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Abstract 

 

The proliferation of very high throughput satellite systems offering Terabit/s of system 

capacities, puts a large strain on the gateway feeder link requirements. This is leading to the 

exploitation and use of communication link systems using higher frequencies for data 

transmission, as it offers a larger bandwidth than the traditional Ka-band channels. Even with 

the exploitation of the Q/V-band (40/50 GHz), the number of required gateways may be such 

that the cost of the ground segment exceeds the cost of the satellite. The use of W-band (70/80 

GHz) as an additional feeder link frequency band in future very high throughput satellite 

systems could significantly reduce the cost of the ground segment. This would also offer an 

opportunity for the user links to migrate to higher frequencies, improving their capacity and 

helping into decongesting the current occupied channels. Atmospheric impairments, including 

sky noise, play a major role towards the design of future satellite systems and their mitigation 

techniques as higher bands magnify these impairments.  

Within this thesis, an overview of the current communication satellite systems, propagation 

campaign heritage and current atmospheric impairment models is shown. Furthermore, the 

design and development of a geostationary beacon payload for propagation measurements 

premiering W-band is shown. Ground receivers are also significant towards the collection of 

propagation measurements. The design, development and implementation of such a receiver at 

Ka-band is shown. Moreover, beacon measurements at Ka- and Q-band using the Aldo 

Paraboni payload are processed to reflect excess and total atmospheric fading respectively. 

Concurrent recordings of the sky noise enable radiometric measurements from the 

implemented receiver terminals, which can enable sky monitoring. Calibration of the noise 

channel at Q-band and validation of the fading with that from a beacon power measurement is 

also shown. 
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Chapter 1 

 

1 Introduction 

 

The number of communication satellites have dramatically increased during the past 

decade. This is due to the notion of connecting and sharing our experiences and 

knowledge across the world. It is estimated that there were 1,145 million wired broadband 

connections in 2019 with a reported 4.1 billion people using the internet [1]. These 

broadband connections are used for a range of applications such as social media 

connectivity, music streaming, HD and 4K video streaming to name a few. In particular, 

the European Commission under the Digital Agenda for Europe from 2020 and onwards 

has foreseen that households will have internet connections beyond 30 Mbps  [2]. 

Furthermore, 50% of households shall be able to subscribe to connections above 100 

Mbps and key infrastructures like hospitals, airports and schools shall have access to 

connections above 1 Gbps [2] [3]. In most cases these would be serviced by the terrestrial 

infrastructure. However, it can be assumed that 5%-15%, depending on region, would not 

be able to be connected via the existing terrestrial infrastructure [4]. In such a case, future 

very high throughput satellite (VHTS) systems would be a solution.  

Currently, most end user satellites operate in the microwave region with frequencies up-

to Ku-band while gateway feeder links operate in the mm-wave region (at Ka-band) as 

well. Since the beginning of the millennium, communication satellites have started to 

migrate to Ka-band frequencies, beginning with the Spaceway F1 satellite 2005 [5]. The 

last decade has also seen an increase in Ka-band satellite payloads in an effort to achieve 

high throughput satellite (HTS) system throughputs. Upcoming VHTS systems such as 

ViaSat-3 [6], will still utilise  Ka-band frequencies to achieve the demand in capacity. In 

order for the ground station gateways to have an acceptable quality of service, additional 

gateways will be required which would increase the network cost. An acceptable solution 

would be the use of higher mm-wave bands such as the Q-, V- and W-band since there is 

more available bandwidth compared to the existing infrastructure.  

A potential architecture of a VHTS system is shown in Figure 1-1. Gateway feeder links 

in Figure 1-1 utilise V- and W-band for the downlink and uplink respectively and can 
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offer higher bandwidths than the traditional Ka-band channels. Furthermore, in Figure 

1-1 the user link which can include video broadcasting and internet access now utilises 

the decongested Ka-band channels that are less susceptible to atmospheric impairments. 

As for the higher frequency gateway feeder links, smart gateway diversity can be utilised 

to tackle atmospheric impairments. 

 

Figure 1-1: Potential architecture of a VHTS system 

A constraint is that of the electromagnetic wave propagation through the atmosphere at 

these higher frequencies (Q-, V- W-band). Signal impairments increase with increasing 

frequency and previous propagation campaign satellites such as the ITALSAT, 

OLYMPUS and Alphasat have provided useful data for frequencies up to V-band. 

Furthermore, different regions have seasonal and diurnal variability which could affect 

the performance and availability of a satellite channel. Therefore, propagation studies 

especially at higher frequencies like W-band, where the field is still virgin in terms of 

satellite channel links, need to be conducted ahead of any satellite payload mission. ESA 

is currently working towards experimentally characterising the atmospheric impairments 

at W-band with a CubeSat [7] and potentially a geostationary satellite mission [8].  

In recent years, traditional radio communication system hardware such as filters, mixers, 

and modulators have been implemented digitally via software. The use of software 
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defined radio (SDR), to replace hardware components with software has resulted in a cost 

effective solution to receivers and transmitters through the use of universal software radio 

peripheral (USRP) [9] [10]. This has enabled a number of ground terminals using SDR 

to monitor atmospheric impairments in several European locations such as  Greece [11], 

Italy [12], Spain [13], Portugal [14], Slovenia [15] and Scotland [16]. SDR receivers have 

also made possible the conversion of these terminals into radiometers, able to monitor the 

atmosphere [17].  

Therefore, to migrate gateway feeder links and end users to mm-waves, there is a need to 

study and characterise the atmospheric fading to estimate the viability and channel 

performance. Sections 1.1, 1.2 and 1.3 provide a background on communication satellites 

and future satellite gateways, propagation campaign payload heritage, and atmospheric 

propagation impairments respectively. Section 1.4 states the thesis motivation and 

outline. 

 

1.1 Communication Satellites and Future Satellite Gateways  

 

The last decade has witnessed growth in the number of launches of high throughput 

satellite (HTS) systems. Moreover, the next generation of very high throughput satellite 

(VHTS) systems will offer ten times the throughput of current HTS systems. These are 

currently achieved with the use of the Ka-band frequency band. The demand for high 

service and quality satellite connection is ever increasing and is also very much cost 

driven. Currently there is a high cost in the satellite gateway feeder links. The cost could 

be decreased by reducing the number of gateways and could be achieved with higher 

bandwidth satellite channels. Gateways could be operated in the Q-, V- and W-band 

where available uplink and downlink bandwidth is more than 5 GHz which is twice as 

much as what Ka-band can offer according to the International Telecommunication Union 

(ITU) [18], [19]. 

Back in 1962, satellite frequency allocation for communication services across Europe 

started at C-band, a window of 4-8 GHz, and was primarily used for full-time satellite TV 

networks or raw satellite feeds [20]. The Telstar satellite relayed through space the first 

live transatlantic television feed. Telstar at the time had a payload with an uplink at 6 

GHz and a downlink at 4 GHz [21]. Currently, satellite communications in Europe utilise 
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Ku- and Ka-bands with frequency ranges of 12-18 GHz and 18-40 GHz respectively [20]. 

A factor when selecting the communication band is the regional weather. During rainfall, 

the atmosphere has higher absorption and scattering, resulting in higher signal fading 

[22]. Furthermore, atmospheric fading rises with transmissions at shorter wavelengths 

[22]. Therefore, lower bands are more commonly used in areas with high rainfall in 

comparison to higher bands since the availability of the channel will be higher.  

A question is raised on the use of shorter wavelengths for satellite communications since 

weather events can cause degradation of the channel. As usual, one of the trade-offs is 

that between the channel availability and capacity. With higher frequencies such as those 

in the Ka-band and beyond, more bandwidth is available and therefore higher capacities 

can be achieved. Currently, we are in the era of HTS systems, which can provide network 

capacities in the range of 100 Gbps. To achieve such capacities,  payloads often deploy 

antennas that offer narrowly focused beams to achieve higher gains as well as higher 

bandwidths due to the higher frequency of the payloads.   

Presently, Ka-band provides a good compromise in terms of available bandwidth and 

channel performance at a reasonable cost. In the past decade there has been an increase 

in HTSs at Ka-band. In 2011 and 2012, the HTS ViaSat-1 [23] and EchoStar XVII [24] 

were launched, with a total throughput of 140 Gbps and 120 Gbps respectively. This was 

followed in 2016 by the EchoStar family with XIX [25] which had a total throughput of 

200 Gbps while ViaSat-2 [26] was launched a year after with 260 Gbps of total 

throughput. Eutelsat also launched Ka-Sat with a total throughput of 90 Gbps [27]. Now, 

the technology is pushing towards VHTS systems able to deliver up to 1Tbps with ViaSat-

3 which is planned to be launched between 2021-2022 [6]. The above satellites operate 

at Ka-band frequencies and are listed in Table 1-1.  

User links could be assigned all available Ka-band resources. This would mean that the 

satellite gateways would need to be either relocated to another coverage zone or utilise 

another frequency band for the feeder link which could provide sufficient bandwidth. 

Since the former is often not appropriate, higher frequency feeder links in Q/V-band and 

beyond need to be exploited.  
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Table 1-1: HTS & VHTS launch dates and total throughput 

Satellite Launch 
Total Throughput 

(Gbps) 

Viasat-1 2011 140 

EchoStar XVII 2012 120 

EchoStar XIX 2016 200 

Ka-Sat 2016 90 

Viasat-2 2017 260 

Viasat-3 2021-2022 1000 

 

Q/V-band, a region at 33-75 GHz in the frequency spectrum, has been considered as a 

baseline for the next generation systems [28], [29] and the Q/V Lift project is currently 

working towards the scenario where a Q/V-band feeder link is exploited [4]. In summary, 

a Q/V-band feeder link (downlink channel at 37.5 – 42.5 GHz and uplink at 47.2 – 50.2 

and 50.4 – 52.4 GHz) provides sufficient bandwidth but suffers significantly from 

atmospheric fading due to adverse weather conditions, and smart gateway diversity 

concepts need to be deployed [30]–[33]. ESA is currently working towards characterising 

the atmospheric impairments at W-band(75 – 110 GHz) with a CubeSat [34] and 

potentially a geostationary (GEO) satellite mission [8], [35].  

The exploitation of frequency bands beyond Q/V could offer a substantial capacity 

increase for the needs of both public and private sector satellite services, and the next step 

will be to look at W-band [36]–[38] for satellite communications from geostationary and 

non-geostationary earth orbits.  

As mentioned above, the atmospheric losses and the atmospheric noise temperature (due 

to rain, water clouds and atmospheric gases) experienced at W-band will be more severe 

than at Ka-band. Nevertheless, an improved link availability can be achieved by proper 

selection of the ground station site and exploitation of the seasonal and diurnal variability 

or adopting fade mitigation techniques like site diversity, adaptive coding and 

modulation, antenna pattern reconfiguration or uplink power control. 
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Therefore, W-band system design and trade-offs require accurate propagation models and 

data. Current propagation models such as [39] and ITU-R recommendations [40] have 

been derived using past experimental satellite propagation campaigns at Ku-, Ka-, Q- and 

V-band [41]–[43]. Hence their applicability at W-band is in most cases rather limited. 

The use of W-band for space systems has been investigated [44] but so far no 

measurement campaign has been done.  Consequently, the possibilities for model 

development are quite limited and the accuracy of predictions for link budget analysis 

cannot be assessed. Hence, there is the need to start characterizing the W-band satellite 

propagation channel. 

 

1.2 Propagation Campaign Payload Heritage 

 

Over the past three decades, there have been three GEO satellite propagation campaigns 

in Europe. The first campaign started with the ITALSAT F1 payload launched in January 

1991 by the Italian Space Agency. The payload had a three-frequency plan with beacons 

at 20 GHz (Ka-Band), 40 GHz (Q-Band) and 50 GHz (V-Band). As seen from Figure 1-2, 

the lower band beacon at 20GHz had a coverage of only central Europe with the boresight 

point of the beam in Italy [41]. The 40 GHz and 50 GHz beacon had a larger coverage of 

Europe as seen from Figure 1-3 [41]. The polarisation was linear vertical, right hand 

circular and switched linear polarisation for the 20 GHz, 40 GHz and 50 GHz beacons 

respectively. The ITALSAT propagation campaigned was successful in the sense that the 

beacons were online until January 2001 [45].  
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Figure 1-2: ITALSAT F1 Ka-band payload antenna coverage copied from [41] 

 

 

Figure 1-3: ITALSAT F1 Q/V-band payload antenna coverage copied from [41] 

The Ka-band modulated beacon is a multiple of a 3737 MHz carrier generator which is 

multiplied by x5 with a frequency multiplier to form the 18.68 GHz signal. Figure 1-4, 

Figure 1-5 and Figure 1-6 provide the simplified block diagrams of the Ka-, Q- and W-

band upconverters [41], [46]. The millimetre wave beacons have a common local 

oscillator at 2474.5 MHz. The Q-band uses two x4 frequency multiplier to achieve its 

39.59 GHz signal while the V-band deploys a x5 and x4 frequency multipliers to achieve 
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its 49.49 GHz signal. V-band circular polarisation is achieved with the use of a millimetre 

wave polariser placed ahead of the antenna as shown in Figure 1-6. The V-band switched 

polarisation deployed a single pole double throw switch that switched at a rate of 933 Hz. 

The two outputs of the switch were connected to an orthomode transducer (OMT). An 

OMT is a three-port waveguide device that is often called a polariser duplexer as one of 

the ports provides vertical polarisation, the other horizontal polarisation and the third the 

combination. It is more often used in receiver terminals where the uplink and downlink 

signals are orthogonally polarised to each other and in this case; it is used to feed the 

antenna the linear and vertical polarisation at the switching rate as seen in Figure 1-6. The 

relevant amplifiers, couplers and filters were used in the upconverted chains. Moreover, 

all chains benefitted from a redundancy chain to mitigate for component failure during 

the campaign.  

 

 

Figure 1-4: ITALSAT F1 Ka-band payload block diagram copied from [41] 
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Figure 1-5: ITALSAT F1 Q-band payload block diagram copied from [41] 

 

Figure 1-6: ITALSAT F1 V-band payload block diagram copied from [41] 

The OLYMPUS propagation payload launched in 1989 in an effort to obtain experimental 

propagation data in the Ku- and Ka-bands across Europe. The payload had a three-

frequency plan with beacons at 12 GHz (Ku-band), 20 GHz (Ka-band) and 30 GHz (Ka-

band). As seen from Figure 1-7, the Ka-band beacons had a larger coverage of Europe in 

comparison to the ITALSAT campaign. The polarisation was linear vertical and switched 

linear polarisation for the 12 GHz, 30 GHz and 20 GHz beacons respectively. In August 

1993 the satellite began spinning and was deemed impossible to recover and was therefore 

decommissioned and removed from geostationary orbit [47].  
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Figure 1-7: OLYMPUS Ka-band payload antenna coverage copied from [48] 

All frequencies of the OLYMPUS payload originate from a common crystal oscillator at 

48.457 MHz which is multiplied sixfold with a frequency multiplier (290.742 MHz) to 

branch out at the Ku- and Ka-band up-conversion chains. The Ku-band chain uses a single 

x43 frequency multiplier to achieve its 12.5 GHz signal. The Ka-bands achieve a common 

frequency of 9.885 GHz through a x34 frequency multiplier. The 19.77 GHz and 29.66 

GHz frequencies are achieved through a x2 and x3 frequency multipliers. The lower Ka-

band beacon offered switched vertical and horizontal polarisation at a rate of 933 Hz 

which was achieved through a similar configuration of switching and an OMT as the 

ITALSAT V-band payload. The block diagram of the three-frequency payload can be 

seen in Figure 1-8 [48].  

 

Figure 1-8: OLYMPUS Ku- and Ka-band payload block diagram adapted from [48]  
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The current and ongoing European propagation satellite payload is that of Alphasat, 

which was launched in July 2013. The Alphasat TDP#5 payload was later renamed the 

‘Aldo Paraboni payload’ in honour of Professor Aldo Paraboni, who promoted the effort 

from the beginning but sadly passed away before its realisation [49]. The propagation 

payload offered a two-frequency plan at 19.701 GHz (Ka-Band) and 39.402 GHz. As 

seen from Figure 1-9, the Ka-band beacon offered coverage over Europe and the Tropics 

while the Q-band beacon only covered Europe. The polarisation is linear vertical and 45° 

tilted for the Ka- and Q-band respectively [50].  

 

Figure 1-9: Aldo Paraboni (Alphasat) Ka-band (right) and Q-band (left) payload 

antenna coverage copied from [51] 

The Aldo Paraboni payload utilised two oscillators connected to a common master 

oscillator mixed to form the Ka-band signal at 19.701 GHz. The Q-band payload was 

branched out through a coupler and a x2 frequency multiplier was used to convert it to 

39.402 GHz as seen from Figure 1-10. Both beacons had linear polarisations and therefore 

no switch or polariser like the previous campaign payloads was used. A redundancy 

payload was available in case of a component failure. Furthermore, given their critical 

role in delivering the correct power to the antenna, the high-power amplifiers had a 

redundancy [51].  
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Figure 1-10: Aldo Paraboni (Alphasat) Ka-band and Q-band payload block diagram 

copied from [51] 

Table 1-2, summarises the three propagation campaign payloads. It includes information 

on, frequency, polarisation, coverage, boresight location, Effective Isotropic Radiated 

Power (EIRP) and EIRP stability.  
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Table 1-2: Summary of propagation campaign payload specifications 

 ITALSAT OLYMPUS Aldo Paraboni 

Frequency 

(GHz) 
18.685 39.592 49.49 12.5 19.77 29.66 19.701 39.402 

Band Ka-Band Q-Band V-Band Ku-Band Ka-Band Ka-Band Ka-Band Q-Band 

Polarisation Linear V RHCP 
Linear 

H/V 
Linear V Linear H/V Linear V Linear V Linear tilt 45° 

Pol. Switching 

(Hz) 
N/A N/A 933 N/A 933 N/A N/A N/A 

Boresight 

Location 

Appr. 42°N 

12°E (IT) 

Appr. 50°N 11°E 

(DE) 
Appr. 46°N 2.8°E (FR) 32.5°N 20°E (LY) 45° N 9°E (IT) 

Coverage Italy Main Europe Europe Europe Europe and TC Europe 

EIRP (dBm) 55.9 58.8 56.6 43.1 61.7 57.7 49.5 56.5 

EIRP Stability 

24h (db) 
±1.25 ±0.55 ±0.65 ±0.25 ±0.4 ±0.86 ±0.5 ±0.5 
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1.3 Atmospheric Propagation Impairments 

 

The following sections look at the first order atmospheric propagation impairments 

(gaseous attenuation, cloud attenuation, rain attenuation, scintillation and depolarisation) 

including assessments of the current ITU-R models. The impairments include [52]: 

• Gaseous attenuation - An always present, slowly changing, component of total 

attenuation of the order of few dBs which depends on the elevation angle and the 

season. 

• Cloud attenuation - depending on the elevation angle and type of cloud can 

contribute significant loss to the total attenuation.  

• Rain attenuation - Rain attenuation is the dominant attenuation factor for systems 

operating at frequencies above 10GHz. In addition, for systems operating at Q/V 

and W-bands rain can considerably limit their availability and could result in 

unrealistic fade margin. Thus, the understanding of rain propagation 

characteristics is required for the link budget and propagation impairment 

mitigation techniques. 

• Scintillation - Caused by rapid fluctuations in the refractive index of the 

atmosphere. Scintillation effects occur on time scales under ~0.5 seconds and limit 

the performance of high data rate, complex modulation systems. 

• Depolarisation - Signal leakage between polarisations. 

 

1.3.1 Gaseous Attenuation 

 

As in the lower frequency Ku- and Ka-bands, atmospheric gases (water vapour and 

oxygen) affect radio wave propagation in the higher Q/V and W-bands. Figure 1-11 

shows the specific gaseous attenuation in the Q/V and W-band frequency ranges in 

comparison with the lower frequencies. The total specific gaseous attenuation includes 

the dry air and water vapour specific gaseous attenuation.  

The models currently recommended by the ITU-R (Rec. P.676) [53] for the prediction of 

gaseous attenuation along a slant path rely on solid physical bases and, as such, they are 

expected to provide reliable estimations at least up to 100 GHz. Since the ITU-R models 
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have only been validated for frequencies up to 50 GHz, further validation is recommended 

before their use for system design in W-band.   

 

Figure 1-11: Total (blue) and dry air (red) specific gaseous attenuation 

 

1.3.2 Cloud Attenuation 

 

Attenuation of electromagnetic radiation by liquid water cloud particles in the atmosphere 

becomes significant when transmission frequencies exceed 20 GHz. The attenuation 

increases with frequency, and with decreasing temperature. However, when the particles 

freeze, the attenuation level falls significantly because the dielectric constant of ice is 

nearly two orders of magnitude below that of liquid water [52]. 

Once the size of suspended water droplets in the clouds is smaller than the propagating 

wavelength, the Rayleigh approximation can be used for the computation of the extinction 

cross sections and, thus, the cloud attenuation depends only on the liquid water content, 

on the droplets’ temperature in addition to the frequency.  

In ITU-R (Rec. P.840) [54], cloud attenuation is calculated through an effective 

parameter, that is the reduced liquid water total content measured in kg/m2 or mm 

normalised to 00C. This parameter is a function of frequency, and its statistics are 

currently calculated by ITU-R in the 20–50 GHz band (but it can be recalculated in 

different frequency bands) and distributed through global maps. Cloud attenuation is then 
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obtained as a function of the reduced liquid water total content, the water permittivity, the 

frequency and the elevation angle.  

 

1.3.3 Rain Attenuation 

 

Rain attenuation is the dominant source of propagation impairment, especially at 

frequencies above about 20 GHz. The accurate determination of rain specific attenuation, 

𝛾𝑅, is not generally straightforward, requiring complex calculations of the forward 

scattering amplitudes, S(D) as a function of rain drop diameter D, which are then 

integrated with the rain drop size distribution (DSD), N(D), to yield the specific 

attenuation at a given rainfall rate. Involved in this process is additional information on 

the fall (terminal) velocity of rain drops, since the drop size distributions in use are not 

generally self-consistent. That is, they do not, when integrated with the raindrop fall 

velocity, yield the true rainfall rate, and normalization is generally required. 

This procedure can be approximated, however, by the simple power-law relationship: 

𝛾𝑅 = 4.343 × 10−3𝜆 ∫ 𝑁(𝐷)𝐼𝑚[𝑆(𝐷)}𝑑𝐷 ≃ 𝑘𝑅𝑎
𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

 (dB Km)⁄ (1.1) 

where λ is the wavelength. The above equation is used to cope with the temporal 

characteristics of the attenuation, namely to map statistically the rain rate to dB/km. The 

model for rain specific attenuation in Recommendation P.838-3 [55] is perhaps the most 

widely used method and is common to practically all models for both slant-path and 

terrestrial rain attenuation. 

Since no experimental measurements are available for Earth-to-satellite links at 

frequencies above 50 GHz against which the models’ performance can be tested, methods 

developed on solid physical bases should be preferred, because their estimation accuracy 

is not expected to depend markedly on the frequency. In this scenario, the Stratiform 

Convective EXponential CELL (SC EXCELL) [56] model represents one of the best 

candidates because of its physical nature and its very good overall prediction 

performance. 

Empirical methods, whose parameters are usually derived from the comparison with 

measurements, are less attractive in this context because they are not adequately ‘tested’ 
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against measurements above 50 GHz. However, the physical models are based on 

assumptions and have crucial parameters that have to be adjusted on measurements.  

Although the predictions of rain attenuation statistics using the ITU-R model and the SC 

EXCELL model are similar in the 17-50 GHz range, at W-band there is a significant 

inconsistency. For example, for a link in Madrid, operating at 81 GHz, vertically polarised 

and elevation angle of 39° the ITU-R model predicts ~20 dB more attenuation than the 

SC EXCELL model at 0.01%. This clearly shows that predictions based purely on models 

cannot be relied upon to accurately predict link performance at W-band.  

 

1.3.4 Scintillation 

 

Scintillations are fast fluctuations of the received signal amplitude with peak-to-peak time 

intervals spanning a few seconds period and limit the performance of high data rate, 

complex modulation systems. Moreover, it is worth noting that the dynamics of 

scintillation may interfere with tracking systems. They are associated with refractive 

index irregularities produced by tropospheric turbulence and with the wave extinction 

mechanism caused by rain. The clear air scintillations – which are much more severe at 

lower elevation angles – may produce degradations in low availability systems [52].  

The signal standard deviation, calculated during a stationary period of few minutes, 

depends on the turbulence structure index, increases with the frequency and with the path 

length and decreases when the antenna size increases because of aperture averaging. 

Scintillation measurements are required also for the lower than W-band frequency bands 

bearing in mind that the current ITU-R model (Rec. P.618) [57] is valid up to 20 GHz. 

 

1.3.5 Depolarisation 

 

The use of orthogonal polarisations permits, in principle, an increase in spectrum 

efficiency by the transmission of two independent channels in the same frequency band. 

In practice there are limitations imposed on this by propagation impairments that give rise 

to interference between such channels, as well as system impairments such as imperfect 

antennas. Focusing on the propagation effects, adaptive control of these depolarisation 
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phenomena demands adequate understanding of the physical mechanisms that cause 

them. 

Two quantities have been introduced in order to study the depolarisation phenomena: 

cross-polar isolation (XPI) and cross-polar discrimination (XPD). If ETx and ETy are the 

transmitted signals in the two orthogonal polarisations x and y, generally, the received 

signals are: ERxx, ERyx, ERxy, ERyy  where for the receiving signals notation the first index 

shows the transmitted polarisation and the second index the polarisation of the received 

signal, as shown in Figure 1-12.  

 

Figure 1-12: Representation of co-polarised and cross-polarised signals. The 

polarisations can be linear or circular – only linear polarisation is shown for clarity of 

illustration. 

The horizontal, 𝐶𝑃𝐴𝑋, and vertical, 𝐶𝑃𝐴𝑌, co-polar attenuation (CPA) in dB is the 

logarithmic ratio of the received electric field to the transmitted electric field of the 

equivalent polarisation. 

𝐶𝑃𝐴𝑋 = −20𝑙𝑜𝑔10 |
𝐸𝑅𝑋𝑋

𝐸𝑇𝑋
| (1.2𝑎) 

𝐶𝑃𝐴𝑌 = −20𝑙𝑜𝑔10 |
𝐸𝑅𝑌𝑌

𝐸𝑇𝑌
|  (1.2𝑏) 

 

The horizontal, 𝑋𝑃𝐷𝑋, and vertical, 𝑋𝑃𝐷𝑌, cross-polar discrimination in dB is the 

logarithmic ratio of the orthogonal received electric fields.  

𝑋𝑃𝐷𝑋 = 20𝑙𝑜𝑔10 |
𝐸𝑅𝑋𝑋

𝐸𝑅𝑋𝑌
| (1.3𝑎) 

ETX	
	

ETY	
	 ERYY	

	

ERYX	
	

ERXY	
	

ERXX	
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𝑋𝑃𝐷𝑌 = 20𝑙𝑜𝑔10 |
𝐸𝑅𝑌𝑌

𝐸𝑅𝑌𝑋
| (1.3𝑏) 

The horizontal, 𝑋𝑃𝐼𝑋, cross-polar isolation in dB is the logarithmic ratio of the received 

electric field in the x-plane to the received electric field in the y-plane. The vertical, 𝑋𝑃𝐼𝑌, 

cross-polar isolation in dB is the logarithmic ratio of the received electric field in the y-

plane to the received electric field in the x-plane. 

𝑋𝑃𝐼𝑋 = 20𝑙𝑜𝑔10 |
𝐸𝑅𝑋𝑋

𝐸𝑅𝑌𝑋
| (1.4𝑎) 

𝑋𝑃𝐼𝑌 = 20𝑙𝑜𝑔10 |
𝐸𝑅𝑌𝑌

𝐸𝑅𝑋𝑌
| (1.4𝑏) 

where, the total received electric fields 𝐸𝑅𝑋 and 𝐸𝑅𝑌 are: 

𝐸𝑅𝑋 =  𝐸𝑅𝑋𝑋 +  𝐸𝑅𝑌𝑋 (1.5𝑎) 

𝐸𝑅𝑌 =  𝐸𝑅𝑋𝑌 +  𝐸𝑅𝑌𝑌 (1.5𝑏) 

The two signal components used to determine XPI are received on the same polarisation 

whereas for XPD on orthogonal polarisations. The majority of existing propagation 

databases and consequently the prediction models refer to XPD – mono-polarised 

transmissions can provide measurements only of XPD. However, for the design of dual 

polarised communication systems, XPI is of interest. In this context, for propagation 

through rain, XPI has been shown theoretically to be equivalent to XPD if certain raindrop 

symmetry criteria are met. Furthermore, measurements at 19 GHz using the COMSTAR 

satellites confirmed this conclusion [58].  However, there have been limited 

depolarisation measurements in Europe at Ka and Q/V-band. 

The tropospheric particles that can contribute to depolarisation along a slant path are 

raindrops (non-spherical), melting particles and ice crystals. For rain, the simultaneous 

presence of attenuation in the co-polar channel has led to the development of models 

which derive the XPD from the CPA, the statistics of which have been more widely 

explored in the ITU-R Rec. P.618 [57]. However, there are difficulties in situations where 

there is significant ice depolarisation present on the path, regardless of the presence or 

absence of rain.  

Currently the ITU-R Rec. P.618-13 [57] accounts for the additional effects of ice via an 

empirical correction term. The empirical nature of the correction means it is appropriate 

for geographic regions for which the data used in deriving it were measured, but there is 
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no clear way to extend this to other regions and account for climatic variability. Also, the 

current XPD model (ITU-R P.618-13) effectively treats the effects of ice depolarisation 

as a rain-attenuation effect. At the higher frequency bands this is a source of significant 

error in the mean XPD value for low rain conditions, which represent a major proportion 

of the time. 

Currently there is no support in the ITU-R models for XPD above 55 GHz. This factor 

ought to be addressed to allow for more accurate system planning for possible future use 

of W-band for systems that demand huge bandwidths. 

 

1.4 Motivation and Thesis Outline 

 

The motivation of the thesis is to highlight the importance of propagation studies and their 

impact on the design of future VHTS systems and the migration of gateway feeder links 

and end users to mm-waves. The central aim of the thesis is the development and 

characterisation of satellite channels. In particular, the design of a satellite payload, the 

design and implementation of a ground receiver and the study of atmospheric noise and 

fading of the channel. This thesis describes, through five chapters (including this one), 

the achievement of this aim.  

Chapter 2 presents the requirements and design simulations of a geostationary satellite 

payload for propagation measurements at Ka-band (19 GHz), Q-band (38 GHz) and W-

band (76 GHz). A discussion on various design trade-offs is shown along with future 

work that needs to be done in order to kickstart such a campaign. 

Chapter 3 presents the design and implementation of a Ka-band receiver at 19.701 GHz 

for propagation measurements. The link budget is presented along with the hardware 

selection and digital signal processing. The recorded data of the receiver are also 

presented along with methodology for calculating excess channel fading.  

Chapter 4 presents the theory and implementation of a digital radiometer that can monitor 

atmospheric noise and fading at Q-band (39.402 GHz). The experimental setup and 

calibration are presented along with its validation. 

Chapter 5 presents a summary of the work carried out in the thesis along with conclusions 

and future work.  
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1.5 Summary 

 

In summary, there is a clear interest in migrating to higher frequencies such as W-band 

to meet the growing demand in satellite systems for commercial applications. 

Furthermore, previous and ongoing propagation campaigns were able to model 

atmospheric impairments through experimental satellite payloads but are limited up to V-

band. Characterisation and validation of the current models up to W-band requires a new 

satellite propagation payload. Previous propagation payloads have been considered in an 

effort to gain knowledge on how to design a payload at W-band. Also, the first order 

atmospheric impairments, which includes gaseous, cloud and rain attenuation, 

scintillation and depolarisation are described. Their current ITU-R models and 

shortcoming in terms of their validity for channel estimations at W-band was assessed. In 

particular, gaseous attenuation estimations for W-band are not expected to decrease 

substantially. Cloud and rain attenuation models have been modelled up to 50 GHz. As 

for scintillation, the model available is up to 20 GHz and the depolarisation model has no 

support above 55 GHz.  
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Chapter 2 

 

2 Three-Band Geostationary Satellite Beacon Payload 

for Propagation Experiments in Europe 

 

2.1 Introduction 

 

Propagation experiments and subsequent studies have been performed to measure, 

characterize and model to some extent the propagation effects on earth-space paths 

globally [1]–[4]. These efforts have been directed towards the requirements of 

professional communications (e.g. broadcasting), predicting parameters such as link 

availability over a year or a worst month [5]. Previously, Europe has benefited from two 

major propagation experiments, the ESA OLYMPUS satellite and the Italian ITALSAT 

F1 satellite at Ku/Ka and Q/V-bands respectively. Lately, the ongoing Alphasat TDP5 

payload at Ka/Q-band has allowed for an extensive network of propagation terminals 

across Europe concurrently measuring the propagation effects. This has allowed for the 

collection of relevant propagation data in these frequency bands [6]. These studies have 

been fundamental in providing the basic knowledge on the physical aspects governing the 

radio-wave propagation in slant path. An example of the comparative levels of attenuation 

experienced at Ku-, Ka- and Q/V frequency band as  measured in southern  England 

during the OLYMPUS and ITALSAT propagation campaigns can be found in [6]. 

Undesired propagation effects are magnified at high frequencies. F or instance, one of the 

main problems of the exploitation of W-band is radio wave propagation through the 

atmosphere of the Earth and the fundamental lack of understanding of these effects, even 

in clear sky conditions, with regards to proper system design and fade mitigation. 

The first order propagation impairments at W-band are gaseous, cloud and rain 

attenuation, scintillation, depolarisation and atmospheric noise. Gaseous attenuation is 

always present. Cloud attenuation is more significant than at Ka-band and increases as 

the elevation decreases. Studies have shown [7] that cloud attenuation with respect to the 

intensity of the attenuation and its duration depends on the type of cloud (e.g. stratiform, 
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convective) and consequently on the season (more convective cloud in the summer) and 

the geographic region (more stratiform cloud in the north of Europe compared with the 

south of Europe). Rain attenuation is the dominant loss mechanism which depends on the 

climatic region and of course the type of rain (e.g. stratiform, convective). For a given 

availability, rain attenuation can lead to unrealistic margin requirements and make the 

deployment of propagation impairment mitigation techniques compulsory. Scintillation 

is caused by rapid fluctuations in the refractive index of the atmosphere. Scintillation 

effects occur on time scales under ~0.5 seconds and limit the performance of high data 

rate and complex modulation systems. Depolarisation for frequency reuse systems is 

important to characterise signal leakage between polarisations of the same signal via 

simultaneous co-polarisation and cross-polarisation measurements. These are commonly 

caused by non-spherical raindrops and ice crystals in the troposphere. Atmospheric noise 

must be considered for calculation of the down-link carrier to noise ratio. 

 

Figure 2-1: W-band GEO satellite beacon and ground receiver. 

 

To perform the study, a geostationary (GEO) satellite at W-band (76 GHz) with European 

coverage and a ground receiver are required as shown in Figure 2-1. With the launch of 

a GEO satellite campaign at W-band, multiple ground terminals can operate across 

Europe and study the propagation impairments. ESA issued a tender as a first step of 

realising such a campaign under the title: “W-Band Technology Developments Towards 

First Beacon-Based Propagation Campaign” and in 2016 the consortium consisted of 

RAL-Space, Heriot-Watt University and ViperRF. RAL-Space was responsible for the 

project management, and design and simulation of the ground receivers. Heriot-Watt 

University was responsible for the design and simulation of the satellite payload. ViperRF 
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was responsible for the design, manufacturing and testing of the W-band MMICs (LNA 

and HPA). During the study, technological constrains and future work where also 

identified and reported. The chapter demonstrates Heriot-Watt University work during 

the development of the satellite payload. In particular, the design and simulation of the 

payload up-converter chains, and future work to be done ahead of the campaign.  

The remainder of the chapter is organised as follows. Section 2.2 outlines the beacon 

design requirements. Section 2.3 presents the beacon design including upconverter 

simulations and analysis. Section 2.4 presents the compliance matrix of the beacon 

payload. Section 2.5 presents future work that needs to be addressed ahead of the 

campaign. Finally, conclusions are presented in Section 2.6. 

 

2.2 Beacon Design Requirements 

 

The design of the beacon payload was based on ESA requirements. 

 

2.2.1 Operating Frequencies 

 

The beacon shall be able to transmit a continuous wave (CW) at the following 

frequencies: 

Table 2-1: Beacon Frequency Plan 

Frequency Band 

19 GHz Ka-Band 

38 GHz Q-Band 

76 GHz W-Band 
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2.2.2 Signal Polarisation 

 

The beacon shall have the following polarisation: 

Table 2-2: Beacon Polarisation 

Frequency Band Proposed Polarisation 

19 GHz Ka-Band Linear Polarised 

38 GHz Q-Band Linear Polarised 

76 GHz W-Band Circular Polarised 

 

2.2.3 Coverage Area 

 

The beacon coverage will include the whole of Europe. Figure 2-2 represents the W-Band 

coverage according to the 10˚E GEO location. It is noted that European & Tropical 

coverage had been considered with penalties on the margin, mass and DC power 

consumption. 

 

Figure 2-2: W-Band coverage when geostationary satellite is at 10° East 

 

 



 

 

32 

 

2.2.4 Effective Isotropic Radiated Power (EIRP) 

 

The EIRP in dBm is calculated following (3.1).  

𝐸𝐼𝑅𝑃 = 𝑃𝑇𝑋 − 𝐿𝑓𝑒𝑒𝑑 + 𝐺𝑎𝑛𝑡   (𝑑𝐵𝑚) (3.1) 

where 𝑃𝑇𝑋 is the power output in dBm of the transmitter chain ahead of the antenna, 𝐿𝑓𝑒𝑒𝑑 

are feed losses in dB and 𝐺𝑎𝑛𝑡 is the antenna gain in dBi. The minimum beacon EIRPs 

are as per Table 2-3. 

Table 2-3: Beacon EIRP 

Frequency Band EIRP (dBm) 

19 GHz Ka-Band 59.4 

38 GHz Q-Band 58.9 

76 GHz W-Band 52.3 

 

2.2.5 Phase Noise 

 

The beacon shall have a minimum phase noise mask as specified in Table 2-4. 

Table 2-4: Phase Noise Mask 

Freq offset (Hz) Ka band (dBc) Q band (dBc) W band (dBc) 

10 -30 -22 -14 

100 -50 -42 -34 

1k -60 -52 -44 

10k -70 -62 -54 

100k -90 -82 -74 

>100k -90 -82 -74 
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2.2.6  Beacon Lifetime 

 

The lifetime shall be a minimum of 5 years for evaluated reliability better than 95%. 

 

2.2.7  Mass 

 

The total beacon mass shall be less than 50 kg. 

 

2.2.8  DC Power Consumption 

 

The total DC power consumption shall be less than 150W. 

 

2.2.9 Telemetry, Tracking and Control (TT&C) Operations 

 

The beacon shall benefit from TT&C support for equipment configuration and 

redundancy switching 

 

2.3 Beacon Design 

 

Within this section the up-converter architecture, payload redundancies, achieved EIRP 

and EIRP margins, phase noise, mass, DC power consumption and TT&C operations of 

the payload are shown. 

 

2.3.1 Up-converter Architecture 

 

A schematic representation of the proposed beacon is shown in Figure 2-3. The Ka-band, 

19 GHz signal is produced using a mixer and two phase locked dielectric resonator 

oscillators at 1.5 GHz and 17.5 GHz. The output from the mixing stage, 𝑓𝑅𝐹, was 

calculated using equation (2.1):  
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𝑓𝑅𝐹 = 𝑓𝐼𝐹 + 𝑓𝐿𝑂 (2.1) 

where 𝑓𝐼𝐹 and 𝑓𝐿𝑂 represent the intermediate (1.5 GHz) and local oscillator (17.5 GHz) 

frequency respectively. The oscillators used are locked with an ultra-stable and low noise 

master oscillator.  

A waveguide band pass filter is used to filter harmonic products from the mixing stage. 

A 2-way splitter is used to branch the beacon to the Q-band section where a frequency 

doubler is deployed along with a waveguide band pass filter. The architecture is once 

again branched out to the W-band chain via a coupler, where a frequency doubler 

generates the 76 GHz signal and a waveguide passband filter filters unwanted harmonics 

and spurious. Furthermore, a waveguide polariser provides the W-band section’s circular 

polarisation. The appropriate driver amplifiers and high power amplifiers (HPA) are used 

for each frequency chain in order to achieve the desired EIRP. In each frequency chain, 

two HPAs are connected to single pole double throw (SPDT) switches (SKa1SKa2, SQ1-

2 and SW1-2) and only one of the two is active during operation while the other is a 

redundancy. 

In the baseline solution presented here, the Ka-Band signal is produced using a mixer and 

two oscillators operating at 1.5 GHz and 17.5 GHz respectively. This is to provide some 

flexibility in terms of the frequency generation, e.g. considering the dual frequency dual 

polarisation solution presented in Section 3.3.6. If this solution is not adopted, it is 

probably simpler to substitute this assembly with single source at 19 GHz.  
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Figure 2-3: Schematic representation of the proposed up-converter. 

 

2.3.2 Architecture for Reliability and Redundancy 

 

The satellite beacon benefits from two up-converter redundancies allowing for a total of 

64 configuration paths. The two up-converter chains are connected to the equivalent 

antenna with the use of SPDT switches (Ska3, SQ3, SW3). This would guarantee the 5 

year and 95% reliability of the beacon payload. In Figure 2-4, the described architecture 

of the up-converter with the HPA redundancies and up-converter redundancy is shown.  
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Figure 2-4: Schematic representation of the beacon with the two up-converter 

redundancies and routing to equivalent antennas. 

 

2.3.3 Payload Up-conversion Chains 

 

Within this section, the simulated architectures for the three-frequency beacon with 

European only coverage is presented. Furthermore, graphs of the simulated channel 

power, compression and spectrum are presented along with a list of components and link 

budget margins. The ADS SystemVue software by Keysight was used during the 

simulation of the payload up-converter chains.  

 

2.3.4 Ka-band Conversion Chain 

 

Figure 2-5 shows the two oscillators (at 1.5 GHz and 17.5 GHz) and mixer in order to 

produce the RF signal at 19 GHz (Ka-band), the 500 MHz bandwidth bandpass filter and 

the splitter that leads to the Q-band chain.  
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Figure 2-6 includes an OMMIC driver amplifier along with a coupler for the automatic level control (ALC) mechanism and the HPAs redundancy switch. 

Figure 2-7 includes an HPA by Analog Devices along with its packaging losses. 

 

Figure 2-5 Ka-Band up-conversion chain up to Q-Band power splitter (Single HPA) 

 

Figure 2-6: Ka-Band driver, ALC coupler and redundancy switch (Single HPA) 
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Figure 2-7: Ka-Band Single HPA 
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It is noted that a number of attenuators are used in Figure 2-5, Figure 2-6 and Figure 2-7. 

This is to account for ohmic losses associated with [8]: 

WG-to-Coaxial Transition: 0.2 dB 

Coaxial-to-microstrip: 0.15 dB 

Microstrip losses: 0.10 dB 

Microstrip – MMIC bonding: 0.15 dB 

Total losses at the RF input and output: 0.6 dB 

Table 2-5 is a list of the Ka-Band components used along with their DC power 

consumption, source voltage, mass and power dissipation. The total DC power 

consumption is 30 W while the mass is 3 kg, excluding the ALC mechanism variable 

attenuator, variable gain amplifier and power detector (discussed in Section 2.3.4). 

Table 2-5: Ka-Band (single HPA) component list, DC Power consumption and mass. 

(highlighted fields depict assumed values). 

Supplier Category Model 

DC Power 

Consumption 

(W) 

Mass (gr.) 

Spectratime Ref. Oscillator iSpace+ MO 3.5 220 

Microwave 

Dynamics 
Oscillators PLO‐5200 4.8(2.4 each) 160 

Pasternack Mixer PE86X1004 n/a 36.3 

Millitech BPF Custom n/a 120 

Pasternack Coupler PE‐W42CP002‐20 n/a 250 

Pasternack Magic Tee PEWMT1006 n/a 78 

OMMIC Driver Amp. CGY2141UH/C1 0.9 150 

Analog Devices HPA HMC6981LS6 20.6 400 (200gr. each) 

Pasternack Switch PEWGS6006 18.72 (9.36) 
1449 (483gr. 

each) 

Millitech Horn Antenna Custom n/a 60 

Assumed Value  Total: 29.8 2923.3 
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2.3.5 Q-band Conversion Chain 

 

Figure 2-8 shows a Pasternack frequency doubler along with routing and waveguide to coaxial losses, a 500 MHz bandwidth bandpass filter, an OMMIC 

driver (along with its packaging losses), the coupler for the ALC mechanism and the coupler that leads to the W-band chain. Figure 2-9 shows the HPAs 

redundancy switch along with the splitters and the ERZIA HPA with the coaxial to waveguide losses. 

 

Figure 2-8: Q-Band frequency doubler, filter, driver amplifier and chain branch coupler 

 

Figure 2-9: Q-Band redundancy switch and single HPA 

L=0.8 dB10

WG_Routing_Losses1

L=0.2 dB10

WG42_to1_292

× N

HL=(4) [-31; 0; -30; -35] dB10

MULT=2 

CG=6 dB10

FreqMult_Pasternack

Fhi=38.25 GHz

Flo=37.75 GHz

N=6 

IL=0.66 dB10

Q_Band_BPF_Cheb

L=0.6 dB10

Packaging_Losses6

OIP3=34.5 dBm

OPSAT=27 dBm

OP1dB=26 dBm

NF=7 dB

G=22.75 dB

Q_Band_Driver_Ommic

L=0.6 dB10

Packaging_Losses7

L=0.2 dB10

WG28_to2_292

DIR=35 dB10

CPL=10 dB10

IL=0.5 dB10

Q_Band_Coupler_Past2

1

2

IL=0.15 dB10

Q_Band_Switch_Past

OPSAT=34 dBm

OP1dB=32 dBm

NF=7 dB

G=19 dB

Q_Band_HPA1_ERZIA

L=0.2 dB10

WG_to_Coaxial4

L=0.2 dB10

WG_to_Coaxial5

L=5.8 dB10

HPA_Comp_Control ZO=50 Ω

Port_4 {*OUT}

DIR=23 dB10

CPL=20.0 dB

IL=0.2 dB10

Q_Band_Coupler_Past



 

 

41 

 

A number of attenuators can be observed in Figure 2-8 and Figure 2-9. These attenuators 

have been put in place to simulate the transition losses from waveguide to 2.92mm 

(Female)/2.4mm (Female)/SMA (Female) as well as packaging losses, which have been 

modelled according to [8]. Furthermore, the attenuators immediately after the magic tee 

(splitting the 19 GHz and 38 GHz signal) have been placed in order to simulate waveguide 

routing losses. The attenuators placed at the RF input of the HPA serve as routing losses 

as well as, controlling the operating point of the amplifier. 

The modelled losses during the simulation where the following [8]: 

WG42-to-Coaxial Transition (2.92mm): 0.2 dB 

Coaxial-to-microstrip: 0.15 dB 

Microstrip losses: 0.10 dB 

Microstrip – MMIC bonding: 0.15 dB 

Total losses at RF input and output: 0.6 dB 

Table 2-6 is a list of the Q-band components used along with their DC power 

consumption, input voltage, mass and power dissipation. The total DC power 

consumption is at 22 W while the mass is at 2.8 kg, excluding the ALC mechanism 

variable attenuator, variable gain amplifier and power detector. 
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Table 2-6: Q-Band (single HPA) component list, DC Power consumption and mass. 

(highlighted fields depict assumed values). 

Supplier Category Model 

DC Power 

Consumption 

(W) 

Mass (gr.) 

Pasternack Freq. Multiplier PE88XX2002 0.35 40 

Millitech BPF Custom n/a 80 

OMMIC Driver Amp. CGY2130UH/C1 3.915 150 

Pasternack Coupler PE‐W28CP003‐20 n/a 200 

Pasternack Coupler PE‐W28CP003‐10 n/a 200 

ERZIA HPA ERZ‐HPA‐3000‐4000‐32 17 400 (200gr. each) 

Pasternack Switch PEWGS6002 
16.54 (8.28W 

each) 

1362 (454gr. 

each) 

Millitech Horn Antenna Custom n/a 60 

Assumed Value  Total: 21.265 2712 
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2.3.6 W-band Conversion Chain 

 

Figure 2-10 contains a UMS frequency doubler along with some routing and packaging losses, a 500 MHz bandwidth bandpass filter, the coupler for the 

ALC mechanism, the HPAs redundancy switches, the ViperRF HPA and the polariser for a circular polarisation.  

 

 

Figure 2-10: W-Band up-conversion chain with single HPA 
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A number of attenuators can be observed in Figure 2-10. These attenuators have been put 

in place to simulate packaging losses for the UMS frequency doubler, which is available 

in die form. At 76 GHz the packaging losses have been simulated as 1 dB at the RF input 

and output port. Furthermore, in order to simulate the frequency doubler as realistically 

as possible, an attenuator was placed in order to reduce the power at the RF input port 

and achieve an RF power output of 13 dBm which is a typical value. This attenuator can 

also be thought as routing losses.  

Table 2-7 is a list of the W-band components used along with their DC power 

consumption, input voltage, mass and power dissipation. The total DC power 

consumption is 13W while the mass is 1.3 kg, excluding the ALC mechanism variable 

attenuator, variable gain amplifier and power detector (see also Section 3.3.4). 

Table 2-7: W-Band (single HPA) component list, DC Power consumption, and mass. 

(highlighted fields depict assumed values). 

Supplier Category Model 
DC Power 

Consumption (W) 
Mass (gr.) 

UMS Freq. Multiplier CHU2277 1.8 60 

Millitech BPF Custom n/a 50 

Pasternack Coupler PE‐W12CP003‐20 n/a 120 

ViperRF HPA Custom 5 200 (100gr. each) 

COM DEV Switch Custom N/A 120 (40gr. each) 

Millitech Polariser POL‐12‐R1251 n/a 50 

Millitech Horn Antenna Custom n/a 50 

Assumed Value  Total: 6.8 640 

 

2.3.7 Simulation Graphs: Output Power, Compression Points and Spectrum 

 

The total upconverter gain, 𝐺𝐹𝑜𝑢𝑡,  of each frequency chain was calculated using (2.2): 

𝐺𝐹𝑜𝑢𝑡 = 𝐺𝑜𝑢𝑡1 + ⋯ + 𝐺𝑜𝑢𝑡𝑁  (2.2) 

where 𝐺𝑜𝑢𝑡𝑁, is the gain of each stage and subscript 𝑁 is the number of total components 

in the upconverter chain. 
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The compression point, of the non-linear devices such as mixers and amplifiers is 

depicted in the y-axis of Figure 2-12, Figure 2-15 and Figure 2-18. For example, in Figure 

2-12 the driver amplifier, node 12, is operating at a compression point of 0.135 dB.  

 

2.3.7.1 Ka-band Conversion Chain 

 

The simulated channel power of the Ka-band chain is 31.8 dBm, as shown in Figure 2-11.  

 

Figure 2-11: Ka-band Channel Power (Single HPA) 

The simulated compression point of the Ka-band HPA is 1 dB as can be seen from Figure 

2-12. 

 

Figure 2-12: Ka-band Compression Point (Single HPA) 

Figure 2-13 is the simulated output spectrum of the Ka-band conversion chain. 
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Figure 2-13: Ka-band Spectrum (Single HPA) 

 

2.3.7.2 Q-band Conversion Chain 

 

The simulated channel power of the Q-band chain is 31.8 dBm, as can be seen in Figure 

2-14. 

 

Figure 2-14: Q-band Channel Power (single HPA) 

The simulated compression point of the Q-band HPA is 1.3 dB as can be seen from Figure 

2-15. 
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Figure 2-15: Q-band Compression Point (single HPA) 

Figure 2-16 is the simulated output spectrum of the Q-band conversion chain. 

 

Figure 2-16: Q-band Spectrum (single HPA) 

 

2.3.7.3 W-band Conversion Chain 

 

The simulated channel power of the W-band chain is 24.7 dBm, as can be seen from 

Figure 2-17. 
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Figure 2-17: W-band channel power (single HPA) 

The simulated compression point of the custom W-band HPA is 2 dB as can be seen from 

Figure 2-18. 

 

Figure 2-18: W-band compression point (single HPA) 

 

Figure 2-19 is the simulated output spectrum of the W-band conversion chain. 
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Figure 2-19: W-Band Spectrum (single HPA) 

 

2.3.8 Gain Stability 

 

A common practise for RF power fluctuations is the use of an ALC or AGC (automatic 

gain control). The simplest form of an ALC is shown in Figure 2-20. An ALC functions 

with a feedback loop where the RF power from the driver amplifier is measured and the 

ALC loop then controls the variable attenuator and variable gain amplifier (VGA). 

Through this feedback loop, the RF power output is kept constant. The same concept can 

be applied to the HPA but the implications faced are the high power that the mechanism 

has to deal with. Therefore, one approach is to apply the ALC mechanism prior to the 

HPA. In this case the HPA’s drain voltage is monitored and readjusted in order to 

compensate for any temperature drifts. 

However, if the final amplification stage operates at a higher compression point, then 

adjusting the drain voltage will control the gain in a non-linear manner. Moreover, if the 

final stage internally involves several amplification stages, then there are additional 

inaccuracies in the loop. In these cases, it is also possible to sample the output signal 

strength at the output of the final stage and feed that into a control loop in order to stabilise 

the gain. This is the approach proposed here, which will require sampling and power 

sensing at the output of the final HPA stage. It is noted that this approach will impose 

some additional but small penalty on the final RF power due to the presence of the 

coupler. 
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Figure 2-20: ALC Mechanism 

As shown from the earlier sections, the coupler shown in Figure 2-20 is incorporated into 

the simulation designs for the different frequency chains (Figure 2-6, Figure 2-9 and 

Figure 2-10). The missing components for a complete ALC mechanism are the detectors, 

variable attenuators and variable gain amplifiers which are presented in the following 

sub-sections. The rest of this section discusses options for these components across the 

three bands of interest. 

 

2.3.8.1 Ka-band 

 

For the Ka-Band, the following components in Table 2-8 are available on the market: 

Table 2-8: Ka-Band ALC mechanism components 

Supplier Type Model 
Dynamic 

Range (dB) 

DC Power 

(Watts) 

Voltage 

Source (V) 

UMS Detector CHE1270a98F 30 0.4 4.5 

Pasternack 
Variable 

Atte. 
PE70A1017 26 0.15 

-5 and 5 

and -2.9 to 

0 

Analog VGA HMC997LC4 14 1 
5 and -2 to 

0 

 

The components on Table 2-8 can be used for constructing the ALC mechanism. Only 

the variable attenuator from Pasternack is space qualified while the detector and VGA are 
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GaAs devices that can be space qualified in the future. An alternative option for the 

variable attenuator is the CHT4690-QAG from UMS which is also utilises a GaAs MMIC 

design.  

 

2.3.8.2 Q-band 

 

For the Q-Band, the following components in Table 2-9 are available on the market: 

Table 2-9: Q-Band ALC mechanism components 

Supplier Type Model 

Dynamic 

Range 

(dB) 

DC Power 

(Watts) 

Voltage 

Source 

(V) 

UMS Detector CHE1270a98F 30 0.4 4.5 

UMS 
Variable 

Atte. 
CHT4699-QDG 30 N/A 

-5 to 0 

OMMIC Driver CGY2141UH/C1 N/A 0.8 5 

 

For the Q-Band, a VGA was not identified. Since the UMS variable attenuator has a 

dynamic range of 30 dB, another OMMIC driver amplifier can be added in order to 

counter the attenuation. The detector and variable attenuator from UMS are GaAs devices 

that can be space qualified in the future.  
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2.3.8.3 W-Band 

 

For the W-Band, the following components in Table 2-10 are available on the market: 

Table 2-10: W-Band ALC mechanism components 

Supplier Type Model 
Dynamic 

Range (dB) 

DC Power 

(Watts) 

Voltage 

Source (V) 

Analog 

Devices 
Detector HMC7447 24 Passive 

n/a 

Gotmicc 
Variable 

Atte. 
gSSS015 25 N/A 

-1.2 to 0 

Analog 

Devices 
VGA HMC8120 15 1 

4 and -5 to -1 

 

The components are not space qualified but since they are GaAs devices, they can be 

space qualified in the future. An alternative option for the detector is the Gotmicc 

gDPZ0011 B and a VCA series Millitech variable attenuator can also be used 

 

2.3.9 Link Budgets and Margins 

 

The link budgets and margins achieved by the Ka-, Q- and W-band chains are presented 

in Table 2-11, Table 2-12 and Table 2-13 respectively. The baseline values have been 

provided for a ground station located in Chilbolton, UK with a dynamic range of  >30 dB 

for all frequencies. The current feed losses which include 2 SPDT electromechanical 

switches for the Ka- and Q-band chains are quoted by Pasternack. Furthermore, a best-

case scenario for the beacon coverage included some of the Tropics. Due to power 

consumption and mass restrictions, a European only coverage was more feasible. 

Therefore, the Millitech quoted antennas have a smaller beam width but higher gain.  

Table 2-11 reports an EIRP margin of 1.25 dB for the Ka-Band solution. Table 2-12 

reports an EIRP margin of 1.6 dB for the Ka-band solution.  

Table 2-13 reports an EIRP margin of 1.1 dB for the W-band solution. 
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Table 2-11: Ka-band initial link budget and margins achieved from simulations 

 DD05 - Link Budget Values from the design process 

TX Frequency 19 GHz  19 GHz  

PA Output 

Power 
33 dBm  31.8 dBm 

Channel power 

achieved 

Feed Loss 1 dB 

PA redundancy 

switch plus 

routing. 

0.65 

0.3 dB switch IL 

and another 

0.35 dB for 

routing 

TX antenna 

Gain and 3 dB 

beam width 

Coverage 

27.4 dBi 

7.89o 

(EU & TC) 

14cm diameter 

70% 

Illumination 

efficiency 

29.5 dBi 

6.14o 

(EU) 

18 cm diameter 

70% 

illumination 

efficiency 

EIRP on 

boresight 
59.4dBm  60.65 dBm 

Achieved EIRP 

on boresight 

Margin   1.25 dB 

1.05 dB Margin 

with Isolator 

(0.2 dB) 
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Table 2-12: Q-band initial link budget and margins achieved from simulations 

 DD05 - Link Budget Values from the design process 

TX Frequency 38 GHz  38 GHz  

PA Output 

Power 
33 dBm  31.8 dBm 

Channel power 

achieved 

Feed Loss 1.5 dB 

PA redundancy 

switch plus 

routing. 

0.8 

0.3 dB switch IL 

and another 0.5 

dB for routing 

TX antenna 

Gain and 3 dB 

beam width 

Coverage 

27.4 dBi 

7.89o 

(EU & TC) 

7cm diameter 

70% 

Illumination 

efficiency 

29.5 dBi 

6.14o 

(EU) 

9 cm diameter 

70% Illumination 

efficiency 

EIRP on 

boresight 
58.9dBm  60.5 dBm 

Achieved EIRP 

on boresight 

Margin   1.6 dB 

1.35 dB Margin 

with Isolator 

(0.25 dB) 

 

Table 2-13: W-Band initial link budget and margins achieved from simulations 

 DD05 - Link Budget Values from the design process 

TX Frequency 76 GHz  76 GHz  

PA Output 

Power 
27 dBm  24.7 dBm 

Output at the 

Polariser 

Feed Loss 2.3 dB 

1.3 dB for 

switch & 1 dB 

for OMT loss 

0.8 
0.8 dB routing 

(No OMT used) 

TX antenna 

Gain and 3 dB 

beam width 

Coverage 

27.6 dBi 

7.67o 

(EU & TC) 

3.6cm diameter 

70% 

Illumination 

efficiency 

29.5 dBi 

6.14o 

(EU) 

4.5 cm diameter 

70% 

Illumination 

efficiency 

EIRP on 

boresight 
52.3 dBm  53.4 dBm 

Achieved EIRP 

on boresight 

Margin   1.1 dB 

0.6 dB Margin 

with Isolator 

(0.5 dB) 
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2.3.10 Dual Polarisation 

 

The baseline polarisation solution states linear polarisation for the Ka- and Q-band and 

circular polarisation for the W-band. The architecture presented has accounted for the W-

band circular polarisation (with the use of a waveguide polariser). In this section two 

polarisation schemes providing dual-polarisation for the W-band are investigated. In 

particular, section 2.3.10.1 deals with time switched dual linear polarisation while section 

2.3.10.2 deals with the dual frequency dual linear polarisation.  

 

2.3.10.1 Time Switched Dual Polarisation (TSDP) 

 

The design architecture for a TSDP scheme is shown in Figure 2-21. The difference 

between the circular polarisation and the dual linear (W-Band) is the use of another switch 

and an Orthogonal Mode Transducer (OMT) replacing the polariser. One aspect that 

should be taken into account is the switch that will be used in order to achieve this dual 

linear polarisation. The switch will be put under a considerable “stress” since it will 

require for a period of 5 years to switch > 6 × 109  and > 1.6 × 109 for a 40 Hz and 10 

Hz switching rate respectively. 

 

 

Figure 2-21: Time switched dual polarisation design outline 

The current design uses a ferrite switch (at W-band) from COMDEV which provided an 

engineering model with quoted insertion loses of 0.6 dB over the temperature range, a 

minimum isolation of 22 dB, capable of handling a 2 W continuous wave power. A single 

switch will not provide the required > 35 dB polarisation isolation so a set of three 

switches will be required. The outputs of the first switch drive the inputs of the other two 
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switches as shown in Figure 2-22. This produces 44 dB isolation at the cost of increased 

insertion loss. 

LO
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D
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A
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-22dB
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Figure 2-22: Polarisation Switch Matrix 

 

It is noted that ferrite technology appears advantageous for the time switched dual 

polarisation solution in terms of insertion loss (and possibly power) compared to PIN 

diodes and number of cycles compared to electromechanical switches. 

In particular, it is noted that Pasternack provides high quality space qualified 

electromechanical switching technologies (which are proposed for the redundancy 

switching at Ka- and Q-band). They have excellent insertion losses (maximum value 0.15 

dB) compared to ferrite (e.g. 0.6 dB quoted by COMDEV for W-band) and PIN diode 

(indicatively at 4 dB at lower frequencies) technologies. Pasternack does not supply an 

electromechanical switch at 76 GHz but even if it did, the lifetime of electromechanical 

switches is relatively low (250,000 cycles) and the switching speed is relatively slow 

(compared to ferrite and pin diode technologies). Alternatively, switches based on PIN 

diodes offer fast switching speed and high lifetime reliability. The downsides of the PIN 

diode switch are its power handling (usually around 0.5 W) and its insertion losses (> 4 

dB typically at Q-Band). Using a PIN diode switch would degrade the EIRP drastically, 

having an impact on the dynamic range (degradation of S/N ratio). Therefore, the most 

viable option for the moment is ferrite switch technology. Further clarification is needed 
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from COM DEV in order to determine the lifetime and switching speed of the ferrite 

switch. It is noted that switched polarisation places significant challenges on the ground 

segment in relation to synchronisation requirements. 

A suggestion from ESA was placing the switch ahead of the HPA as in Figure 2-23. The 

advantage of such a design is that the insertion losses introduced from a switch will not 

affect the EIRP margin. The disadvantage is the use of two HPAs in order to transmit on 

both horizontal and vertical polarisations. This can introduce uncertainties in the power 

levels transmitted for each polarisation. Additionally, this approach will impact the DC 

power budget, as well as the cost, mass and volume. 

 

 

Figure 2-23: Time switched dual polarisation design outline using two HPAs 

 

2.3.10.2 Dual Frequency Dual Polarisation (DFDP) 

 

The DFDP scheme utilises dual up-conversion chains and requires a mixing stage at each 

chain. The difference between the previous architectures is the use of an OMT instead of 

a polariser and the use of both up-converters to transmit the dual linear polarisation. The 

two input ports of the OMT will be each connected to one of the up-converted chains, 

producing a simultaneous dual linear polarisation at the W-band. This will require one 

oscillator to be tuned at 17.5 GHz while the other oscillators are to be tuned at 1.5 GHz 

and 1.499,999 GHz respectively (1 MHz apart). The outline architecture of a DFDP is 

shown in Figure 2-24. 
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Figure 2-24: Dual Frequency Dual Polarisation design outline 

 

The advantages of this polarisation scheme are that it will not require any synchronisation 

at the ground station and the switching limitations discussed previously will not be an 

issue as no switching takes place. All these come at the cost of DC power budget since 

both up-conversion chains need to be active to produce the dual linear polarisation at W-

Band. In order to save on additional hardware, this design can accommodate the main 

HPA on one polarisation and the redundant HPA on the other polarisation. In this case 

there will be no switch for the additional HPA, as the two will be combined at the OMT 

and can operate independently. This would then eliminate the requirement for a high 

power, low loss switch at W-band for HPA redundancy. 

 

2.3.11 Phase Noise 

 

An oscillator is a crucial component in terms of the phase noise of the system. There are 

different oscillators on the market and some of them have internal references while others 

have external references. A good frequency reference should provide low phase noise as 

well as low frequency drift. Furthermore, the reference oscillator frequency will also 

determine the tuning ability.  

The main contributor to phase noise in a system comes from the oscillators. There are 

other components that can also contribute to system phase noise, such as amplifiers and 

frequency multipliers. Amplifiers tend to have low phase noise, therefore their impact on 

the system is negligible. On the other hand, frequency multipliers always degrade phase 
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noise by a theoretical 20 log(𝑁) , where 𝑁 is the multiplication factor. During the 

calculations, the phase noise degradation from a frequency doubler has been modelled at 

a total of 8 dB; consisting of the sum of  6 dB and 2 dB being the theoretical (20 log(2)) 

and added margin. 

Microwave Dynamics (MD) produces very competitive space qualified oscillators, 

offering a wide range of space qualified products. The two main oscillators proposed here 

are the PLO-4000 and PLO-5200. Both produce signals up to 40 GHz (50 GHz for the 

PLO-4000) and have an external reference. The PLO-4000 can accept a reference input 

frequency of 5 MHz or 10 MHz while the PLO-5200 can accept a reference signal of any 

frequency up to 250 MHz.  

The PLO-4000 phase noise envelope from the datasheet is shown in Figure 2-25. As can 

be seen, when generating a signal at 22 GHz the phase noise is about -73 dBc/Hz and -83 

dBc/Hz for the 1 kHz and 10 kHz offsets [9].  

 

Figure 2-25: PLO-4000 Phase noise envelope copied from [9] 

The PLO-5200 datasheet does not provide a graph with the phase noise envelope, just the 

phase noise -85 dBc/Hz at the 10 kHz offset. Table 2-14 reports the phase noise of the 

PLO-5200 and PLO-4000 at 4 GHz and at 22 GHz [10]. 

The highlighted fields in Table 2-14 are extrapolations since this information is not 

explicitly provided in the datasheets. The phase noise quoted in Table 2-14 for the PLO-

5200 is assumed to follow the same trend as that of the PLO-4000. The extrapolation is 

based on an assumption that phase noise degrades by 10 dB from the 100 Hz up to the 

100 kHz offset while, 20 dB of degradation is noticed from 100 Hz to 10 Hz, 100 kHz 

and 1 MHz – following the pattern of PLO-4000. 
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Table 2-14: PLO-4000 and PLO-5200 phase noise [9], [10]. Highlighted fields are 

extrapolations from the datasheet. 

 PLO-4000 PLO-5200 

Freq. Offset 

(Hz) 

Phase Noise 

@4GHz 
Phase Noise @22GHz Phase Noise  

10 -60 -40 -40 

100 -80 -60 -60 

1 k -91 -73 -73 

10 k -95 -83 -85 

100 k -103 -90 -90 

>100 k -118 -109 -109 

 

It should be noted that for generating a frequency of 19 GHz, the phase noise will be 

improved when compared to the value at 22 GHz provided in the datasheet. This can be 

seen from Figure 2-25 where the plotted phase noise envelope is reproduced from the 

datasheet. The 22 GHz and 4 GHz phase noise is noted as the worst case scenario since a 

1.5 GHz and a 17.5 GHz signal are needed to generate the 19 GHz RF signal. 

Table 2-15: Expected phase noise for the chains. Highlighted fields are extrapolations 

from the datasheet. 

Freq. Offset 

(Hz) 

Ka-Band Expected 

Phase Noise  

Q-Band Expected 

Phase Noise 

W-Band Expected 

Phase Noise 

10 -40 -32 -24 

100 -60 -52 -44 

1 k -73 -65 -57 

10 k -83 -75 -67 

100 k -90 -82 -74 

>100 k -109 -101 -93 
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The expected phase noise of the chains is reported in Table 2-15. The phase noise at the 

different offsets has a comfortable margin except the 100 kHz and 1 MHz offsets. As 

mentioned above, these are the worst-case scenarios using the quoted phase noise for 22 

GHz and 4 GHz with a degradation of 8 dB per chain. 

Another consideration for oscillators would be the space qualified synthesizer LMX2615-

SP by Texas Instruments, released in June 2018. It can provide 40 MHz to 15 GHz output 

frequency and could be used as the L-band oscillator at 1.5 GHz. Figure 2-26 provides 

the phase noise for an 8.1 GHz sine wave with a power output of 4.9 dBm [11]. It provides 

better phase noise than the MD PLO series oscillators. Furthermore, the synthesizer can 

be programmed to provide fine frequency steps of 1 Hz [11]. This would be beneficial in 

the case of the dual frequency dual polarisation scheme.  

 

Figure 2-26: LMX2615-SP phase noise at 8.1GHz copied from [11] 

 

For the reference oscillator, MD offers the OCXO-200. It can provide a frequency of 100 

MHz with a stability of ±5 ppm [12]. Spectratime also provides a space qualified OCXO 

master oscillator than can provide a 10MHz signal with a 0.1 ppm stability per day [13]. 

Table 2-16 provides some of the specifications of the Spectratime master oscillator and 

[13] the typical phase noise. Based on the improved stability, the proposition it to use the 

Spectratime reference oscillator.  
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Table 2-16: Spectratime specifications copied from [13] 

 

 

 

Figure 2-27: Spectratime typical phase noise copied from [13] 
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2.3.12 Mass and DC Power Consumption 

 

The beacon has a total of 64 configurations and the worst-case scenario in terms of total 

DC power consumption is ~ 100W (~80W best case), assuming a DC-DC converter 

efficiency of 75%. During this configuration, both up-converter chains are active with 

one providing the Ka-band signal and the other the higher Q- and W-band signal. In Table 

2-17 the breakdown of the DC power consumption per band is provided which takes into 

account the frequency generation as well. A breakdown of the total mass, including both 

up-converters and antennas, is shown in Table 2-17.  

 

Table 2-17: Beacon Mass and DC Power Consumption with a DC-DC converter 

efficiency of 75% 

 Mass (Kg) DC Power Consumption (W) 

Ka-Band 3.4 41.5 

Q-Band 2.8 30.1 

W-Band 1.4 27.8 

Miscellaneous 4 - 

Two Up-converter Redundancy 21.7 99.4 

 

2.3.13 TT&C Operations 

 

The TT&C function for the payload is likely to be serviced by the TT&C of the spacecraft. 

There are off the shelf options for this. Thales Alenia Space (TAS) TT&C was used for 

the Alphasat campaign and still offers a TT&C at X-band which is also compatible with 

ESA TTC standards for scientific missions (ECSS-E-50-05A). Other companies that 

provide TT&C are ViaSat at S-Band and MDA. 

The TAS TT&C transponder has two independent modules assembled as a single 

equipment (Receiver and Transmitter) and a lead time of 12 months. The mass of the 

transponder is 3.6 kg and it has a power consumption of 25 W (RX: < 10 W, TX: < 15 

W). It presents a favourable solution for the payload. 
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2.4 Compliance Matrix 

The beacon payload compliance matrix is shown in Table 2-18. 

Table 2-18: Beacon Compliance Matrix 

  Requirements Proposed Payload 

Operational 

Frequencies 

Ka-Band 19 GHz 19 GHz 

Q-Band 38 GHz 38 GHz 

W-Band 76 GHz 76 GHz 

Coverage 

Ka-Band EU EU 

Q-Band EU EU 

W-Band EU  EU 

EIRP on 

Boresight 

Ka-Band 59.4 dBm 60.65 dBm 

Q-Band 58.9 dBm 60.50 dBm 

W-Band 52.3 dBm 53.40 dBm 

Polarisation 

Ka-Band Linear Linear 

Q-Band Linear Linear 

W-Band Circular Circular 

Phase Noise 

@10Hz Offset 

Ka-Band -30 dBc -40 dBc 

Q-Band -22 dBc -32 dBc 

W-Band -14 dBc -24 dBc 

Beacon Lifetime Overall 5 years – 95% reliability × 2 redundancy 

DC Power 

Consumption 

(worst case) 

Overall 150 W 100 W 

Mass Overall 50 kg 22 kg 
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2.5 Future Work  

 

Within this section, the beacon coverage and trade-offs are discussed as the considerations 

that need to be taken in account before moving forward to a finalised beacon design. 

Furthermore, considerations on the availability and development of certain proposed 

components for the beacon are discussed. 

 

2.5.1 Beacon Coverage and Trade-offs 

 

During the design process of the three-frequency beacon payload two coverages were 

taken into account: European and Tropical, and European-only coverage. The payload 

design that includes the Tropics is not compliant in terms of the overall DC power 

consumption that comes at 157 W as opposed to the 100 W of the European-only coverage 

(noting that the requirement was set at 150 W).  

Furthermore, the two coverages offer different mass and cost estimates (in terms of RF 

component hardware). The proposed coverage that includes the Tropics has an estimated 

mass and cost of 25.5 kg and €2.2M respectively. On the other hand, the European-only 

coverage has an estimated mass and cost of 21.7 kg and €2M respectively. The increase 

in cost and mass in the Tropics coverage is attributed to the fact that the antenna’s half 

power beam width is larger and therefore has a lower gain. In order to achieve the 

specified boresight EIRP and make up on the lower gain as opposed to the European-only 

coverage, a power combiner of two HPAs is used to achieve a higher power output. The 

difference of 1.9 dB in the antenna gain of the European-only coverage relaxes the output 

power required to achieve the specified EIRP.  A summary of the two antenna parameters 

for the two coverages is shown in Table 2-19. 

As indicated in the propagation experiment section, a dynamic range of > 30 dB in the 

ground receivers is not of high importance, especially to telecommunication companies. 

A more relaxed dynamic range can be translated to a lower EIRP specification. The 

achievable EIRP that was specified based on a link budget with > 30 dB of dynamic range 

can be achieved with a lower cost, mass, DC power consumption for the European 

coverage only. For a European & Tropics coverage the antenna gain is lower (by 1.9 dB 

compared to EU only antennas) and the power consumption of the payload is not 
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compliant due to the use of power combiners to achieve the required output power and 

therefore EIRP. With a more relaxed EIRP, the lower gain antennas with higher beam 

width and Tropic coverage could be used with the existing European only payload. The 

penalties in EIRP would be 0.85 dB, 0.5 dB and 0.8 dB for the Ka, Q and W-band 

respectively as shown in Table 2-20. 

Table 2-19: Antenna parameters for European & Tropic and European-only coverage 

 Band 

Antenna 

Diameter 

(cm) 

HPBW 

Boresight 

Gain 

(dBi) 

EU & 

TC 

Coverage 

Ka-Band 14 7.89° 27.4 

Q-Band 7 7.89° 27.4 

W-Band 4 7.67° 27.6 

EU Only 

Coverage 

Ka-Band 18 6.14° 29.5 

Q-Band 9 6.14° 29.5 

W-Band 4.5 6.14° 29.5 

 

Table 2-20: EIRP margin with EU payload design and EU & TC coverage antennas 

  
Power at 

Antenna (dBm) 

Achieved EIRP on 

boresight (dBm) 

Margin 

(dB) 

EU payload 

design with 

EU & TC 

Coverage 

Ka-Band  31.15 58.55 -0.85 

Q-Band  31.0 58.4 -0.5 

W-Band  23.9 51.5 -0.8 

 

2.5.2 Availability and Performance of Selected Components 
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Through the development of the GEO payload beacon several considerations were made 

when selecting components. One of the considerations was to be space qualified but this 

has not always been possible. The non-space qualified components, which include 

variable gain amplifiers, attenuators and detectors are all GaAs devices. GaAs based 

technology is space qualifiable and therefore, these devices would need to be qualified 

ahead of the mission.  

Furthermore, some components (amplifiers, frequency multipliers, detectors and variable 

attenuators) chosen during the design of the payload need to be packaged as they are just 

the bare die (losses during the design have been taken into account for such components). 

According to the statement of work, dependencies on non-ESA member states for 

components should be identified. A priority to ESA member state suppliers was given 

throughout the development but this was not always possible. Several active (e.g. 

oscillators, amplifiers, frequency multipliers) and passive (e.g. filters, splitters, couplers, 

polariser, antennas) components were selected from the USA companies (Microwave 

Dynamics, Pasternack, Millitech, Qorvo). Furthermore, some components, including 

filters, antennas and redundancy switches have to be custom made. There are available 

quotes from Millitech for the filters and antennas but development, manufacturing, testing 

and qualification could be done from RAL Space (UK) and/or Thomas Keating Ltd (UK) 

for the antennas.  

Potential contributions from the parallel development in the ARTES 5.1 activity on the 

LEO W-band beacon campaign could be made. According to [14], the payload consists 

of a Q- and W-band at 37.5 GHz and 75 GHz. Components that could benefit the GEO 

W-band beacon development are the local oscillator, band pass filters, frequency 

multipliers, couplers and switches. Furthermore, the design of the payload relies mainly 

on components designed from Fraunhofer IAF. Such developments will improve 

European know-how and competitiveness.  

 

2.6 Conclusion 

 

A three-frequency satellite payload design at Ka-, Q- and W-band for propagation 

measurements has been shown. The antenna specifications currently cover only Europe 

but with a trade-off in EIRP the Tropics can also be included. The simulated EIRP on 
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boresight is reported at 60.65 dBm, 60.50 dBm and 53.40 dBm for the Ka-, Q- and W-

band equivalently. The lower bands will operate with a linear polarisation and W-band 

with a circular polarisation. The payload offers 64 configuration paths with the DC power 

consumption at 100 W in the worst-case routing scenario. Furthermore, the expected 

weight of the payload along with all the redundancies is expected around 22 kg. 

It is noted from the Section 3.5 that there is future work to be done for such a payload to 

be realised, especially with the use of European-only suppliers. Ahead of the campaign, 

several components would require packaging while others are not yet available in the 

European market and would require development.  

As discussed in Chapter 2, the current ITU-R models on the atmospheric impairments are 

not yet validated at W-band. A future GEO campaign at W-band would greatly benefit 

the ITU-R propagation models and would strengthen our understanding of the satellite 

link at this frequency band.  
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Chapter 3 

 

3 Ground Station for Propagation Measurements at 

Ka-Band 

 

3.1 Introduction 

 

The increasing demand for higher bandwidth satellite communication applications has 

led to a growing interest in the millimetre-wave bands. Furthermore, the increasing 

services using satellite links and the congestion of lower frequency bands such as the Ku-

band, has led to the use of higher frequency bands [1]. In particular, there is a notion 

towards the move of gateway feeder links at frequencies bands such as Q/V and beyond 

and the release of Ka-band for user links [2]. However, with higher frequencies there are 

higher propagation impairments.  

Ka-band offers a good compromise in terms of available bandwidth and channel 

performance at a reasonable cost. An example of a high-throughput satellite (HTS) 

systems that take advantage of this compromise includes the ViaSat-2 [3] which operate 

at Ka-band. Previous ITU-R propagation models have benefitted from the ongoing 

Alphasat signals for scientific experiments. ESA initiated in 2015 a dedicated project for 

large-scale measurement campaigns using the Alphasat Aldo Paraboni payload at Ka/Q-

band (ASALASCA). The main objective of the ASALASCA experiment is to collect 

Ka/Q-band experimental data to support the development of new or improved models for 

the spatial and temporal correlation of the radio channel. The output statistics of the 

experiment will be submitted to the ITU-R Study Group 3 “Radiowave Propagation” for 

radio regulatory activities.  

Due to technological advances, classic radio receivers that relied mostly on RF hardware 

are now accomplished through software (e.g. filters). Therefore, there is a trend towards 

propagation terminals in which software defined radio (SDR) is used. This reduces the 

RF hardware complexity and in turn the cost. This shift towards SDR has led to the drastic 

increase of propagation terminals able to provide experimental datasets for the site [1].  
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In the summer of 2016, Heriot-Watt University in collaboration with NASA Glenn 

Research Centre installed an operational SDR propagation terminal at Q-band tracking 

Alphasat. This is the lowest elevation angle propagation terminal in the ASALASCA 

experiment, and the addition of a Ka-band terminal followed in the summer of 2018.  

In this chapter, the design and implementation of an SDR Ka-band terminal along with 

the recorded data and processing is shown. The remainder of the chapter is organised as 

follows. Section 3.2 presents the beacon receiver design. Section 3.3 presents the receiver 

digital signal processing. Section 3.4 shows the recorded beacon signal. Section 3.5 

presents the process of obtaining the excess atmospheric attenuation from the recorded 

data. Finally, conclusions are presented in Section 3.6. 

 

3.2 Beacon Receiver Design 

 

The Aldo Paraboni propagation experiment payload is currently in service with two 

coherent beacons at Ka-band (19.701 GHz) and at Q-band (39.402 GHz). The main 

characteristics of the Ka-band continuous wave signal are shown in Table 3-1.  

Table 3-1: Ka-band Aldo Paraboni experimental propagation payload main 

characteristics 

Frequency 19.701 GHz 

Polarisation Linear Vertical 

Antenna Boresight 32.5˚N, 20˚E 

EIRP 49.5 dBm 

 

Through a collaboration with Skyware Technologies, a leader in advanced satellite RF 

electronics, we were given a Low Noise Block (LNB) and an offset reflector antenna. An 

LNB refers to an RF receiver which down-converters the received signal. An example of 

components found in an LNB includes a low noise amplifier, filters, mixer and oscillator. 

The key characteristics of the reflector antenna and LNB are shown in Table 3-2 
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Table 3-2: Skyware Technologies reflector antenna characteristics and XRF3100 LNB 

main characteristics 

Antenna Diameter 74cm 

Antenna Efficiency ~ 60% 

Antenna Gain 41.6 dBi (measured) 
 Min. Max. 

RF Input Freq. 17.8 GHz 20.2 GHz 

IF Output Freq. 0.95 GHz 2.15 GHz 

Local Oscillator Freq. 18.25 GHz 

Total Noise Figure 1.3 dB (typical) 

Conversion Gain 56 dB (typical) 

IF Output Impedance 75 Ohms 

Output Connector F-Type (Male) 

Supply Voltage 
24V DC via IF output 

port 

Power Consumption 5.4 W 

 

From the specifications in Table 3-2 it can be seen that more component would need to 

be included in order to have an operating ground terminal able to capture the receiving 

signal. For instance, the LNB has an output characteristic impedance of 75 Ohms. The 

particular LNB is usually used for satellite television, which works with a characteristic 

impedance of 75 Ohms. Furthermore, all equipment and components in the laboratory 

operate with a characteristic impedance of 50 Ohms. Therefore, a matching pad is needed 

to transform the impedance from 75 to 50 Ohms. Also, the LNB is powered through the 

intermediate frequency (IF) output port which means that the DC voltage and IF signal 

need to be separated. This can be achieved with a bias tee which uses an inductor attached 

to the DC port and a capacitor on the Radio Frequency (RF) signal port. An RF amplifier 

to boost the IF signal was also taken in account. Finally, an RF splitter is considered. One 

of the ports would be connected directly to the SDR hardware while the other to NASA’s 

hardware.  

It should be noted that the down-converted IF signal, 𝑓𝐼𝐹, is at 1.451 GHz and was 

calculated from equation (3.1): 

𝑓𝐼𝐹 = 𝑓𝑅𝐹 − 𝑓𝐿𝑂 (3.1) 
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where 𝑓𝑅𝐹 is the Aldo Paraboni signal frequency at 19.701 GHz and 𝑓𝐿𝑂 is the LNB’s 

local oscillator frequency, which is specified at 18.25 GHz. 

Suitable RF components at the IF frequency were selected and the entire Ka-band front 

end components are listed in Table 3-3.  

Table 3-3: Ka-band front end component list 

Component 
Manufacturer & 

Part No. 
Notes 

Power 

Requirements 

Reflector Antenna 
Skyware 

Technologies 
Gain: 41.6 dBi @19 GHz - 

LNB 

Skyware 

Technologies 

XRF3100 

Gain: 56 dB  

Noise Figure: 1.3 dB 

24 V @ 225 

mA 

Cable (75Ω) 
IntelliConnect LMR-

400-75 

Insertion Losses:  

5.6 dB (35 m) 

- 

Matching Pad 
Mini-Circuits 

Z7550R-FMSF+ 

Insertion Losses:  

5.82 dB 

- 

Bias-Tee 
Mini-Circuits Z3BT-

2R15G+ 

Insertion Losses:  

1.8 dB 

- 

IF Amp 
Mini-Circuits ZX60-

2522MA+ 

Gain: 25 dB  

Noise Figure: 2.6 dB 

5V @ 94 mA 

Power Splitter 
Mini-Circuits 

ZN2PD2-14W+ 

Insertion Losses:  

3.25 dB (total)  

Isolation: 35 dB 

- 

Total DC Power:   5.87 W 

 

The cascading noise factor, 𝐹𝑠𝑦𝑠, can be calculated using the Friis equation as [4]: 

𝐹𝑠𝑦𝑠 = 𝐹1 +  
𝐹2 − 1

𝐺1
+

𝐹3 − 1

𝐺1𝐺2
+

𝐹4 − 1

𝐺1𝐺2𝐺3
+

𝐹5 − 1

𝐺1𝐺2𝐺3𝐺4
+ ⋯ (3.2) 
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where, 𝐹1, 𝐹2, 𝐹3, … are the linear noise factors of the first, second, third and so forth 

component. Likewise, 𝐺1, 𝐺2, 𝐺3, … are the linear gains of the associated component. In 

the case of insertion losses instead of gain, 𝐺1, 𝐺2, 𝐺3, … are replaced with the linear value 

of the insertion losses of the component.  

The final cascaded system noise figure, 𝑁𝐹𝑅𝑥𝑠𝑦𝑠, in dB which is used in the link budget 

is calculated as [4]:  

𝑁𝐹𝑅𝑥𝑠𝑦𝑠 = 10 log 𝐹𝑠𝑦𝑠   (dB) (3.3) 

The component equivalent gain and noise figure (NF) are listed in Table 3-4 where the 

final cascaded system noise figure, 𝑁𝐹𝑅𝑥𝑠𝑦𝑠, is calculated according to (4.2) and (4.3). 

𝑁𝐹𝑅𝑥𝑠𝑦𝑠 is 1.3 dB which is the same as the LNB noise figure. This is due to the low noise 

and high gain of the LNB. Examining the Friis noise equation highlights the importance 

of the first components in a receiver chain, which is usually a low noise amplifier. Ideally, 

for a low system noise figure one would opt for a low noise, high gain amplifier.  

Table 3-4: Cascaded Noise Figure of the Ka-band terminal 

 LNB Cable 
Matching 

Pad 

Bias 

Tee 
IF Amp Splitter 

Component data (from datasheet)    

Gain (dB) 56 -5.6 -5.82 -1.8 25 -3.25 

NF (dB) 1.3 5.6 5.82 1.8 2.6 3.25 
       

Linear    

Gain (linear) 398107 0.275423 0.261818 0.66069 316.228 0.47315 

F (linear) 1.34896 3.630780 3.819443 1.51356 
1.81970

1 

2.11348

9 
       

Total cascaded gain (product of linear gains)  

Gain (linear) 398107 109647.8 28707.8 18967.0 5997911 2837919 
       

Running total (cascaded) F (use Friis Formula)   

F (linear) 1.34896 1.348969 1.348995 1.34902 1.34906 1.34906 
       

Cascaded gain and noise figure (converted to dB)   

𝑵𝑭𝑹𝒙𝒔𝒚𝒔 (dB) 1.3 1.300021 1.300104 1.30016 1.30030 1.30030 

𝑮𝒔𝒚𝒔 (dB) 56 50.4 44.58 42.78 67.78 64.53 
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To be able to track deep atmospheric fading the receiver carrier-to-noise ratio target was 

set to a minimum of 30 dB. Before the purchase and implementation of the listed 

components, a link budget is carried out to calculate the receiver carrier-to-noise ratio.  

The link budget was then drafted in order to calculate the carrier-to-noise ratio of the 

receiver. Within the link budget there are calculations on the ground station distance from 

the satellite to later calculate free space path losses (FSPL), satellite EIRP, receiver 

antenna gain, uplink losses and receiver noise floor calculations. The link budget for the 

receiving Aldo Paraboni Ka-band signal at Heriot-Watt University is shown in Table 3-7. 

The calculated carrier-to-noise ratio is 41.4 dB. The user inputs in Table 3-7 are 

highlighted in blue. 

The ground station, GS, distance to the satellite is calculated from: 

𝐺𝑆 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑆𝑎𝑡. =  √𝑅2 + (𝑅 + ℎ)2 − 2𝑅(𝑅 + ℎ) cos(𝑔)   (km) (3.4) 

where, the different parameters of (4.4) are listed in Table 3-5. 

Table 3-5: Parameters for GS distance to satellite and GS elevation and azimuth 

calculations 

R (Km) Earth’s Radius (6378 km) 

h (km) Satellite Altitude (35787 km) 

(R + h) (km) Satellite Radius (42165 km) 

Cos(g) = cos(q)cos(t) 

q (°) Ground station latitude 

t (°) Ground station longitude – Satellite longitude 

 

The GS elevation angle is calculated using:  

𝐺𝑆 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝐴𝑛𝑔𝑙𝑒 = tan−1 (
cos(𝑞) cos(𝑡) − 0.151

√1 − cos2(𝑞) cos2(𝑡)
) (3.5) 

The GS azimuth angle is calculated according to the ground station location, q, and the 

difference between the GS and satellite longitude. This is listed in Table 3-6. 
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Table 3-6: GS azimuth angle according to the location of the GS in respect to the 

satellite 

q (°) t (°) GS Azimuth Angle (°) 

Negative  Negative Az (cal) 

Negative Positive 360˚ – Az (cal) 

Positive Negative 180˚ + Az (cal)  

Positive Positive 180˚ – Az (cal) 

 

Where, 𝐴𝑧 (𝑐𝑎𝑙) is calculated as: 

𝐴𝑧 (𝑐𝑎𝑙) = tan−1 (
𝑡𝑎𝑛(𝑡)

𝑠𝑖𝑛(𝑞)
) (3.6) 

The wavelength, 𝜆, in meters of the incoming signal is calculated from: 

𝜆 =
𝑐

𝑓
   (m) (3.7) 

where, 𝑐, is the speed of light in vacuum (3 × 108 𝑚𝑠−1) and 𝑓 is the frequency in Hz. 

To calculate the antenna gain, 𝐺, the link budget calculator requires the input of the 

antenna diameter, antenna efficiency and intercepting wavelength. This is shown in (4.8) 

[5]:  

𝐺 =  10 log10 (𝜂 (
𝜋𝐷

𝜆
)

2

)  (dBi) (3.8) 

where 𝜂 is the antenna efficiency, 𝐷 is the antenna diameter and 𝜆 is the wavelength. 

The FSPL is calculated as [6]: 

𝐹𝑆𝑃𝐿 = 20 log (
4𝜋𝑑

𝜆
)

2

  (𝑑𝐵) (3.9) 

where, 𝑑, is the GS distance to satellite calculated in (3.5) and 𝜆 is the wavelength. 

With the above information, the receiver signal strength, 𝐶, can be calculated using [6]: 

 

𝑅𝑥 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 𝐶 = 𝐸𝐼𝑅𝑃 + 𝐺𝑅𝑥 − 𝐹𝑆𝑃𝐿 − 𝐿𝑓𝑟 − 𝐿𝑟 − 𝐴𝑎𝑡𝑚 (dBm) (3.10) 
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where, the 𝐸𝐼𝑅𝑃 of the Aldo Paraboni Ka-band signal is known (49.5 dBm), 𝐺𝑅𝑥 is the 

antenna gain calculated with (4.8), 𝐿𝑓𝑟, 𝐿𝑟 and 𝐴𝑎𝑡𝑚 are the antenna feed, antenna de-

pointing and gaseous attenuation losses respectively. Essentially, (3.10) is the carrier 

power received in the terminal. 

 The noise of the receiver is then required to calculate the carrier-to-noise ratio. The 

theoretical thermal noise floor density, 𝑁𝐹𝑡ℎ𝑒𝑟, can be calculated with [4]: 

𝑁𝐹𝑡ℎ𝑒𝑟 =  10 log(𝑘𝑇𝑜𝐵) + 30 (dBm Hz)⁄  (3.11) 

where, 𝑘 is Boltzmann’s constant at 1.38 × 10−23 𝐽𝐾−1, 𝑇𝑜 is the reference temperature 

in Kelvin at 290 K and 𝐵 is the bandwidth. Therefore, the theoretical thermal noise floor 

density is -174 dBm/Hz as calculated below. 

𝑁𝐹𝑡ℎ𝑒𝑟 =  10 log(1.38 × 10−23 × 290 × 1) + 30 =  −174 dBm Hz⁄  

The system temperature, 𝑇𝑠𝑦𝑠, can be calculated as: 

𝑇𝑠𝑦𝑠 = 𝑁𝑇𝑠𝑘𝑦 + 𝑇𝑅𝑥𝑠𝑦𝑠  (K) (3.12) 

where, 𝑁𝑇𝑠𝑘𝑦 is the sky noise temperature during a clear sky. For Ka-band, it is typically 

assumed at 70K [7]. 𝑇𝑅𝑥𝑠𝑦𝑠 is the cascaded system noise figure, 𝑁𝐹𝑅𝑥𝑠𝑦𝑠, converted to a 

temperature in kelvin relative to room temperature, with 𝑇0, assumed at 290K [8]. 

𝑇𝑅𝑥𝑠𝑦𝑠 =  𝑇𝑜 (10
𝑁𝐹𝑅𝑥𝑠𝑦𝑠

10 − 1)   (K) (3.13) 

Therefore, the final noise figure, 𝑁𝐹𝑠𝑦𝑠, in dB can be calculated as [8]: 

𝑁𝐹𝑠𝑦𝑠 = 10 log (
𝑇𝑠𝑦𝑠

𝑇0
+ 1)   (dB) (3.14) 

The receiver noise floor density, 𝑁𝑜, can then be calculated as: 

𝑅𝑥 𝑁𝑜𝑖𝑠𝑒 𝐹𝑙𝑜𝑜𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑁𝑜 = 𝑁𝐹𝑡ℎ𝑒𝑟 + 𝑁𝐹𝑠𝑦𝑠 + (dBm/Hz) (3.15) 

The receiver noise floor, 𝑁, is calculated from: 

𝑅𝑥 𝑁𝑜𝑖𝑠𝑒 𝐹𝑙𝑜𝑜𝑟 = 𝑁 = 𝑁𝑜 + 10 log(𝑅𝐵𝑊) (dBm) (3.16) 

where, 𝑅𝐵𝑊 is the resolution bandwidth of the receiver. The resolution bandwidth refers 

to the samples per second that the signal is captured and integrated.  

The carrier-to-noise ratio, 𝐶𝑁𝑅, is therefore calculated using: 
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𝐶𝑁𝑅 =  𝐶 − 𝑁  (dB) (3.17) 

 

Table 3-7: Link budget 

Downlink    

Satellite    

Satellite Position (°) 25.00   

Ground Station    

Latitute (°) 55.91   

Longitude (°) -3.32   

L (LongES-LongSat) -28.32   

Dis. GS to Satellite (Km) 39410.43   

GS Azimuth angle (°) 146.95   

GS Elevation angle (°) 21.49   

Downlink Frequency    

Frequenzy (GHz) 19.70   

λ (m) 0.02 Wavelength 

Rx Antenna par.    

D (m) 0.74 Rx Antenna Diameter 

η (%) 60.00 Rx Antenna Efficiency 

G (dBi) 41.46 RX Antenna Gain 

Losses    

Lfr (dB) 0.20 RX Antenna Feed Losses 

Lr(dB) 0.10 RX Antenna De-pointing Losses 

Aatm(dB) 1.00 Gaseous Attenuation at Ka-band 

FSPL(dB) 210.24 Downlink Free Space Path Loss 

Downlink parameters    

EIRP(dBm) 49.50 Ptx+Gtx-Losses 

Rx Signal Stength (dBm) -120.59 Power Received at satellite 

Sky Noise Temperature 
(K) 70.00 Sky Noise Temp. during clear sky 𝑵𝑻𝒔𝒌𝒚 

Rx System NF (dB) 1.30 

Receiver System Noise Figure (Friis) 
𝑵𝑭𝑹𝒙𝒔𝒚𝒔 

System NF (dB) 2.01 

Final System Noise Figure of receiver 
𝑵𝑭𝒔𝒚𝒔 

Rx Noise Density 
(dBm/Hz) -171.99 No 

Resolution BW (Hz) 10.00 10 samples per second 

Rx Noise Floor (dBm) -161.99 Noise floor of receiver 

Rx CNR (dB) 41.40 Carrier-to-Noise Ratio 
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Figure 3-1 shows the Ka-band front-end block diagram. The input power at the LNB is at -120.6 dBm. The expected power of the Ka-band continuous 

wave signal to be received is at -56 dBm, with the noise floor at -81 dBm.  

 

 

Figure 3-1: Ka-band front-end block diagram 
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Through the link budget calculation, the designed front end would be able to receive the 

Aldo Paraboni Ka-band signal with a CNR of > 30 dB at 10 samples per second. The 

Alphasat satellite is in geosynchronous orbit, however, its observed position from the GS 

is expected to vary slightly over time as a result of the satellite’s inherent inability to 

maintain stable orbital inclination angles. These variations are predicted deterministically 

and are available in the form of Orbit Ephemeris Messages (OEM) files. The current 

deployed Q-band front-end is equipped with an open-loop tracking system (QPT 200 

positioner with stepper motors) and uses OEM tracking files provided by POLIMI to track 

these orbital changes. Figure 3-2 shows the elevation variation of the Alphasat satellite 

as viewed from Heriot-Watt University. The variation observed is of the order of ± 4.8˚. 

Pointing losses, 𝐿𝑟, can be calculated from: 

𝐿𝑟 = 12 (
𝑎𝜏

𝐻𝑃𝐵𝑊
)

2

 (dB) (3.18) 

where 𝑎𝜏 is the offset angle and 𝐻𝑃𝐵𝑊 is the 3 dB (half power) beamwidth which can 

be calculated with respect to the antenna diameter, 𝐷 and wavelength, λ as [5]: 

𝐻𝑃𝐵𝑊 =  
70λ

𝐷
  (degrees) (3.19) 

Table 3-8 shows the pointing losses for the Ka-band and Q-band antennas in the case of 

pointing errors of 0.5˚ to 3.5˚. In the extreme case of a pointing error of 3.0˚ the Ka-band 

pointing losses would be 52 dB resulting in the loss of the signal since the CNR is quoted 

at 41 dB. In any case, additional losses due to antenna pointing errors would result in 

inaccurate data which would require post processing to correct.  

Table 3-8: Antenna pointing loss 

Band 

Antenna 

Diameter 

(m) 

 

Wave-

length 

(mm) 

HPBW 

𝒂𝝉 = 0.5˚  𝒂𝝉 = 1.0˚ 𝒂𝝉 = 2.0˚ 𝒂𝝉 = 3.0˚ 𝒂𝝉 = 3.5˚ 

Pointing 

loss (dB) 

Pointing 

loss (dB) 

Pointing 

loss (dB) 

Pointing 

loss (dB) 

Pointing 

loss (dB) 

Q-

Band 
0.6 7.61 0.89 3.80 15.21 60.83 136.88 186.30 

Ka-

Band 
0.74 15.23 1.44 1.45 5.78 23.13 52.05 70.85 
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Figure 3-2: Alphasat movement as observed from the Chilbolton Observatory 

Due to the high pointing losses, the Ka-band antenna should be mounted on a positioner. 

A cost-effective solution would be for the Ka- and Q-band antennas to share the current 

positioner. In order to do this, a new aluminium plate was designed using AutoCad 

software and manufactured in the university mechanical workshop. Figure 3-3, shows the 

designed base plate and the allocation of the Ka- and Q-band antennas. 

 

Figure 3-3: Antenna aluminium base plate 



 

 

83 

 

After the mechanical accommodation, the design and implementation of the Ka-band 

front-end electrical accommodation was considered next. As per Table 3-3, the LNB and 

IF amplifier require voltages of 20V and 5V respectively. As mentioned earlier, the Ka-

band signal will be split between the current design and a NASA terminal. The NASA 

terminal further down-converts the LNB 1.451 GHz signal to 5 MHz with the use of a 

mixer and an external oscillator which require a 5 V supply. Furthermore, an amplifier 

was added to the Q-band down-converted 5 MHz signal which requires a 15 V supply. A 

decision was made to accommodate the external oscillator and amplifier in the same 

electrical box. Table 3-9 lists the electrical components used to generate the 5-, 15- and 

20-Volts DC. Figure 3-4 shows the electrical design diagram for the DC voltage 

generation. 

Table 3-9: Enclosure and electrical components for DC generation 

Component Manufacturer Part Number Comments 

Enclosure Fiboz TA342912T  344x289x117.4mm 

DSP DIN Power 

Supply TDK-Lambda DSP-10-5  5V,1.5A 

DSP DIN Power 

Supply TDK-Lambda DSP-10-15  15V,0.67A 

DSP DIN Power 

Supply TDK-Lambda DSP-10-24 24V,0.24A 

Circuit Breaker TE Connectivity W58-XB1A4A-3  250VAC,3A 

IEC Connector Qualtek Electronics 858-10/015 250VAC,10A 

Switch RS PRO 419-744 250VAC 

Indicator Light Dialight 559-0202-007F 5V,10mA 

Indicator Light CAMDENBOSS IND515205-1440 15V,40mA 

Indicator Light RS PRO 206-867 24V,20mA 

 

 

Figure 3-4: Electrical diagram 
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Figure 3-5: Electrical box accommodation (top view) 

Figure 3-5 shows the completed electrical box. In the bottom of the enclosure there is an 

aluminum plate that is connected to “earth” ground and also acts as a heatsink for the 

placed components. On the top left of the enclosure, there is the external oscillator for the 

NASA terminal second down-conversion box. On the top middle of the enclosure, there 

is the Q-band IF amplifier. On the top right of the enclosure, there are the additional 

components listed in Table 3-3. On the bottom half of the enclosure, there is the DC 

generation and distribution with the components listed in Table 3-9. 

Figure 3-6 shows the installed antennas on the roof of the Earl Mountbatten Building in 

Heriot-Watt University.  
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Figure 3-6: Mounted antennas on the Earl Mountbatten roof 

With the implementation and operation of the Ka-band a flaw in the design was 

discovered. The Mini-Circuits matching pad was overheating. A temporary solution was 

placing a heatsink on the top and bottom of the matching pad. Overheating was occurring 

because the matching pad was designed with a resistive network to achieve the transition 

in matching. The resistors in use were surface mount and upon closer inspection of the 

datasheet the Mini-Circuits matching pad had a maximum DC power handling of 0.25W. 

This is almost 22 times lower than DC power that was feeding the LNB (at 5.4W). 

Therefore, an in-house matching taper (pad) was manufactured to replace the existing 

one. 
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3.3 Receiver Digital Signal Processing 

 

A universal software radio peripheral (USRP) usually has an RF front end. The front end 

of such a receiver consists of a low noise amplifier (LNA), mixer and oscillator as shown 

in Fig. 2. The LNA usually has a tuneable gain, while the local oscillator provided with 

the USRP can be connected to a more stable master oscillator (e.g. 10 MHz master 

oscillator) and is also tuneable. Therefore, by selecting an appropriate frequency for the 

local oscillator to be tuned, one can sample the signal at baseband. The selected USRP 

was the the Ettus B200. This is shown in  Figure 3-8 and some of its receiver 

specifications are listed in Table 3-10 [9]. 

 

Figure 3-7: Typical USRP RF front end 

 

Figure 3-8: Ettus B200 SDR transceiver board copied from [9] 
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Table 3-10: Ettus B200 receiver general characteristics 

Input Freq. Range 70 MHz – 6 GHz 

ADC Sample Rate (max) 61.44 MS/s 

ADC Resolution 12 bits 

Interface USB 3.0 

DC Input 6V 

 

The signal to be processed is a discrete time signal. A discrete Fourier transform (DFT) 

is employed to translate our sampled signal from the time domain to the frequency 

domain. The fast Fourier transform (FFT) is a common implementation of the DFT, which 

is computationally more efficient but, for all purposes other than numerical efficiency, 

the two are synonymous.  

The discrete-time sequence that is sampled can be manipulated on a computer and an 

advantage of the DFT is that it involves a summation instead of an integral, which is 

easier to implement. For a given data vector 𝑤[𝑘] of length N where 𝑛 = 0,1,2,3 … , 𝑁 −

1 the DFT is defined as: 

𝑊[𝑛] =  ∑ 𝑤[𝑘]𝑒−𝑗(
2𝜋
𝑁

)𝑛𝑘

𝑁−1

𝑘=0

 (3.20) 

The inverse, IDFT is defined as 

𝑤[𝑘] =
1

𝑁
 ∑ 𝑊[𝑛]𝑒𝑗(

2𝜋
𝑁

)𝑛𝑘

𝑁−1

𝑛=0

 (3.21) 

The DFT is used to translate from the time domain to the frequency domain and the IDFT 

performs the inverse transformation (from frequency to time). 

When computing the DFT of a discrete signal, a window is always applied. When not 

specified, a rectangular window of length N is applied on the data vector Figure 3-9 

depicts this rectangular window and its Fourier Transform. 
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Figure 3-9: Rectangular window and its Fourier transform 

When measuring the spectrum, we encounter spectral leakage. Spectral leakage is the 

result of an assumption in the FFT algorithm that the time record is exactly repeated 

throughout all time and that signals contained in a time record are thus periodic at 

intervals that correspond to the length of the time record. If the time record has a 

nonintegral number of cycles, this assumption is violated and spectral leakage occurs.  

At this point, it is useful to introduce the resolution bandwidth, RBW, which refers to the 

size of the frequency bins. The RBW is the sampling rate 𝐹𝑠 divided by the length N of 

the FFT or window function to be used (these are always the same) as shown in equation 

(3.22): 

𝑅𝐵𝑊 =  
𝐹𝑠

𝑁
 (Hz) (3.22) 

An example follows that shows spectral leakage. Spectral leakage will occur when the 

frequency sampled is not a multiple of the resolution bandwidth. Having a sampling rate, 

𝐹𝑠 = 65536 𝐻𝑧 and an FFT length 𝑁 = 211 = 2048 yields a RBW of 32 Hz. Sampling 

a signal with a frequency of 𝑓 = 300 𝐻𝑧 which is not an integer multiple of the RBW 

will have spectral leakage and the spectrum will be spread across adjacent bins as in 

Figure 3-10. 
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Figure 3-10: 300Hz sampled frequency with spectrum leakage 

On the other hand, sampling a frequency of 294 Hz which is a multiple of the RBW will 

yield no spectral leakage as shown in Figure 3-11. 

 

Figure 3-11: No spectrum leakage when sampling a signal at 320Hz 

To minimise the effects of spectral leakage, different windows can be applied. The most 

common is the Hanning window for general usage and the flat-top window for accurate 

amplitude readings. Using the flat-top window ensures a maximum amplitude error of 

less than 0.01% [10]. This window broadens the resolution bandwidth (according to the 

window), resulting in the spreading of the signal to adjacent bins. The Hanning and flat-

top windows have an increasing bandwidth factor, 𝐵𝑓, of 1.5 and 3.43 respectively [10]. 

These translate to an equivalent windowed resolution bandwidth, 𝑅𝐵𝑊𝑤𝑖𝑛, of 15 Hz 
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(Hanning) and 34.3 Hz (flat-top) assuming a RBW of 10 Hz. Furthermore, these would 

degrade the noise floor, N, by 11.8 dB and 15.4 dB equivalently as opposed to the original 

10 dB degradation:  

𝑅𝐵𝑊𝑤𝑖𝑛 = 𝑅𝐵𝑊 ∗ 𝐵𝑓   (Hz) (3.23) 

As can be seen from Figure 3-12 and Figure 3-13, the signal is spread across multiple 

frequency bins when a windowing function is used. In particular, with the use of a 

Hanning window, the signal is spread from the main bin (peak) to two adjacent bins. In 

the case of a flat-top window the signal is spread from the main bin to six adjacent bins.  

 

Figure 3-12: Signal spectrum with the use of Hanning window 

 

Figure 3-13: Signal spectrum with the use of flat-top window 
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Once the local oscillator of the USRP is adjusted to that of the incoming IF frequency, 

the signal is down-converted to baseband. Then the signal is sampled at a frequency of 

327.68 kHz. A window function, flat-top in this case, is applied to the digitized samples. 

An FFT with length 32768 (215) is then used to calculate the signal’s power spectrum. 

This gives a RBW of 10 Hz. Furthermore, the bin with the highest magnitude is identified 

with the peak detector. The signal captured is centred in the spectrum and in the case that 

the signal drifts, it is adjusted by calculating the difference between the centre and the 

highest magnitude bin. The beacon power measurement is then done by summing the 

centre and adjacent bins according to the chosen windowing function. Concurrently, the 

surrounding integrated noise at a bandwidth of 100 kHz from the beacon is summed. The 

integrated received beacon and noise power are recorded at 10 Hz and 1Hz. Once 

calibrated, the integrated noise measurements can be used to calculate the sky noise 

temperature and digital radiometry can take place [11]. The described digital signal 

processing (DSP) block diagram is depicted in Figure 3-14. The DSP algorithm has been 

written and compiled using Python programming language. A timestamped file is 

generated with the measured beacon and noise power. The DSP code is executed on a 

Linux based (Ubuntu 18.04 LTS Bionic Beaver) environment.  

 

Figure 3-14: USRP DSP block diagram 

 

3.4 Experimental Results 

 

With the electrical, mechanical and signal processing in place, the Aldo Paraboni Ka-

band beacon signal was first captured during a clear sky day. The captured beacon signal 

and its spectrum with two different window functions is shown in Figure 3-15. The CNR 

with the use of a Hanning window is at 38.7 dB while with a flat-top window it is at 35.0 
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dB. From the link budget calculation in Table 3-7, the CNR calculated is at 41.4 dB with 

a RBW of 10 Hz. With the use of window functions the windowed RBW, 𝑅𝐵𝑊𝑤𝑖𝑛, as 

calculated in (4.2) will have additional losses of 1.8 dB and 5.4 dB for the Hanning and 

flat-top window respectively. Therefore, the theoretically expected CNR is 39.6 dB and 

36.0 dB which is close to the recorded measurements (1 dB less). Furthermore, the 

theoretical 3.6 dB difference between the different windowing functions is demonstrated 

experimentally in Figure 3-15. 

 

Figure 3-15: Beacon spectrum captured with the use of a Hanning (red) and flat-top 

(blue) window function 

Figure 3-16 plots the captured beacon signal power and the noise around the beacon signal 

in a bandwidth of 100 kHz. As can be seen, the recorded noise power tracks the events 

occurring in the sky. For example, sky noise increases during fading at the hours around 

5, 20 and 23.  
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Figure 3-16: USRP recorded beacon and noise power 

As mentioned earlier, the Ka-band beacon signal and noise are recorded by a terminal 

built by NASA Glenn Research Centre that uses a National Instruments (NI) 5124 data 

acquisition card. The recorded beacon and noise power were validated with the recordings 

from the NASA terminal as shown in Figure 3-17 and Figure 3-18. An offset was applied 

to Figure 3-17 and Figure 3-18 to illustrate that the Ettus 200 USRP with the digital 

processing described in Section 3.3 is able to successfully track and record the integrated 

power and noise. The Nasa terminal is considered the benchmark. Moreover, identical 

performance was achieved with equipment that costs ten times less than the Nasa 

terminal. The Ettus B200 and NI 5124 card cost €785 and €9,860 respectively [9], [12]. 

 

Figure 3-17: Beacon power received comparison with the B200 and NI 5124 card 
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Figure 3-18: Noise power recorded comparison with the B200 and NI 5124 card 

During deep atmospheric fading there is the possibility of losing the beacon signal. 

Therefore, the recovery of the beacon signal is important for the continuous operation of 

the terminal. An experiment was conducted where the input cable was disconnected and 

reconnected in an effort to see how the terminal would respond to a loss of the beacon 

signal. Figure 3-19 shows the loss at 16.519 hour and recovery at 16.528 hour of the 

beacon signal. 

 

Figure 3-19: Beacon signal recovery experiment 
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3.5 Excess Atmospheric Attenuation 

 

A useful propagation parameter is that of the excess atmospheric attenuation. Excess 

atmospheric attenuation does not take into account the ever-present gaseous attenuation. 

This can be obtained by calculating a zero-dB reference level from the recorded beacon 

signal power. The received beacon signal in time, 𝑆(𝑡), can be expressed as [13]: 

𝑆(𝑡) = 𝑆𝑣𝑎𝑐(𝑡) − 𝐴𝑡𝑡𝑔𝑎𝑠(𝑡) − 𝐴𝑡𝑡𝑒𝑥𝑐(𝑡)  (dBm) (3.24) 

where 𝑆𝑣𝑎𝑐(𝑡) is the signal relative to a vacuum and under normal circumstances will 

vary slowly due to system imperfections, and 𝐴𝑡𝑡𝑔𝑎𝑠(𝑡)is the oxygen and water vapour 

absorption attenuation (gaseous absorption) and is also slowly varying. 𝐴𝑡𝑡𝑒𝑥𝑐(𝑡) is the 

attenuation due to rain, clouds and scintillation which has a faster variation compared to 

the other two quantities. Therefore, the excess atmospheric attenuation in time, 𝑆𝑒𝑥𝑐(𝑡), 

can be calculated as: 

𝑆𝑒𝑥𝑐(𝑡) =  𝑆(𝑡) − 𝑅𝑒𝑓𝑧𝑒𝑟𝑜(𝑡)    (dBm) (4.25) 

where 𝑅𝑒𝑓𝑧𝑒𝑟𝑜(𝑡) is the zero-dB reference level which would include any system 

variation imperfection and gaseous absorption. The first step is identifying the clear sky 

segment. This is achieved by first segmenting the data (e.g. in 10-minute segments) and 

calculating the mean and standard deviation of the segment’s received signal. When the 

criteria are met, the segments are flagged as clear sky segments. Next, the clear sky 

segments are fitted via a Fourier series process as described in [13]. Figure 3-20 shows 

the Ka-band recorded beacon signal, 𝑆(𝑡), for a span of 5 days in blue with the 

identification of clear sky segments in red. The zero-dB reference level is shown in black. 

Figure 3-21, shows the approximate excess atmospheric attenuation, 𝑆𝑒𝑥𝑐(𝑡) of the five 
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day timeseries.

 

Figure 3-20: Received beacon signal (blue), identified clear sky segments (red) and 

zero-dB reference level fitted with Fourier series (black) 

 

Figure 3-21: Approximated excess attenuation 
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3.6 Conclusion 

 

The successful design and implementation of a Ka-band receiver for propagation 

measurements at Heriot-Watt University has been described. The receiver demonstrated 

a CNR of 35 dB. The overall design was centred around the idea of using a USRP for 

capturing the signal and SDR for processing the data in an effort to reduce the cost. This 

was achieved with the use of a commercial LNB which down-converted the Aldo 

Paraboni Ka-band signal (19.701 GHz) to 1.451 GHz. Next, the signal did not require 

further down-conversion because the Ettus B200 USRP was used to capture the IF signal.  

The measurements collected are an important part of modelling the atmospheric 

impairments at the band of operation. With the current setup and measurements, gaseous 

attenuation can be calculated with the use of the European Centre for Medium-Range 

Weather Forecasts vertical profiles as described in [14]. Furthermore, the methodology 

for calculating the excess atmospheric attenuation that was shown, can provide datasets 

that include cloud and rain attenuation along with scintillation. Also, with the calibration 

of the integrated noise, atmospheric noise measurements can be executed in an effort to 

monitor the sky and fading without the need for a beacon [11]. 

In the case of a new propagation campaign for characterising the atmosphere in W-band 

for example, the acquired knowledge can be used to design and implement a ground 

receiver. 
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Chapter 4  

 

4 Atmospheric Noise and Digital Radiometry at Q-

Band 

 

4.1 Introduction 

 

The trends towards broadband services, high-throughput satellites and reduction of the 

per Mbps cost drives the use of ever higher frequencies in satellite communications. 

While the use of Ka-band is now well established, there is an increasing interest in higher 

bands such as Q/V-bands (40/50 GHz) [1] and W-band [2]. Broad bandwidths available 

at these frequency bands offer attractive opportunities for exploitation in the feeder links, 

since they can support high capacity with fewer gateways. Consequently, the cost of the 

ground segment is reduced while the entire Ka-band becomes available for revenue-

raising user links [3]. The aforementioned developments motivate the characterisation of 

atmospheric propagation effects and their properties at mm-wave frequencies. An early 

campaign to experimentally characterise atmospheric propagation effects beyond the Ka-

band was made with the ITALSAT F1 satellite which carried beacons covering Europe 

at three bands, i.e. Ka-, Q- and V-band (20, 40 and 50 GHz respectively) [4], [5]. 

Presently, the Aldo Paraboni payload hosted on-board the ALPHASAT satellite delivers 

beacons with similar coverage at Ka- and Q-band (19.701, 39.402 GHz) underpinning an 

ongoing Europe-wide test campaign [6], [7]. Anticipating future needs for 

characterisation at W-band, ESA is currently making preparations for a beacon at these 

frequencies in geostationary orbit [2]. 

While beacons on-board geostationary satellites provide a very accurate methodology to 

characterise the channel from this orbit, such missions are costly and typically require 

long developments prior to launching. To this end alternative methodologies are currently 

explored such as the characterization of W-Band propagation using CubeSats [8] or from 

purely ground-based observations [9]. In particular, passive cosmic background 

radiometry represents a popular methodology to characterise atmospheric fading [10]. 



 

 

101 

 

This technique is based on measuring received noise from a portion of the sky without 

radio emitters. By virtue of calibrating the received noise, which is a combination of 

atmospheric emission and cosmic background radiation, atmospheric fading can be 

estimated without relying on a spaceborne beacon. This methodology delivers its 

maximum accuracy when the effects of larger atmospheric particles can be neglected, e.g. 

in the absence of precipitation.  

The primary aim of this chapter is to experimentally evaluate the potential of a software 

defined radio (SDR) receiver to deliver aforementioned passive radiometry 

measurements and characterize the geostationary channel at the satellite downlink 

without disrupting nominal operations. This is achieved by virtue of measurements 

performed with a bespoke terminal designed to receive the Q-band signal from the beacon 

of the Alphasat Aldo Paraboni payload [11]. By virtue of the SDR setup, where a 

downconverted image of the received signal is sampled and digitally processed to obtain 

its spectrum, it is possible to simultaneously record the level of the intended signal (in 

this case, a CW beacon), as well as the noise in the nearby frequency band. The specific 

configuration enables an accurate comparison of the atmospheric attenuation derived 

from the radiometer, with that obtained from the beacon observation.  Earlier work such 

as [12] and [13], concurrently recorded the beacon satellite signal and noise power at Ka- 

and Q- band in which the calibration of the radiometer in post-processing required the 

satellite beacon measurements. Furthermore, in [14] and [15] the concurrent recordings 

helped to monitor events and obtain reference levels to estimate attenuation templates. 

The proposed configuration has the advantage of offering operational ground stations the 

ability to monitor fading in real time without additional hardware.  

The remainder of the chapter is organised as follows. Section 4.2 outlines the theory 

underpinning atmospheric propagation and more precisely radiometer measurements. 

Section 4.3 presents the calibration methods of the radiometer. Section 4.4 presents some 

details of the system and the performed calibrations. Section 4.5 presents the comparative 

experimental results between fading obtained from the beacon and the radiometric 

measurements. Finally, conclusions are presented in Section 4.6. 
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4.2 Atmospheric Propagation of an Electromagnetic Wave  

 

This section is divided into three main subsections. The first subsection refers to the 

relation between a blackbody and temperature through the Rayleigh-Jeans approximation. 

The second subsection states the radiative transfer equation. The last subsection describes 

signal attenuation through the atmosphere and concludes on the relation between 

atmospheric temperatures and attenuation due to absorption.  

    

4.2.1 Blackbody and Temperature Relation 

 

A blackbody is thought of as a perfectly opaque material that absorbs all incident radiation 

at all frequencies and reflects none. A blackbody is also a perfect emitter. This is because 

a blackbody is in thermodynamic equilibrium which means that it will emit the same 

amount of energy it absorbs [16]. 

The amount of energy it gives off as radiation at different frequencies is the called spectral 

brightness intensity, 𝐼𝑓, and can be calculated from Planck’s law of blackbody radiation 

[17]: 

𝐼𝑓 =  
2ℎ𝑓3

𝑐2
 (

1

𝑒
ℎ𝑓

𝑘𝑇⁄ − 1
) (Wm−2sr−1Hz−1) (4.1) 

where, ℎ is Planck’s constant (6.63 × 10−34 J), 𝑘 is Boltzmann’s constant (1.38 ×

10−23 JK−1), 𝑐 is the speed of light in vacuum (3 × 108 ms−1), 𝑓 is the frequency (in 

Hz) and 𝑇 is the temperature (in Kelvin). 

The power of a lossless receiving antenna that is surrounded by a blackbody can be 

calculated with the use of the spectral brightness intensity with respect to its frequency:  

𝑃𝑓 =  𝐼𝑓𝐴𝑟Ω𝑠  (WHz−1) (4.2) 

where, 𝐴𝑟 is the receiving aperture area that subtends a solid angle Ω𝑠. These two can be 

obtained with the range, R, between the source and the receiving antenna aperture as 

follows: 

Ω𝑠 =  
𝐴𝑟

𝑅2
  (sr) (4.3) 
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Ω𝑟 =  
𝐴𝑠

𝑅2
  (sr) (4.4) 

where, 𝐴𝑠 is the source area that subtends a solid angle Ω𝑟. By considering a lossless 

antenna surrounded by a blackbody with spectral brightness intensity 𝐼𝑓, having a 

radiation pattern of 𝐹(𝜃, 𝜑)  and effective aperture 𝐴𝑟, the differential spectral brightness 

power 𝑑𝑃𝑓 can be calculated by also taking into account the differential solid angle 𝑑Ω: 

𝑑𝑃𝑓 =  𝐼𝑓𝐴𝑟𝐹(𝜃, 𝜑)𝑑Ω (4.5) 

The total amount of power received by the antenna over a range of frequencies 𝑓1 to 𝑓2is: 

𝑃𝑓 =  𝐴𝑟 ∫ ∬ 𝐼𝑓

 

4𝜋

 𝐹(𝜃, 𝜑) 𝑑Ω
𝑓2

𝑓1

 𝑑𝑓 (4.6) 

Keeping in mind that an antenna will only intercept on average half of the energy incident 

upon its aperture and by using the Rayleigh-Jeans approximation instead of Planck’s Law, 

the blackbody’s power can be obtained. 

 

4.2.1.1 Rayleigh-Jeans Approximation 

 

The Rayleigh-Jeans approximation, which essentially is the first  term of the  Taylor 

expansion of eq. (4.1)  is as follows [16]: 

𝐼𝑓 ≈  
2𝑘𝑇

𝜆2
  (WHz−1) (4.7) 

where, 𝐼𝑓is the approximation of the spectral brightness intensity, 𝑘 is Boltzmann’s 

constant, 𝑇 is the temperature in Kelvin and 𝜆 is the wavelength in meters. 

On this basis  and considering (4.6), the power intercepted by the antenna, enclosed in a 

blackbody is [16]: 

𝑃𝑏𝑏 = 𝑘𝑇𝐵
𝐴𝑟

𝜆2
 ∬ 𝐹(𝜃, 𝜑) 𝑑Ω

 

4𝜋

  (W) (4.8) 

Since the normalised radiation intensity 𝐹(𝜃, 𝜑) over a sphere is [16]: 
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Ω𝑝 =  ∬ 𝐹(𝜃, 𝜑) 𝑑Ω

 

4𝜋

  (sr) (4.9)  

And the pattern solid angle Ω𝑝, which is the width of the antenna’s mainlobe pattern is 

[16]: 

Ω𝑝 =  
𝜆2

𝛢𝑟
 (sr) (4.10)  

Solving (4.8) by substituting (4.10) will yield the power detected by the antenna, enclosed 

in a blackbody as such [16]:  

𝑃𝑏𝑏 = 𝑘𝑇𝐵  (W) (4.11) 

where 𝑃𝑏𝑏 is equal to the Boltzmann’s constant 𝑘 multiplied by the temperature T in 

Kelvin over a bandwidth 𝐵. This equation shows a direct relation between power emitted 

by a blackbody source and its temperature. Using this equation, the power detected by an 

antenna that is enclosed in a blackbody can be expressed in temperature and vice versa.  

Furthermore, the spectral brightness intensity of a blackbody is the following [16]: 

𝐼𝑏𝑏 =  𝐼𝑓𝐵 =  
𝑘𝑇

𝜆2
𝐵  (WHz−1) (4.12) 

 

4.2.2 Radiative Transfer Equation 

 

Radiative transfer theory is very important in understanding how a wave propagates in a 

medium. The two aspects to be looked at are the absorption and emission from a medium, 

when a wave propagates through. In free space, the spectral brightness intensity 𝐼𝑓 of 

radiation is conserved along a ray: 

𝑑𝐼𝑓

𝑑𝑠
= 0 (4.13) 

where, 𝐼𝑓 is the spectral brightness intensity and s is the distance of the source to the 

antenna. 
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4.2.2.1 Absorption 

 

By thinking of a ray as a beam of photons, when passing through a medium, some will 

be absorbed. Therefore, we can introduce the linear absorption coefficient 𝜅𝑣, which is 

equal to the infinitesimal probability of photons with frequency f that will be absorbed 

(𝑑𝑝𝑓) over a thin slab of thickness ds: 

𝜅𝑣  ≡  
𝑑𝑝𝑓

𝑑𝑠
(4.14) 

𝑑𝑝𝑓 =  𝜅𝑣  𝑑𝑠 (4.15) 

The fraction of specific brightness intensity lost to absorption in the infinitesimal distance 

ds along the ray will be: 

𝑑𝐼𝑓

𝐼𝑓
=  −𝑑𝑝𝑓 =  −𝑘𝑓𝑑𝑠 (4.16) 

Integrating equation (4.16) with the limits of distance 𝑠𝑖𝑛 (source) to 𝑠𝑜𝑢𝑡 (antenna), we 

obtain: 

𝐼𝑓(𝑠𝑜𝑢𝑡) =  𝐼𝑓(𝑠𝑖𝑛) exp ( − ∫ 𝜅𝑓(𝑠) 𝑑𝑠
𝑠𝑜𝑢𝑡

𝑠𝑖𝑛

) (4.17) 

Defining opacity as a fraction of electromagnetic impenetrability, we have: 

𝐼𝑓(𝑠𝑜𝑢𝑡) =  𝐼𝑓(𝑠𝑖𝑛) exp(−𝜏𝑓) (4.18) 

The above equation is true only for absorption effects. 

 

4.2.2.2 Emission 

 

A medium may also emit photons. In a small volume of 𝑑𝑠𝑑𝜎, the probability of a photon 

at a frequency f to be emitted into the solid angle 𝑑Ω is directly proportional, i.e.: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛  ∝ 𝑑𝑠𝑑𝜎𝑑Ω 

The emission coefficient 𝑒𝑓 can also be introduced as: 
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𝑒𝑓 =  
𝑑𝐼𝑓

𝑑𝑠
(4.19) 

 

 

4.2.2.3 Equation of Radiative Transfer 

 

Combining both the emission and absorption will yield the equation of radiative transfer: 

𝑑𝐼𝑓

𝑑𝑠
=  − 𝑘𝑓𝐼𝑓 +  𝑒𝑓 (4.20) 

 

4.2.2.4 Kirchhoff’s Law of Thermal Radiation 

 

Kirchhoff’s law of Thermal Radiation states that: 

‘’For a body of any arbitrary material emitting and absorbing thermal electromagnetic 

radiation at every wavelength in thermodynamic equilibrium, the ratio of its emissive 

power to its dimensionless coefficient of absorption is equal to a universal function only 

of radiative wavelength and temperature. That universal function describes the perfect 

blackbody emissive power.’’ 

Therefore, the following relation can be made: 

𝐵𝑓(𝑇) =  
𝑒𝑓(𝑇)

𝑘𝑓(𝑇)
(4.21) 

where, 𝐵𝑓(𝑇) is the universal function described in Kirchhoff’s law and 𝑒𝑓(𝑇) and 𝑘𝑓(𝑇) 

are the emission and absorption coefficient respectively. In order for this equation to be 

true, the medium has to be in thermodynamic equilibrium. Furthermore, Kirchhoff’s law 

can be applied in both thermal equilibrium and local thermodynamic equilibrium like the 

atmosphere. 
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4.2.3  Description of Signal Attenuation in the Atmosphere 

 

4.2.3.1 Signal Extinction 

 

As the electromagnetic signal propagates through the atmosphere, it experiences 

scattering and absorption, such that an incoming signal strength will weaken as it 

propagates. The signal attenuation along a path is also referred to as the extinction of the 

signal, excluding any free space losses (FSL). This attenuation is caused from scattering 

and absorption. This can be described by the following terms: 

 

𝐴𝑡 =  𝐴𝑎𝑏 +  𝐴𝑠𝑐  (dB) (4.22) 

where, 𝐴𝑡 is the total attenuation/extinction along the signal path (excluding FSL), 𝐴𝑎𝑏 is 

the absorption attenuation/extinction and 𝐴𝑠𝑐 is the scattering attenuation/extinction. 

These signal attenuations caused by the atmosphere are also related to the sky noise 

temperature as described in Section 4.2.4.  

 

4.2.3.2 Air Mass 

 

 

Figure 4-1: Illustration of airmass 

Air mass is the optical path length, normalised to that at zenith, that a signal must go 

through when travelling through the Earth’s atmosphere. As the signal goes through the 

atmosphere, it experiences scattering and absorption. The closer the target is to the 

horizon, the more air (gases) are needed to be looked through and the more degraded the 

view gets, as it can be seen in Figure 4-1. Therefore, the longer the path through the 
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atmosphere, the higher the air mass and consequently the higher the attenuation. 

Moreover, the air mass at zenith (90° elevation angle) is 1 and increases as the elevation 

angle decreases.  

When the elevation angle θ, is large, a good approximation is given by assuming a 

homogeneous plane-parallel atmosphere (i.e. one for which density is constant and the 

Earth’s curvature is ignored). Air mass can be calculated from the following equation 

[18][19]: 

𝐴𝑖𝑟 𝑚𝑎𝑠𝑠 =   
1

sin 𝜃
 =  

1

cos 𝜑
= 𝑐𝑜𝑠𝑒𝑐 𝜃 (airmass) (4.23) 

where, 𝜃 is the elevation angle and 𝜑 is the zenith angle.  

At a zenith angle (𝜑) of 60°, the air mass is approximately 2. The Earth is not flat, 

however, and, depending on accuracy requirements, this formula is usable for zenith 

angles up to 75°. At greater zenith angles, the accuracy degrades rapidly, with air mass 

as obtained by equation (4.23) becoming infinite at the horizon; the horizon air mass in 

the more-realistic spherical atmosphere is usually less than 40 [20]. 

 

4.2.3.3 Opacity 

 

Opacity is often referred to as optical depth [16]. It is the quality of lacking transparency 

or translucence. It is a measure of impenetrability to electromagnetic or other kinds of 

radiation. As seen from the absorption section on the radiative transfer equation, opacity 

is linked to the absorption coefficient, 𝑘𝑓 as follows: 

𝜏𝑓 =  ∫ −𝑘𝑓(𝑠)𝑑𝑠
𝑆𝑖𝑛

𝑆𝑜𝑢𝑡

(4.24) 

 

4.2.3.3.1 Link between Air Mass and Opacity 

 

There is a link between opacity and air mass. As discussed previously, air mass is the 

optical path length through the atmosphere. An air mass of zero is physically impossible 

since the atmosphere is always present. Nonetheless, an air mass of zero would 
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theoretically conclude as to not having an atmosphere and therefore, signal attenuation 

from just free space losses. 

Likewise, an opacity of zero would suggest that electromagnetic radiation can penetrate 

unobstructed. Therefore, an opacity of zero would suggest no attenuation, except for free 

space losses. 

Finally, when plotting a graph of opacity vs air mass, the relation will be linear and when 

extrapolating the plot, it should start from zero (zero air mass and zero opacity). This 

relation can help when calibrating a radiometer. This will be discussed in Section 4.3. 

Based on the above discussion, the opacity at a zenith angle 𝜑 can then be obtained from 

[21]: 

𝜏(𝜑) =  𝜏𝜊  sec 𝜑 (4.25) 

where, 𝜏𝜊 is the zenith opacity. 

 

4.2.3.4 Fractional Transmissivity, σ 

 

An absorbing medium in thermal equilibrium, like the atmosphere, will radiate as much 

incident energy as it absorbs. The efficiency of absorption can be described by the 

fractional transmissivity, σ, of the atmosphere. A fractional transmissivity of unity means 

that there is no absorption and a fractional transmissivity of zero  that there is absolute 

absorption, i.e. no transmitted power [22]. 

 

4.2.3.4.1 Relation between Transmissivity, Attenuation and Opacity 

 

Transmissivity is the link between opacity and attenuation. The attenuation due to 

absorption of a signal can be obtained from the transmissivity of the atmosphere as 

follows [22]: 

𝐴𝑎𝑏 = 10 log10 (
1

𝜎
)  (dB) (4.26) 
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Transmissivity, σ, can be expressed in terms of opacity, 𝜏, through the following equation 

[16]: 

𝜎 =  𝑒−𝜏 =  𝑒−𝜏𝑜 sec 𝜑 (4.27) 

where, σ is the transmissivity and 𝜏𝜊 is the zenith opacity at 𝜑 = 0°.  

 

4.2.4 Noise, Temperature and Signal Absorption 

 

The brightness temperature of a material 𝑇𝐵, or in our case the atmosphere, is the 

equivalent temperature of a blackbody that emits the same spectral brightness intensity, 

𝐼𝑓, as the material under consideration (equation (4.12)) [16].  

Brightness temperature is also sometimes referred to as the sky noise temperature 𝑇𝑟. It 

is called sky noise temperature because the receiving antenna will experience an increase 

in noise temperature due to the attenuating medium that itself is radiating (because it is 

in a thermal equilibrium, isotropic) [22]. 

The mean brightness temperature, 𝑇𝑚, is the physical temperature of the 

atmosphere/absorbing medium [22]. Available guidelines (ITU-R P.618-13, [23]) 

provide empirical expressions to obtain 𝑇𝑚  as a function of the surface temperature, 

𝑇𝑠, for clear and cloudy weather, as below: 

𝑇𝑚 = 37.34 + 0.81 𝑇𝑠  (K) (4.28) 

In addition to the blackbody radiation in the atmosphere, further contribution comes from 

the cosmic and the galactic radiations. The cosmic radiation is due to the remnants from 

the Big Bang while the galactic radiation is due to radiation from our galaxy. These are 

respectively associated with the cosmic and galactic brightness temperature, 𝑇𝑐 and 𝑇𝑔 

respectively. Tc brings a contribution to the brightness temperature between 2-3 K. In the 

following calculations, 𝑇𝑐 will have a constant value of 2.7 K [16], [22]. The galactic 

radiation varies with frequency, depending on the specific region of the galaxy. The 

galactic brightness temperature can be ignored for frequencies above 5 GHz and should 

be considered for frequencies below 1 GHz [16].  

The signal with power S, when passing through the medium/atmosphere will result in an 

attenuation and a resulting power of σS, where σ is the fractional transmissivity. 
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If the medium, has a temperature 𝑇𝑚, the noise produced by the medium/atmosphere can 

also be calculated. The brightness temperature, 𝑇𝐵, is directly linked with the emitted 

radiation of the medium/atmosphere, since it is in thermal equilibrium.  

From the Rayleigh-Jeans approximation, the brightness temperature can be obtained 

from: 

𝑇𝐵(𝑓) ≡  
𝐼𝑓𝑐2

2𝑘𝑓2
(4.29) 

Furthermore, solving the radiative transfer equation for a medium in local thermodynamic 

equilibrium, the atmosphere and the brightness temperature 𝑇𝐵 can be linked to the 

physical temperature 𝑇𝑚 and opacity 𝑡𝜑. 

The first step is to eliminate the emission coefficient 𝑒𝑓 with: 

𝑒𝑓 =  𝑘𝑓𝐵𝑓(𝑇𝑚) (4.30) 

where, 𝑘𝑓 is the absorption coefficient and 𝐵𝑓(𝑇𝑚) is the universal transfer function with 

respect to physical temperature 𝑇𝑚: 

𝑑𝐼𝑓

𝑑𝑠
=  − 𝑘𝑓𝐼𝑓 +  𝑘𝑓𝐵𝑓(𝑇𝑚) (4.31) 

The absorption coefficient 𝑘𝑓 can also be eliminated by multiplying the equation by 1 𝑘𝑓
⁄ . 

Then, by referring to (4.24) the equation can be re-written as: 

1

𝑘𝑓

𝑑𝐼𝑓

𝑑𝑠
= −

𝑑𝐼𝑓

𝑑𝜏
 =  − 𝐼𝑓 +  𝐵𝑓(𝑇𝑚) (4.32) 

Both sides of the differential equation are multiplied with exp(-τ) and integrated along the 

path of the signal from the top of the atmosphere to the ground. The limits of the integrals 

are from 0 to 𝜏(𝜑) where, 𝜏(𝜑) is the opacity of the atmosphere at zenith angle 𝜑. 

∫ 𝑒−𝜏
𝑑𝐼𝑓

𝑑𝜏
 𝑑𝜏

𝜏(𝜑)

0

=  ∫ [ 𝛪𝑓 −  𝐵𝑓(𝑇𝑚)]𝑒−𝜏 𝑑𝜏
𝜏(𝜑)

0

(4.33) 

By solving the above equation and neglecting the spectral brightness 𝐼𝑓(𝜏 = 𝜏(𝜑)), as 

the brightness of emission above the atmosphere is relatively low at high frequencies, the 

following equation arises:  

𝐼𝑓 = (1 − 𝑒−𝜏(𝜑))𝛣𝑓(𝑇𝑚) (4.34) 
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This can therefore be re-written as: 

𝐼𝑓 = (1 − 𝑒−𝜏𝜊 sec 𝜑)
2𝑘𝑓2𝑇𝑚

𝑐2
 (4.35) 

Combining (4.29) and (4.35) the sky noise temperature/brightness temperature 𝑇𝐵 can be 

written as: 

𝑇𝐵 =  
𝐼𝑓𝑐2

2𝑘𝑓2
=  𝑇𝑚[ 1 − 𝑒(−𝜏𝜊 sec 𝜑)] (4.36)  

Reconsidering the transmissivity, (4.27), the brightness temperature 𝑇𝐵, can be re-written 

as [22]: 

𝑇𝐵 =  𝑇𝑚(1 − 𝜎)  (K) (4.37) 

𝜎 =  
𝑇𝑚 −  𝑇𝐵

𝑇𝑚
  (unitless) (4.38) 

Brightness temperature, 𝑇𝐵, can then be also expressed in terms of attenuation due to 

absorption, 𝐴𝑎𝑏, and mean brightness temperature, 𝑇𝑚: 

𝑇𝐵 =  𝑇𝑚 (1 − 𝑒−(
𝐴𝑎𝑏
4.34

))  (K) (4.39) 

Therefore, the signal attenuation is linked with the fractional transmissivity which in 

turns, is linked to the brightness temperature, 𝑇𝐵, and mean brightness temperature, 𝑇𝑚 

as follows: 

𝐴 = 10 log10 (
𝑇𝑚

𝑇𝑚 − 𝑇𝐵
)  (dB) (4.40) 

As mentioned before, there is also a constant cosmic radiation. This permanent radiation 

𝑇𝑐 will therefore be included on the attenuation equation as follows [22]: 

   

𝐴𝑎𝑏 = 10 log10 (
𝑇𝑚 −  𝑇𝑐

𝑇𝑚 − 𝑇𝐵
)  (dB) (4.41) 

The attenuation due to absorption is attributed to the interaction of electromagnetic 

radiation with gaseous molecules (primarily oxygen and water vapour in the 1-100 GHz 

range). At thermal equilibrium, energy transitions of these particles lead to emission and 

absorption of electromagnetic radiation at equal rates. With this assumption, a signal 
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propagating along a given path in the atmosphere will therefore experience atmospheric 

(or gaseous) absorption at the same rate [10]. Gaseous absorption dominates fading when, 

in the radiative transfer equation, the effects of scattering or other absorptive mechanisms 

of electromagnetic wave from atmospheric particles can be neglected [10]. This typically 

applies, for example, in the absence of precipitation. In this case, gaseous absorption can 

be characterised from measured noise power considering the thermodynamics of the 

atmosphere as briefly outlined next. 

The above suggests that the gaseous absorption of the atmosphere can be estimated once 

values of the atmosphere’s brightness temperature, 𝑇𝐵, are available. The latter can be 

obtained exploiting radiometric noise measurements. In particular, a lossless antenna 

enclosed in a blackbody in thermal equilibrium as discussed in (4.11) (which with the 

above approximation can be assumed to be the atmosphere) will detect the following 

noise power [16]: 

𝑃𝑁 = 𝑘𝑇𝐵𝐵  (W) (4.42) 

where 𝑃𝑁 is the noise power detected by the antenna over a certain bandwidth B, with k 

being the Boltzmann's constant and 𝑇𝐵 the brightness temperature in Kelvin. 

Consequently, the noise temperature of a clear sky is proportional to the noise power 

recorded in an ideal receiver comprising a lossless antenna and noise-free electronics. 

For practical receivers, additional considerations are required. The RF electronics 

generate noise that can be calculated from the noise figure of each component, which can 

then be converted to an equivalent noise temperature, 𝑇𝑟 [24]. Furthermore, a practical 

antenna is not lossless but instead is characterized by a noise temperature, 𝑇𝑁. Moreover, 

in addition to the main lobe (which observes the desired brightness temperature, 𝑇𝐵) the 

antenna also has side lobes that capture noise from unwanted sources, 𝑇𝑠𝑙. The total gain, 

G, of the receiver system must also be taken into account, since gain applies to both the 

noise and desired signal. With the above considerations, (4.42) for a lossy receiver system 

becomes [16]: 

𝑃𝑁 = (𝑇𝐵 + 𝑇𝑠𝑙 + 𝑇𝑟 + 𝑇𝑁)𝑘𝐵𝐺  (W) (4.43) 

Rearranging the equation to make brightness temperature the argument: 

𝑇𝐵 =
𝑃𝑁

𝑘𝐵𝐺
− (𝑇𝑠𝑙 + 𝑇𝑟 + 𝑇𝑁)  (K) (4.44) 
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Recognising the dependence of the brightness temperature, TB, on the measured noise 

power, PN, (4.44) can be written in the format: 

𝑇𝐵 = 𝑎𝑃𝑁 + 𝑏  (K) (4.45) 

where the coefficients a and b stand for: 

𝑎 =  
1

𝑘𝐵𝐺
   (K J−1Hz−1) (4.46) 

𝑏 =  −(𝑇𝑠𝑙 + 𝑇𝑟 + 𝑇𝑁)  (K) (4.47) 

 

4.3 Radiometer Calibration 

 

While approximate estimations for the coefficients a and b can be obtained by (4.46) and 

(4.47), more accurate values can be obtained by performing experimental calibration to 

remove the system’s gain, noise and antenna side lobes from the recorded noise power. 

A suitable method for calibrating the receiver exploits measuring the noise when the 

antenna is exposed to well-known brightness temperatures [16]. In particular, this method 

exploits the fact that an electromagnetic absorber covering the receiver antenna acts as an 

effective blackbody. Consequently, the brightness temperature seen by the antenna is in 

this case equal to the physical temperature of the absorber. By adjusting the temperature 

of the absorber to known values and recording the relevant noise power levels it is 

possible to obtain values for the coefficients a and b.  

Since the number of unknown coefficients is two, only two temperatures (hot and cold) 

are required to perform the calibration. In practice this can be achieved by keeping the 

absorber in ambient temperature (𝑇𝑏
ℎ ≈ 300 K) or immersing it in a e.g. liquid nitrogen 

(𝑇𝑏
𝑐= 77 K). After recording the noise power of a hot and cold source, a and b can be 

calculated from [16]: 

𝑎 =  
𝑇𝑏

ℎ − 𝑇𝑏
𝑐

𝑃𝑁
ℎ − 𝑃𝑁

𝑐  (K J−1Hz−1) (4.48) 

𝑏 =  
𝑃𝑁

𝑐 𝑇𝑏
ℎ − 𝑃𝑁

ℎ𝑇𝑏
𝑐

𝑃𝑁
ℎ − 𝑃𝑁

𝑐  (K) (4.49) 

where the superscripts h and c stand for hot and cold source respectively. 
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Another method for obtaining the calibration coefficients is that of a tip curve calibration. 

A tip calibration exploits the fact that directions closer to the horizon experience longer 

paths through the atmosphere and consequently are associated with higher attenuation 

(and thus atmospheric noise) [21]. On the assumption that the atmosphere is 

homogeneous with constant density, the attenuation, 𝐴𝑎𝑏, at a given elevation angle, θ, is 

proportional to the optical path length at that angle normalised to that at zenith as 

described by (4.23).  

On that basis, the attenuation 𝐴𝑎𝑏 at angle θ is linked with the attenuation 𝐴𝑎𝑏90 at zenith 

(θ = 90˚) according to: 

𝐴𝑎𝑏 =  𝐴𝑎𝑏90 cosec 𝜃 = 𝐴𝑎𝑏90 × 𝐴𝑖𝑟 𝑚𝑎𝑠𝑠  (dB) (4.50) 

Equation (4.50) reveals that the relationship between airmass and attenuation is linear and 

the associated curve (also referred to as tip curve) crosses the origin. It is noted that 

although an air mass lower than unity is practically impossible, theoretically this 

extrapolation is meaningful. In particular, an air mass of zero corresponds to absence of 

the atmosphere and therefore no attenuation of a signal [16]. 

During tip calibration the antenna is pointed at different elevation angles, corresponding 

to different values for the air mass, and the noise power is recorded. An initial estimation 

of the zenith attenuation, 𝐴𝑎𝑏90 in dB, can be calculated by comparing two elevation 

angles [21]:  

𝐴𝑎𝑏90 = 4.343 
1

 cosec 𝜃 − 1
 ln (

𝑇𝐵90 −  𝑇𝑚 

𝑇𝐵(𝜃) −  𝑇𝑚
) (4.51) 

where, 𝑇𝐵90 and 𝑇𝐵(𝜃) are the brightness temperature at zenith and at an elevation angle 

𝜃 respectively. The temperatures TB90, TB(θ) and Tm in (4.51) are unknown. Given that, as 

per (4.45), the relationship between measured noise power and temperature is linear, 

(4.51) can be rewritten in terms of the associated integrated noise power levels:  

𝐴𝑎𝑏90 =  
1

 cosec 𝜃 − 1
 ln (

𝑃𝑁(𝑇𝐵90) −  𝑃𝑁(𝑇𝑚) 

𝑃𝑁(𝑇𝐵(𝜃)) −  𝑃𝑁(𝑇𝑚)
) (4.52) 

To a first approximation, the mean radiating temperature, 𝑇𝑚, can be replaced with that 

of the ambient air temperature 𝑇𝑎. In turn, the integrated noise power associated with the 

ambient temperature, 𝑃𝑁(𝑇𝑎), can be replaced with the observation of the brightness of a 

blackbody at ambient temperature. Therefore, (4.52) can be re-written as: 
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𝐴𝑎𝑏90 =  
4.343

 cosec 𝜃 − 1
 ln (

𝑃𝑁(𝑇𝐵90) − 𝑃𝑁(𝑇𝑎) 

𝑃𝑁(𝑇𝐵(𝜃)) − 𝑃𝑁(𝑇𝑎)
) (4.53) 

and a first estimate of the calibration coefficients can be made as: 

𝑎𝑒𝑠𝑡 =  
𝑒−𝐴𝑎𝑏90/4.343(𝑇𝑐 − 𝑇𝑎)

𝑃𝑁(𝑇𝐵90) −  𝑃𝑁(𝑇𝑎)
     (K J−1Hz−1) (4.54) 

𝑏𝑒𝑠𝑡 =  𝑇𝑎 − 𝑎𝑒𝑠𝑡(𝑃𝑁(𝑇𝑎))    (K) (4.55) 

Next, we consider that the mean brightness temperature differs from the blackbody 

observed at ambient temperature 

∆𝑇 =  𝑇𝑎 −  𝑇𝑚    (K) (4.56) 

Consequently, the initial estimation of 𝑎𝑒𝑠𝑡 can be used to find more accurate values of 

𝑃𝑁(𝑇𝑚) as 

𝑃𝑁(𝑇𝑚) =  𝑃𝑁(𝑇𝑎) −  
∆𝑇

𝑎𝑒𝑠𝑡
     (W) (4.57) 

The updated calibration coefficients, 𝑎𝑒𝑠𝑡∗ and 𝑏𝑒𝑠𝑡∗, and updated atmospheric attenuation 

at zenith, Aab90*, can then be obtained by introducing (4.57) into (4.53)-(4.55): 

𝐴𝑎𝑏90∗ =  4.343
1

 cosec 𝜃 − 1
 ln (

𝑃𝑁(𝑇𝐵𝑜) −  𝑃𝑁(𝑇𝑚)

𝑃𝑁(𝑇𝐵(𝜃)) −  𝑃𝑁(𝑇𝑚)
) (4.58) 

𝑎𝑒𝑠𝑡∗ =  
𝑒−𝐴𝑎𝑏90∗/4.343(𝑇𝑐 − 𝑇𝑎 − ∆𝑇)

𝑃𝑁(𝑇𝐵𝑜) −  𝑃𝑁(𝑇𝑎) −  
∆𝑇
𝑎𝑒𝑠𝑡

     (K J−1Hz−1) (4.59) 

𝑏𝑒𝑠𝑡∗ =  𝑇𝑎 − ∆𝑇 − 𝑎𝑒𝑠𝑡∗(𝑃𝑁(𝑇𝑎))    (K) (4.60) 

In a tip calibration process, the calibration coefficients are estimated for the original 

approximation Tm= Ta. Based on this estimation, the tip curve (i.e. attenuation vs. airmass) 

is then plotted. Typically, the original tip curve does not cross the origin due to the non-

zero value of ΔΤ in (4.56). To this end, an initial assumption of ΔΤ is made and the 

updated calibration coefficients, 𝑎𝑒𝑠𝑡∗ and 𝑏𝑒𝑠𝑡∗ are calculated. Rapid convergence of the 

calibration coefficients is achieved by iterating (4.57) - (4.60) with the assumed ΔT. The 

latest calculated calibration coefficients are used in each iteration. The correct calibration 

coefficients are calculated by adjusting ΔT until the tip-curve plot extrapolates to zero.  
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4.4 SDR Receiver 

 

The opportunities and limitations to characterise fading using the aforementioned 

radiometric approach at the Q-band satellite downlink frequency using a low-cost SDR 

receiver have been investigated by means of an experimental setup. The latter involves a 

Q-band receiver mounted on a pointing system shown in Figure 4-2 that tracks the 

Alphasat satellite using an open-loop system based on ephemeris data. The remainder of 

this section provides a description of the SDR receiver and its calibration.  

 

Figure 4-2: Photograph of the beacon receiver 

 

4.4.1 System description 

 

The RF and digital signal processing (DSP) block diagram of the SDR Receiver is shown 

in Figure 4-3. The receiver captures a linearly polarised signal at Q-band which is down-

converted to an intermediate frequency (IF) of 5 MHz, exploiting three-stage mixing. An 

ultra-stable 10 MHz reference oscillator is used across the three down conversion stages. 

The hardware is in a thermally insulated housing whose internal temperature is recorded. 

The signal is digitized at the 5 MHz IF frequency using a 12-bit National Instruments 

5124 data acquisition (DAQ) card, which samples at a rate of 11.111 MHz. 

The time-domain sampled signal is converted in the frequency domain exploiting a Fast 

Fourier Transform (FFT) on 220 time domain samples, leading to a resolution of 10.6 Hz. 

Then, a digital 50 KHz, 10th  order Type 2 Chebyshev bandpass filter is applied to isolate 
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the beacon signal and the resulting spectrum is digitally resampled by a factor of 32 to 

reduce processing time as shown in Figure 4-3. A novel digital routine enables tracking 

any frequency drift of the beacon signal (nominally at 39.402 GHz) together with its peak 

power level [25]. Moreover, the Quinn-Fernandes Nessel (QFN) routine centres the filter 

accordingly. This routine is a variant of the QFN frequency estimator [26] which uses an 

a priori information window on the frequency that the beacon is expected to appear, 

resulting in faster detection. This allows minimisation of scalloping losses as the QFN 

estimator interpolates the FFT and the total power of the beacon is recorded.  

A typical image of the decimated spectrum detected by the SDR receiver is shown in 

Figure 4-5. The received beacon power is recorded at 10 Hz and 1 Hz. These are then 

used in conjunction with atmospheric data provided by the European Centre for Medium-

Range Weather Forecasts (ECMWF) vertical profiles and weather station data to produce 

a reference level such that the gaseous absorption and excess attenuation can be estimated 

[13]. ECMWF data are available for every six hours on a regular latitude/longitude grid 

with 0.125 x 0.125 spatial resolution. The ECMWF vertical profile data (temperature, 

humidity, pressure) are processed with the well-known mass absorption models by Liebe 

et al. [27] and Rosenkranz [28] and the total path attenuation composed from the oxygen, 

water vapour and cloud path attenuation are thereby obtained for the site. Identification 

of non-rainy periods is made from the weather station data, and in conjunction with the 

ECMWF data, a daily averaged reference attenuation level can be estimated. Once the 

reference attenuation level has been calculated for each day, it is subtracted from the 

power measurement time series to produce the total atmospheric attenuation (including 

gaseous losses). Example of calibrated time series with the above approach can be seen 

in Figure 4-4 and in [11], [29], [30] .  
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Figure 4-3: Beacon receiver RF hardware (top) and DSP (bottom) block diagram 

 

 

Figure 4-4: Atmospheric attenuation for July 2016. 
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Figure 4-5: Decimated IF spectrum with beacon signal present 

A digital 10th order Type 2 Chebyshev bandstop filter with a rejection bandwidth of 250 

Hz is concurrently applied on the spectrum resulting from the FFT as shown in Figure 

4-3. The centre of the digital bandstop filter is defined by the QFN frequency estimation 

of the beacon signal. This operation enables one to virtually suppress the beacon signal 

from the received spectrum, thus allowing the integration of the noise power measurement 

over the full IF bandwidth of 1 MHz. A Type 2 Chebychev filter, unlike a Type 1, has a 

flat bandpass response. An instance of the bandstop filter response is plotted in Figure 

4-6. It is noted that the Aldo Paraboni beacon signal is specified to have very stable phase 

noise and an unmodulated continuous wave signal (theoretically no bandwidth), hence 

the choice of the narrow bandwidth notch filter. The integrated noise power is logged 

with the same frequency as the beacon signal.  

 

 

 

Figure 4-6: Digital notch filter response for measuring the noise power of the beacon 
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4.4.2 Calibration  

 

In order to convert the measured noise into attenuation, the hot-cold calibration 

methodology is initially applied. A radar absorbing material (RAM) with sharp 5 mm tall 

pyramidal and total tile dimensions of 100 ×100 mm injection moulded conductive 

plastic, with reflection below 45 dB at 40 GHz, was used during calibration [31]. A cuboid 

box was built to host the RAM absorber using Rohacell (relative dielectric permittivity 

of 1.05) and hence was largely RF transparent. The calibration box was of sufficient 

dimensions to be accommodated on the dish while the RAM absorber fully covered the 

antenna feed as it can be seen in Figure 4-7. Throughout the calibration, the antenna was 

pointed to zenith for easy access as well as providing a level plane for the calibration box 

to rest upon, Figure 4-7. The two temperatures that were used in the calibration are the 

ambient air during the procedure (hot temperature measured at 280 K) and liquid nitrogen, 

which has a boiling point of 77 K. The ambient air temperature during the calibration was 

recorded from a nearby weather station (a building south of the receiver at a distance of 

approximately 70 m) at one-minute intervals. 

 

Figure 4-7: Reflector at zenith to accommodate the calibration box during the hot-cold 

calibration 
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In order for the absorber to first acquire the ambient (hot) temperature, it was left outdoors 

under the shade for an hour. The absorber was then placed at the bottom of the box and 

the first measurement was recorded. In order to then obtain the cold source calibration, 

liquid nitrogen was introduced in the host Rohacell box, Figure 4-7. During the first 

attempt it was not possible for the absorber to acquire the cold temperature as it started 

floating in the liquid nitrogen. A second attempt was made with the addition of an 

aluminium block on top of the absorber in order to add weight. The second attempt was 

successful and this can be seen in Figure 4-8 where the integrated noise power time series 

during the calibration process is shown. Liquid nitrogen was added twice, as the first time 

the liquid was boiled and evaporated within minutes due to the addition of the aluminium 

block. 

 

Figure 4-8: Noise power recorded during the hot-cold calibration 

A breakdown of the different phases during the calibration are given from the numbered 

bullet points below. Each number corresponds to the circled numbers in Figure 4-8. 

1. Noise Power with Absorber at Air Temperature 

2. Noise Power with Absorber immersed in Liquid Nitrogen (Failed attempt) 

3. Noise Power with Absorber immersed in Liquid Nitrogen (Successful attempt) 

The absorber was covering the antenna for about 11-15 minutes during the calibration. 

The noise power data during the calibration was averaged for 10 minutes. These averaged 

measurements are plotted in Figure 4-9. From this data, the calibration coefficients, a and 

b, can be obtained using (4.48) & (4.49): 

𝑎 = 8.79 × 109   (K J−1Hz−1) 
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𝑏 =  −1807   (K) 

 

Figure 4-9: Hot-Cold calibration plot 

The tip-curve calibration described in Section 5.3 was performed during a clear sky day. 

The receiver antenna elevation angle was tipped at elevation angles of 15˚, 20˚, 30˚, 45˚, 

60˚ and 90˚ and the channel noise was recorded. The ambient temperature target 

measurements recorded in the hot-cold experiment were used in the first approximation 

of the coefficients and attenuation. Figure 4-10 shows the results of the initial and 

corrected calibration coefficients. ∆𝑇 was adjusted to satisfy the assumption of no 

attenuation at an airmass of zero, and the corrected coefficients are obtained as: 

𝑎 = 8.98 × 109   (K J−1Hz−1) 

𝑏 =  −1841   (K) 

Furthermore, receiver gain variations due to temperature can impact the accuracy of the 

radiometer and can be compensated by performing a temperature calibration. To combat 

gain variation, in the work of [32] and [33], a reference noise source was added between 

the antenna and low noise block via a coupler. Due to hardware limitations, such a 

calibration has not been performed. Nonetheless, to mitigate such errors, as mentioned in 

Section 5.4 the receiver is thermally insulated. Furthermore, the temperature variation of 

the low noise amplifier was observed to be stable with ±2˚C variations from the mean 

temperature. 

The corrected coefficients obtained from the tip-curve calibration have been used to 

obtain the brightness temperature in the work described in the remainder of the chapter. 
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Figure 4-10: Tip curve calibration, corrected-tip and initial-tip in red and blue line 

respectively. Coefficient of determination (𝑅
2
) is 0.9965 

 

4.5 Experimental Results 

 

The tip-curve calibration performed in Section 5.3 is next applied to the measurement of 

atmospheric fading at Q-band. In order to enable concurrent measurements from the 

beacon and radiometric signals, the receiver was pointed to the Alphasat satellite.   

In order to confirm the efficacy of the digital filtering in suppressing beacon signal power 

from being injected into the integrated noise, an experiment is conducted. In particular, 

measurements of the integrated noise are recorded when pointing the receiver at two 

different positions; while pointing at the ALPHASAT and while pointing at a small angle 

away from the satellite during clear sky. The results are plotted in Figure 4-11, where the 

measurements taken at the two positions of the receiver are marked. As shown, there is a 

small level of additional noise (approximately 0.03 dB) recorded when the receiver points 

to the beacon. This increase is attributed to leakage of the beacon signal into the integrated 

noise. 

In order to remove this contribution, the additional noise source was modelled as a 

temperature increase [13] as the sun's radiation in [34] was modelled as a contribution to 
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brightness temperature. Furthermore, considering that the temperature and power are 

linearly related: 

𝑃𝑁(𝑎𝑙𝑝ℎ𝑎) = 𝑃𝑁(𝑎𝑤𝑎𝑦) + 𝑃𝑁(𝑠𝑎𝑡)𝑒−𝐴𝑡𝑡/4.343 (5.61) 

where, 𝑃𝑁(𝑎𝑙𝑝ℎ𝑎) is the noise power measurement when tracking the satellite beacon, 

𝑃𝑁(𝑎𝑤𝑎𝑦) is the noise power measurement when pointing away from the satellite beacon, 

𝑃𝑁(𝑠𝑎𝑡) is the satellite signal noise contribution in the absence of atmospheric attenuation 

and Att is the path attenuation. The path attenuation, Att, during the measurement period 

was obtained from the ECMWF data. Once this bias is obtained, 𝑃𝑁(𝑠𝑎𝑡), is subtracted 

from the noise power measurements. 

 

 

Figure 4-11: Noise power recorded when pointed towards and away from Alphasat 

beacon 

With noise bias from the beacon removed, estimations of the brightness temperature of 

the sky can be calculated from the integrated noise with the method described in the 

previous section. To check for any gain variations caused from temperature fluctuations, 

the estimated brightness temperature and received beacon power were plotted during a 

clear sky segment, Figure 4-12. Mild temperature fluctuations during clear sky are 

expected to have minor changes on the estimated brightness temperature and received 

beacon power assuming no gain variations. The estimated brightness temperatures, 𝑇𝐵, 

mean brightness temperature,  𝑇𝑚, atmospheric absorption, 𝐴𝑎𝑏 and beacon signal at the 

different hours are reported in Table 4-1. Reported temperatures in Figure 4-12 (orange) 

and Table 4-1 from the nearby weather station were used to calculate 𝑇𝑚 using (4.28). 
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𝐴𝑎𝑏 was calculated using (4.41). A fluctuation of 𝑇𝐵 and therefore 𝐴𝑎𝑏 can be seen in the 

period between hour 4 and hour 8 in which the temperature increased by 2.4˚C. The 

difference in atmospheric absorption between hour 1 and hour 5 is 0.1 dB which can also 

be seen at the beacon signal. This indicates that the radiometer is operating as expected 

with no noticeable gain variations since integrated noise power and brightness 

temperature decreases with an increasing received beacon power. 

 

Figure 4-12: Estimated brightness temperature (blue) with temperature (orange) 

superimposed top and receiver beacon power (bottom) during a clear sky segment 

Table 4-1: Radiometer atmospheric absorption in clear sky throughout clear sky 

segment 

Hour Temp (˚C) 𝑻𝑩 (K) 𝑻𝒎 (K) 𝑨𝒂𝒃 (dB) Beacon (dBm) 

1 10.9 70.19 267.42 1.278135 -64.65 

2 10.0 69.71 266.69 1.271645 -64.61 

3 9.42 70.05 266.22 1.2818 -64.6 

4 8.74 69.52 265.67 1.273174 -64.61 

5 8.55 65.26 265.52 1.180657 -64.57 

6 8.62 64.40 265.57 1.161759 -64.52 

7 9.75 60.68 266.49 1.077923 -64.46 

8 10.91 57.82 267.43 1.013918 -64.38 

 

The noise derived attenuation shown in Figure 4-13 (in red) for a period of 26 days in 

July 2016 is obtained by the method described previously. For comparison, Figure 4-13 

(in blue) also plots the beacon derived fading over the same period, which for the rest of 

the work is assumed to be the reference fading value. It should be noted that the beacon 
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and noise power measurements were averaged at one-minute intervals prior to the derived 

attenuations. The basis of averaging the measurements was to improve the resolution of 

the radiometer and the accuracy of the beacon power measurements. Also, the mean 

radiating temperature, 𝑇𝑚, was calculated as described previously. Consequently, the 

error of the radiometric measurement is then quantified by the difference from the beacon 

derived measurement.  A first visual inspection indicates an overall good agreement 

between the two curves, at least for low fading values. In order to further quantify this 

observation, Figure 4-14 plots the difference (in dB) between the two sets of 

measurements. The mean value of this curve is 0.18 dB with a standard deviation of 0.13 

dB. Moreover, the cumulative distribution function (CDF) curve of this data shows values 

less than 1 dB, for 97.0% of the time. This indicates that the probability to obtain a 

radiometric measurement of the fading with error less than 1 dB is 0.97. Similar analysis 

indicates that the radiometric measurement can provide an accuracy in excess of 0.5 dB 

a probability of 0.937.  

 

Figure 4-13: Atmospheric attenuation for July 2016. In blue the atmospheric attenuation 

derived through power measurements, in red derived through the noise power 

measurements and in black different thresholds 

Since it is theoretically expected that the radiometric measurements would be more 

accurate at the low fading regime, the accuracy of the radiometric estimations is next 

quantified when measurements over a certain fading threshold are excluded. In particular, 

thresholds of fading at 10 dB, 5 dB, 4 dB, 3 dB and 2 dB are considered. The difference 

(in dB) between the two sets of measurements for a threshold are obtained. Any values 
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exceeding the set threshold are not considered. Figure 4-14 (in blue) illustrates the 

difference (in dB) between the radiometric and beacon derived attenuations for a 

threshold value of 3 dB.   

 

Figure 4-14: Beacon derived and noise derived attenuation difference with all points 

included (black) and with over 3 dB fading excluded (blue) 

It is noted that in practice, the low fading regime is of particular interest for the operation 

of satellite feeder links in the Q/V-band and beyond. This is due to the limited offerings 

in power amplification technologies at these frequencies [35], which are likely to limit 

the fade margins of the gateway links compared to lower frequency bands. Indeed, in 

place of large fade margins, Q/V-band feeder links increasingly rely on site diversity [36] 

as a means to combat fading.  

Consequently, a similar analysis is performed for the different threshold values. The CDF 

for the difference between the two sets of measurements when different threshold values 

are considered are plotted in Figure 4-15 (using the tip-curve derived coefficients). Table 

4-2 provides some summary results indicating the probability as a percentage for the 

radiometric measurement to deliver valid results within error margins of 0.5 dB and 1 dB 

for different fading estimation ranges.  As shown, when targeting to obtain fading 

readings up to 5 dB, the probability of the error to be below 1 dB is 0.991.  This probability 

reduces to 0.976 when fading up to 10 dB is targeted. It is noted that although in this 

study the beacon derived fading is considered as a reference, in practice there is some 

uncertainty also with this approach. This is indicated by, for example, the standard 

deviation of the beacon derived fading over typical bright sky conditions being of the 

order of 0.25 dB. Moreover, calibration of any gain variation from the receiver would 
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yield improved results and strengthen the accuracy for the use of a standalone radiometer 

for monitoring fading. 

 

Figure 4-15: CDF of the attenuation difference between the power derived and noise 

derived attenuation for July 2016 including all points (black) and the shown thresholds 

(tip-curve calibration coefficients) 

 

Table 4-2: The CDF of ≤ 0.5 dB and ≤ 1 dB for all points and different fading 

thresholds (tip-curve calibration coefficients) 

Fading 

Thresholds 

CDF 

≤ 0.5 dB ≤ 1 dB 

None 93.7% 97.0% 

≤ 10 dB 94.2% 97.6% 

≤ 5 dB 96.1% 99.1% 

≤ 4 dB 97.2% 99.6% 

≤ 3 dB 98.5% 99.9% 

≤ 2 dB 99.0% 100.0% 
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The hot-cold calibration coefficients have not been used throughout the work to estimate 

the atmospheric fading as a tip-calibration offers lower error caused due to calibration 

[37]. Nevertheless, Figure 4-16 shows the CDF for the difference between the two sets of 

measurements when different threshold values are considered using the hot-cold 

calibration coefficients. Table 4-3 provides some summary results indicating the 

probability as a percentage for the radiometric measurement to deliver valid results within 

error margins of 0.5 dB and 1 dB for different fading estimation ranges.  As shown, when 

targeting to obtain fading readings up to 5 dB, the probability of the error to be below 1 

dB is 0.983.  This probability reduces to 0.965 when fading up to 10 dB is targeted. In 

any case, excluding fading region of 2 dB and 3 dB, the probability error using the hot-

cold calibration experiment increases for a range of 0.4% - 3.0%.  

 

Figure 4-16: CDF of the attenuation difference between the power derived and noise 

derived attenuation for July 2016 including all points (black) and the shown thresholds 

(hot-cold calibration coefficients) 

Table 4-3: The CDF of ≤ 0.5 dB and ≤ 1 dB for all points and different fading 

thresholds (hot-cold calibration coefficients) 

Fading 

Thresholds 

CDF 

≤ 0.5 dB ≤ 1 dB 

None 90.7% 95.9% 

≤ 10 dB 91.3% 96.5% 
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≤ 5 dB 93.2% 98.3% 

≤ 4 dB 94.9% 99.2% 

≤ 3 dB 97.3% 99.9% 

≤ 2 dB 99.8% 100.0% 

 

 

4.6 Discussion and Conclusion  

 

 

A Q-band SDR-based terminal installed at Heriot-Watt University receiving the Aldo 

Paraboni beacon was used to evaluate the potential of using digital noise power 

integration as an estimate for passive radiometry. Radiometric measurements of the 

atmosphere were derived from the calibrated integrated noise and the results were 

compared against concurrent beacon derived measurements. The beacon and radiometric 

derived measurements indicated a good agreement, particularly in the low fading regime. 

Indicatively, and assuming the beacon derived measurement as a reference, the error 

probability of the SDR radiometer delivering error being in excess of 1 dB for fading up 

to 5 dB is of the order of 1% with the tip-curve calibration coefficients. As expected, the 

use of the hot-cold calibration coefficients degraded the probability error by up to 3%. It 

should be noted that due to technology constraints future gateway systems operating in 

the Q/V-band and beyond are likely to operate at lower fade margins compared to existing 

systems up to Ka-band. According to prevailing standards [32], propagation impairment 

mitigation techniques (PIMT) such as adaptive coding and modulation will be deployed 

with a very fine granularity for the fading. Indicatively, the entire spectrum of available 

coding rates for 16APSK modulation extends over a signal to noise ratio of about 6 dB 

[33]. Consequently, these findings indicate potentially significant gains in the application 

of PIMT during deployment, while dispensing the need for additional costly 

instrumentation (e.g. a dedicated radiometer) by virtue of enabling built-in radiometric 

observations within the existing receiver hardware.  
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Chapter 5  

 

5 Conclusions and Future Work 

 

5.1 Thesis Summary and Conclusions 

 

The thesis contributions are related towards future design of Very High Throughput 

Satellite (VHTS) systems which will require larger bandwidths to satisfy future demand 

on fast and reliable broadband connections. To achieve these, along with the VHTS, 

gateway feeder links and user links will migrate to higher frequency bands [1]. An option 

would be the exploitation of the Q/V-band (40/50 GHz) but the number of required 

gateways may be such that the cost of the ground segment exceeds the cost of the satellite 

[2]. Therefore, the use of a higher band such as W-band which offers a larger bandwidth, 

could potentially reduce the cost of the ground segment.  

With increasing frequency, satellite channels are more prone to atmospheric impairments. 

Therefore, in the case of exploiting W-band, propagation studies should be performed 

ahead of time. Previous and ongoing propagation campaigns such as the ITALSAT, 

OLYMPUS and Alphasat have greatly contributed toward our understanding and current 

ITU-R models. This has been highlighted in Chapter 1 where the current ITU-R models 

were reviewed, and their shortcomings reported. For instance, cloud and rain attenuation 

models have been modelled up to 50 GHz and would require further studies and perhaps 

individual campaigns to build our understanding. Further gaps that need to be filled in the 

ITU-R models are those on depolarisation and scintillation which are available up to 55 

GHz and 20 GHz, respectively.  

Another important contextual information is that of the upcoming VHTS system satellites 

that promise to push the boundaries in terms of throughput and availability.  A number of 

existing and upcoming satellites able to deliver high throughputs have been mentioned in 

Chapter 1. An example would be the Viasat satellite family that has almost doubled its 

throughput since 2011 (up to 260 Gbps) and is planning on quadrupling that with the 

launch of their latest satellite (Viasat-3) in 2021-2022. The Q/V Lift project in Europe is 

currently testing Q/V-bands as feeder links for the next generation systems. ESA is also 
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launching campaigns (e.g. W-band CubeSat) in an effort to further improve our 

understanding of the propagation effects at higher frequencies.  

During the last decades, the push towards higher frequency use on satellite 

communications has been in the agenda of both industry and research. With these 

premises, the development of a campaign to model propagation effects at higher 

frequency was imminent. These efforts are reported in Chapter 2. This was an ESA 

funded project in which a satellite payload was developed and designed (in software) with 

commercially available components for propagation studies. The geostationary payload 

consists of three bands at Ka-, Q- and W-band at 19 GHz, 38 GHz and 76 GHz, 

respectively. Several specifications including payload coverage, polarisation, output 

power, phase noise, mass and DC power consumption were met with satisfactory 

margins.  

The three-band payloads were designed to have a European coverage area with an EIRP 

of 60 dBm for the lower bands (Ka- and Q-band) and 53 dBm for the premier W-band. 

These ensure a margin of at least 1 dB from the requirements. The lower band utilises 

linear polarisation while W-band was designed to produce circular polarisation. The 

phase noise mask specified was satisfied with a 10 dB margin. Furthermore, the mass and 

DC power consumption of the payloads were kept under 22 Kg and 100 W respectively.  

Aside from the technical and engineering contributions of the design and development of 

the payloads, the feasibility of such a campaign was also reported. Section 2.5 reports 

several trade-offs and considerations on the maturity of commercially available mm-wave 

European technology. Moving forward with the campaign, ESA must finalise 

requirements such as the coverage, EIRP, polarisation switching, mass and power 

consumption. The section presents the several trade-offs such as the coverage, EIRP, 

mass, power consumption and cost as well as the availability of several components. 

These considerations are critical when finalising the proposed designs. Subsequently, 

realisation of such a campaign with a geostationary payload for propagation studies would 

pave the way for a deeper understanding of the atmospheric propagation impairments at 

higher frequencies. This would provide the opportunity to have well informed system 

design and fade mitigation techniques [1]. 

In the case of realisation of a W-band propagation campaign, ground receivers to capture 

the signal and study the atmospheric effects will be needed. Currently there is a large 

study with the Aldo Paraboni propagation payload that is experimentally characterising 
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the spatial and temporal atmospheric impairments across Europe [3]. This data is used for 

the development and testing of fade mitigation techniques. Therefore, the collection of 

atmospheric measurements is of great significance.  

Chapter 3 reports on the design, development and implementation of a ground receiver 

for propagation measurements as well as the processing of data. The chapter provides a 

comprehensive guide on the designing of a Software Defined Radio (SDR) receiver which 

utilises an Ettus B200 Universal Software Radio Peripheral (USRP). The combination of 

these technologies has been on the rise the last few years as it is inexpensive compared to 

traditional analog receivers. One of the main differences is the use of digital techniques 

that mimic hardware components. Furthermore, fast computing and advanced analog-to-

digital converters allow sampling the received signal at a higher frequency. This reduces 

the down-conversion complexity and cost. Consequently, cost is not a limiting factor in 

participating in a propagation campaign.  

The custom designed receiver is tracking the Aldo Paraboni payload and is currently at 

the lowest elevation angle receiver in Europe. Fading and atmospheric impairments at a 

lower elevation angle are more severe and therefore it is important to collect the data. The 

receiver demonstrated a measured carrier to noise ratio of 35 dB and can therefore track 

deep atmospheric fading. Moreover, the operation is validated and directly compared to 

an expensive analog-to-digital converted from National Instruments. The results are more 

than encouraging towards the use of this new technology (USRPs and SDRs) as it can 

offer an additional inexpensive alternative. A methodology to obtain the excess 

atmospheric fading from the recorded timeseries of the receiver was also demonstrated. 

The designed receiver operates at Ka-band but, the know-how acquired can be applied 

for implementing a receiver at W-band.  

The study of the atmospheric absorption and fading due to absorption of a channel has 

been traditionally done with radiometry [4]. Radiometers are able to measure the sky 

noise (brightness temperature) and translate that to atmospheric fading due to absorption. 

Essentially, radiometry could be used to monitor the sky and act as an input to fade 

mitigation techniques. Chapter 5 presents the theory on atmospheric radiometry followed 

by the implementation of a digital radiometry at Q-band with the use of SDR. The 

reported findings are also validated; which was lacking from previous work around the 

topic. With the use of digital receivers through SDR, several researchers showed the 

possibilities of converting conventional receivers to digital radiometers but none has 
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qualitatively validated the findings. The chapter explores different calibration 

methodologies (hot-cold and tip-curve calibration) and reports on the validity and 

accuracy by comparing the recorded data with that from a propagation beacon. 

It is noted that the error probability of the SDR radiometer delivered an error less than 1 

dB for fading up to 5 dB of the order of 1%. Consequently, these findings reflect 

potentially significant gains in the application of fade mitigation techniques during 

deployment, while dispensing with the need for additional costly instrumentation (e.g. a 

dedicated radiometer) by virtue of enabling built-in radiometric observations within the 

existing receiver hardware.  

 

5.2 Future Work 

 

The topics discussed in the thesis have possible future work and are listed below: 

• In Chapter 2, the proposed three-frequency propagation payload with the premier 

W-band has a few trade-offs that in the future should be considered ahead of the 

final development. These include the beacon coverage, since as of now it only 

covers Europe with the possibility to cover the tropics. The margins of the 

payloads can be relaxed to accommodate a change in coverages. Furthermore, 

certain components need to be packaged while others need to be designed, 

manufactured and tested ahead of the campaign. This includes components such 

as the filters, antennas and redundancy switches.  

• In Chapter 3, the Ka-band receiver is quite new in terms of propagation studies. It 

has been operating for just over a year and the data collected need constant 

monitoring. In the future, excess attenuation for a year could be produced. This 

can provide a useful statistic on the atmospheric fading and duration throughout a 

year. Due to time limit constraints, this was not possible. Furthermore, the noise 

measurements could be calibrated in an effort to implement digital radiometry and 

monitor the sky. Such a (radiometry) terminal could be mounted on a separate 

tracker that monitors the sky adjacent to the gateway’s channel path. Realtime 

information on the condition of the sky could feed as an input to a gateway 

switching scheme.  
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• In Chapter 4, the fading timeseries that have been shown could potentially be used 

to do link level characterisation for a Q-band channel. SDR and USRPs can be 

used as the digital signal processing tool and RF hardware respectively. A voltage-

controlled attenuator can act as the channel fading in real-time. To simulate a 

satellite channel, the baseband signal standard for satellites, DVB-S2 can be used. 

It offers a number of coding and modulation schemes for different atmospheric 

scenarios. Adaptive coding and modulation according to the fading can be studied 

to maximise the channel throughput.  
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