a change in the electrical length of the cable, robustness needs to be 

put into the chemical composition of Ethernet cable dielectrics to withstand the variation in the 

weather and operating conditions. More also, an important property needed for the insulated copper 

conductor is high interfacial adhesion to metal surfaces. Thus, this should be given special 

consideration in cabling design to avoid dielectric fracture at the termination points. Also, as phase 

stability is required for the correct operation of any system, cable manufacturers should provide 

phase stability data for the balanced twisted pair cables in the datasheets. More also, crosstalk 

between the longest and shortest pair in the cable seems to be the highest crosstalk observed during 

the thermal cycling test. Thus, deviation from the ideal conductor twisting and unequal lengths of 

the twisted pair may not eliminate crosstalk between pairs caused by the portion insulation condition 

and thermal variations that change the alignment of the twisted pair. Hence, it is important to resolve 

the electrical length mismatches that were observed. As much as possible, the length of each pair in 

the cable can be made equal while the dielectric constant of the conductor insulation is made to be 

as close as possible to that of air. In addition, the untwisting of the pair in the termination area to a 

large extent or pigtailing should be avoided as these contribute to the poor crosstalk performance.  

The use of the higher categories of cabling does not foreclose the complimentary use of the superb 

lower cabling categories as they still support applications under IEEE802.3af and IEEE 802.3at. 

When higher power cable is to be deployed, it is recommended that the length of the cable link 

should be short/reduced, since this has some advantages such as, a reduction in the resistance which 

ensure less power dissipation and higher signal strength. Moreover, given that installation 

environments play pivotal roles in the dissipation of the heat generated, it is recommended that 

simulations also need to include data cable pathway temperature simulation, which includes 

potential self-heating effects and those areas with greater risk of excess heat. For instance, cable 
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bundles for remote powering end equipment passing through a non-air-conditioned building roof 

space may experience temperature exceeding 100 degrees Centigrade. This has an implication on 

the integration of cabling within building design. As data services in ‘smart’ buildings become more 

fundamental to the operation and management of the building, health monitoring and management 

of the data infrastructure becomes vital to ensuring that other services and operations of the building 

do not become impaired. Also, it is typical that new buildings will be modeled for airflow, 

insulation, and temperature (for the comfort of those who use the building). Hence, support 

structures and pathways should be designed to provide greater airflow. If the cables must pass 

through insulated walls or fire stopping areas, for instance, heatsink should be provided around the 

insulated portion of the cable that is thermally insulated. Also, as high ambient temperature limits 

the current carrying capacity of the cables by limiting the amount of self-heating that can be 

tolerated before the temperature rating of the conductor insulation is reached, cables should be kept 

ventilated by loosely grouping cables to avoid tight bundles.  

Furthermore, given that the average length of an electric vehicle is 2 m and the length of the single 

pair cable installed in an automotive environment could be up to 1000 m, it is likely that the cable 

will be bent around the car. In this case, return loss performance will be a critical parameter to 

consider when looping the cable around the car. 

 Given that an immediate and permanent change in the performance of the cables under test and 

their dielectrics have been observed in this research work, it is suggested that the newly designed 

cables should be pre-aged prior to installation and then rechecked that they still meet specifications. 

Also, it may be appropriate to retest the links after the installation. If possible, the certification test 

should be conducted after performing three thermal cycling on the newly installed cable by 

considering the maximum temperature rating of the cable conductor insulation. Finally, the field 

testers should be configured or programmed to be able to detect any nominal length correctly and 

report the exact changes in the Nominal Velocity of Propagation (NVP) value as a result of any 

changes to the dielectric constant of the conductor insulation of the installed cables. 
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10.3 Further work 

Future work will investigate the impact of thermal variation and localised heating on cross mode 

conversion in single pair Ethernet cabling using four-port Vector Network Analyser. In particular, 

the per unit length transmission line parameters of the cable will be extracted to draw some 

conclusions on the ageing of the cabling system. Also, given that the attenuation constant is a 

function of both dielectric and conductor loss, future work will examine and analytically relate the 

contributions of the changes in the dielectric behaviour and increased conductor resistance to the 

degradation in the insertion loss performance of the PoE PL. Furthermore, having determined the 

changes in the Return Loss performance of the cables understudy, future work will examine the 

impact of jitter on data-signal speeds to verify the quality of the transmitted data based on the effects 

of thermal variation and localised heating. Lastly, future work will develop or use an Arrhenius 

model to predict the thermal life expectancy of a single pair Ethernet cable as used in industrial and 

automotive applications. 
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Appendices  

Appendix A 

 

 

 

 

 

 

 

Maximum temperature rise for all the CBs (Free air heating test results)  

Cable 

Types 

Cable 

diameter 

(mm) 

Conductor 

diameter 

(AWG) 

Power 

(Watts) 

Temperature (0C) profile for all the CBs. 

Free air heating results 

 

T1 T2a T3 T2b T2c T2d  

 

Cat5e 

U/UTP 

 

5.2 

 

24 

34.2 14.21 14.39 13.79 13.4 11.8 10.02  

Solid 

Polyethylene 

60 25.09 25.52 24.57 24.02 21.33 18.08 

100 40.38 41.02 39.62 38.63 34.29 28.73 

           

 

Cat6 CCA 

 

- 

 

- 

34.2 16.23 16.20 15.86 15.23 12.86 9.99  

- 60 28.60 28.48 27.99 27.09 23.07 16.81 

100 45.50 46.01 44.81 44.16 36.92 26.93 

           

Reduced 

diameter or 

HD Cat6 

U/UTP 

 

- 

 

- 

34.2 14.73 14.78 14.31 13.7 12.48 14.73  

- 60 25.65 26.24 25.78 24.66 21.49 25.65 

100 41.12 42.09 41.38 39.77 34.83 41.12 

           

 

Cat6 U/UTP 

 

6.2 

 

23 

34.2 14.02 15.89 14.45 15.3 14.17 11.5  

- 60 22.9 26.2 23.77 25.35 23.39 18.22 

100 35.16 40.67 36.82 39.38 36.36 27.1 

           

 

Cat6 F/UTP 

 

7.2 

 

23 

34.2 11.18 11.29 10.27 11.02 8.99 8.72  

- 60 18.45 18.73 17.11 18.53 15.40 14.81 

100 28.87 29.48 27.13 29.46 24.26 23.03 

           

 

Cat6A F/FTP 

 

 

6.9 

 

23 

34.2 11.21 11.02 10.71 10.35 9.68 11.21  

Foamed 

Polyethylene 

60 19.20 18.87 18.51 17.94 16.97 19.20 

100 30.52 30.21 29.62 28.94 27.56 30.52 

           

 

Cat7A S/FTP 

 

7.8 

 

23 

34.2 9.86 9.98 9.64 9.76 8.39 8.03 Foam Skin 

HDPE 

material 

60 17.35 17.71 17.25 17.6 15.08 14.06 

100 27.57 28.28 27.42 28.31 24.24 22.69 
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Appendix B 

 

 Maximum temperature rise for all the CBs (Insulation heating test results)  

Cable 

Types 

Cable 

diameter 

Conductor 

diameter 

Power 

(Watts) 

Temperature (0C) profile for all the CBs. 

Free air heating results 

 

T1 T2a T3 T2b T2c T2d  

 

Cat5e 

U/UTP 

 

5.2 

 

24 

34.2 52.04 51.06 50.89 49.84 47.94 45.93  

Solid 

Polyethylene 

60 88.26 86.6 86.19 84.8 81.84 78.93 

100 117.61 114.10 115.51 108.02 104.14 100.92 

           

 

Cat6 CCA 

 

- 

 

- 

34.2 39.91 40.73 39.9 40.08 37.54 34.08  

- 60 68.84 70.6 70.4 69.58 59.41 59.95 

100 111.62 115.19 114.75 114.29 109.5 100.95 

           

Reduced 

diameter 

or 

HD Cat6 

U/UTP 

 

 

- 

 

 

- 

34.2 43.24 43.79 42.83 42.65 40.76 39.4  

- 60 80.99 82.82 80.95 81.17 77.93 75.44 

100 112.16 114.55 112.44 113.66 108.15 109.04 

           

 

Cat6 

U/UTP 

 

6.2 

 

23 

34.2 45.42 46.01 44.15 45.39 44.29 41.39  

- 60 76.34 77.55 73.91 76.92 75.26 70.85 

80 104.66 106.8 101.58 106.14 104.25 99.11 

100 112.62 114.34 110.11 113.35 111.37 107.96 

           

 

 

Cat6 

F/UTP 

 

 

7.2 

 

 

23 

34.2 42.10 42.77 40.41 42.66 38.87 40.16  

 

 

- 

60 69.24 70.16 66.77 70.23 64.34 66.15 

80 90.22 91.30 87.23 91.44 84.61 86.57 

90 97.40 98.67 94.24 98.75 91.61 94.21 

100 106.39 107.98 103.16 108 100.67 126.7 

   107 111.53 113.25 108.32 113.15 106.89 109.26 

           

 

Cat6A 

F/FTP 

 

 

6.9 

 

23 

34.2 36.74 39.67 38.87 39.03 37.72 36.74  

Foamed 

Polyethylene 

60 68.06 70.8 69.31 70.12 69.02 68.06 

100 101.59 103.85 103.77 103.12 100.82 101.59 

           

 

Cat7A 

S/FTP 

 

7.8 

 

23 

34.2 39.14 40.25 38.95 39.83 38.43 37.70  

Foam Skin 

HDPE 

material 

60 63.68 65.65 63.94 65.33 63.44 62.00 

100 96.04 98.67 96.43 98.49 96.41 94.29 

   120 106.36 108.42 106.25 108.23 106.1 103.98 


