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Sensor Communication Networ k within a Desktop Computer using
the DC Powerline

1 Introduction

Powerline communication (PLC) is rapidly becom@agnore commonplace
method for data transmission, however it is stillvery new medium for data
transmission and international standards for pamertommunication are still in the
process of being developed and established. TimeelRtug Organization, established
in March 2000, was created with the primary purpaskelping to develop industry
specific standards for the use of powerlines fonewnication applications. In June
2005, the IEEE P1901 Working Group was establigbedukelp develop international,
globally recognized credible standards for highesppowerline communication, with
a focus on the first-mile/last-mile connection lo¢ broadband infrastructure [1-3].

The HomePlug Organization established the HomeRlGgspecification in
November 2001, which provided for peak rates ofMidps at the PHY layer [4].
Released in August 2005, the HomePlug AV standaad developed to support
higher bandwidth entertainment applications suchaaslio, voice, and video, and
delivers raw data speeds of up to 200 Mbps at Hé Payer, as well as improve the
security from the initial standard.

February 2007, 400 requirements were split intedlclusters. By June 2007,
12 proposals were received to help develop the P$@dhdard. In October 2007, the
first round of voting reduced the number of propeskbown to one per cluster. By
September 2008, the second round of voting andlantayy proposal merger by

HomePlug and Panasonic resulted in the final praip®&. July 2009, the first draft
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of IEEE standard P1901 was established and detiierecomment; by January 2010,
all comments were resolved and the first draft ¢dath was published by IEEE [6].
The HomePlug AV2 standard is still in the proce$sbeing established and is
expected for late 2010; it will be brought into tHEE P1901 standard once the
specification is complete and is expected to hatesrof 600+ Mbps at the MAC
layer [7, 8].

Standards and technology development for high data transmissions
utilizing direct current (DC) powerline architectuwithin a vehicle also have a great
deal of recent research, however, no PLC speddiedard for in-vehicle use has been
developed [9-14]. Protocols such as CAN (controheea network), LIN (local
interconnected network), and FlexRay are some ebesgd standard protocols used
to implement in-vehicle communication networks, leeer, these methods still
require dedicated communication cabling in additiorpowerline cabling. June 21,
1995, patent 5,727,025 was filed by Yair Maryank¥ @mar Ltd. for devices that are
used to transmit voice, music, video and data ®@mwires [15]. Yamar Electronics
does have some currently available devices spatiifitor in-vehicle use to provide a
means for powerline communication, however, theimam PLC data rate currently
achievable is only 500 Kbps, whereas a dedicatednumication method such as
FlexRay can provide throughput data rates of upl@o Mbps [14]. HD-PLC
(Panasonic PLC standard) and HPAV (HomePlug AVdaat), the currently existing
commercial PLC solutions, were both tested for ehitle feasibility; it was

concluded that using these commercially existin@ RBblutions for home network use



is not only feasible, but provided for higher datdes than the currently existing
FlexRay and Yamar technologies [14].

Understanding the established and developing metbbBLC communication
is essential in making network design decisionsywalt as being able to establish a
baseline of where to begin testing, what sort cfigie to expect, and what kinds of
rates are likely to be attainable. Home powerliaesl personal computer (PC)
powerlines differ greatly, namely, the differencetvileen AC and DC lines, the
distance the communication signal will need toetaand voltages on the carrier line.
They are also significantly different in that poWwess can be outside, buried, or
located within a home or building structure, whean make them more susceptible to
surrounding external noise interference, such abor&ransmissions. Vehicular
powerlines and PC powerlines, however, have mondasities. First, both have end-
point to end-point lengths of less than 10 m; néxdth use power supplies that
provide less than 24 V; most importantly, they bogh DC PLC networks contained
within a metal chassis. With previous researcladishing that implementing the
HomePlug standard within a vehicle is not only aghble but provides for better
rates than previously developed devices, ther® ireason to doubt that it is feasible
for a desktop PC as well.

With virtually no available previous research meljag the use of a DC
powerline as a communication channel within a dgsktomputer, the research,
simulations and results presented in this thesterne vital and necessary. As with

powerline communication for home use and vehiculge, there are several



advantages that powerline communication will beedol offer within the desktop

computer. With further development based on tisearch provided in this thesis, it
may eventually become possible to simplify the @mivity of devices within the

computer, reduce the dedicated communication wirarmgl to provide a means of
transmitting additional data between components$ wWauld have previously been
impractical due to the additional cabling requiratse

The objective of this thesis is to explore the ilgiéisy and design theory for
developing a low-cost sensor communication netweitkin a desktop PC, utilizing
the preexisting powerline architecture. The prdasg chapters of this thesis will
outline this objective with an individual discussidocused on the following key
topics: previous PLC research leading to the bhasefor design and channel
expectation, channel characterization, networkgitessimple circuit implementation,
and simulation results.

First, the channel characterization of the compugewerline structure is
provided and discussed. The powerline structutbercomputer was tested using five
points on the powerline as points to be used fandteiver locations. From this
channel characterization, the optimum frequencygeafor the sensor network is
selected. Based on previous PLC literature and ctiennel characterization, a
modulation scheme and demodulation scheme are dismussed, optimized and
simulated. The modulator and demodulators areudsed individually, in terms of
their subcomponents. Finally, the results of theutation are presented and a simple

circuit implementation for the sensor network is\pded.



2 Background

In this chapter, a review of the related techngplag well as some background
information that aided in the network design anuwation choices are discussed.
Topics included in this section are topology, noid®aracterizations, frequency
selection and modulation selections used for thenéflug standards and vehicular
PLC. Differences and similarities will be discudses they apply to the design of the
low data rate sensor network for the desktop coserputOther topics beyond the
physical layer and design of the sensor networkh sas encoding techniques, data
loss recovery techniques and software will not &dewed as they go beyond the

scope of this thesis.

2.1 HomePlug PLC

A notable challenge faced by PLC for HomePlug usadbkat there is no standard
topology for how devices are connected to the paveéwork. Conductors are joined
together almost at random and electrical appliamoesected to the powerline can
generate noise into the high frequency spectrurth gh frequencies being between
1 MHz to 30 MHz. A typical powerline channel magvie average attenuation of 40
dB to greater than 60 dB [16]. Similar to the hoposver grid, the desktop computer
will not have a predictable topology. For a depktmmputer, the most common
power supply unit is an Advanced Technology Exten(TX) type power supply.
The wiring topology for these units can vary by mf@cturer and model number. It

is also important to note that the powerline chamgme-varying for both home use
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and within the PC. This means that if there is smy of change in the topology of the
powerline, such as devices being added, removededuon and off, the channel

transfer function will change almost as abruptlyteschange of the topology [17].

The behavior of the impulse noise generated vetsaisioise of the line itself is
also important to note. Electrical appliances thuh on and off, an example of
impulsive noise on an AC line, generate cyclic a@s a function of the AC line cycle
[16]. While the line noise itself also tends todiuate with the line cycle, impulsive
noise tends to be different in that it is synchusand has limited occurrences on the
line cycle [18]. Since DC power is not cyclicsiiould be expected that noise from

various components on the power line network welléss predictable.

In addition to this impulsive noise, on home powes induced radio frequency
(RF) signals can impair some frequency channefs.thé case of vehicles and the
desktop computers, the metal chassis can help ctle$leme of these interfering
frequencies. In the United States, “FCC Part 1&srwsing the frequency band
between 1.8 MHz to 30 MHz, at a maximum power spéaensity (PSD) of -50
dBm/Hz” [16]. For home PLC use, the IEEE P1901ndgad restricts the
transmission frequencies by all classes of PLC a#mviused for broadband in the
first/last mile of service, including local areawerks (LANSs) for buildings, and other
data distribution applications to frequencies beld®® MHz [17]. The HomePlug AV
standard uses frequencies ranging from 2 to 28 MMazich falls within these

restrictions.



For the HomePlug AV standard, orthogonal frequedigision multiplexing
(OFDM) modulation is advantageous over other mddulaschemes because of its
adaptability to severe channel conditions suchaasowband interference, impulsive
noise, and frequency selective channel fading dureultipath [16]. By using OFDM,
frequency separation allows for the use of pad#iesing to isolate low-band signals
from the PLC spectrum; high-pass filtering, howev&toes not prevent in-band

broad-spectrum noise, as generated by home appiaocEMI/RFI” [18].

2.2 Vehicular DC powerline communication

As with the home power grid, there is no set steshdiar the powerline topology
within a vehicle. Because there is no standardlémy for vehicles or home power,
as stated in [11], “a direct transposition of therkvdone for in-house applications to
in-vehicle communication is not trivial, since te&ucture of the cable network is
quite different in both cases.” Since the ther@asstandard topology in the PC as
well, it should also be expected that the work dimmen-house applications will also
be relevant to the PC application because of timélasity of qualities shared by the
PC powerline and vehicular powerline. With the B@d vehicle having greater
similarities in powerline characteristics than tR€ and home power grid, it is
expected that any work of importance for vehiclaC will also be important for the

PLC network in a PC.

Since there is no exact cable structure or pathdatal set by an organization or

manufacturer, the complex channel transfer functimasurements performed on a



vehicle are specific to that individual instande. [11], the channel transfer function
for each topology is deduced by measuring thes&attering parameter using a vector
network analyzer (VNA). The longest and shortest/grline cable distance in which
Sp1is measured in [11] are 9 m, an indirect path gogbwer source, and 6 m, a direct
source to the power source. It is mentioned thatminimum distance between any
transmitter and receiver is 50 cm, so that the olapee seen at frequencies greater

than 10 MHz does not appear as a short-circuit.

When considering noise characteristics of the wdaigpowerline versus the home
powerline, background noises in special frequerenyges, such as public broad
castings, these noises were damped by 20 to 3¢/ diebmetal body of the car [9]. In
[9], further discussion about the noise goes ostdte that disturbances can be further
classified into continuous, periodical, non-peraadj narrow band and broad band
categories. Impulse noise, a non-periodic noisghe DC line can include items such

as engine ignitions or lights powering on or officar.

In [9], based on the measured disturbances andgathydtributes of the powerlines
used in most vehicles, the frequency selected Heir tcommunication channel is
around 200 MHz. However, in [10, 11], based ouwlibectional measurements of;S
over several paths, the deduced transfer functiooviges that the ideal
communication frequency should be between 10 MHEIhWMHz. Using this band,
it was found in [11] that the transfer function ckas a maximum attenuation of 20
dB, and then decreases with frequency by approgimét5 dB/MHz. The result for

the direct and indirect path are stated to be aimmith the notable difference being
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that there is stronger attenuation on the longdirest path. When comparing the
correlation coefficient for several systems, it iasnd that the direct path remains

nearly equal to 1, while the indirect path remamsaller than 0.7 [11].

In [9, 12, 13], the modulation scheme used basedhenHomePlug standard,
OFDM, with each subcarrier differential binary plashift keying (DBPSK) or
differential quadrature phase shift keying (DQPSKddulated. DBPSK is also
chosen for its very low fault liability in low sigitto-noise (SNR) conditions. In [12,
13], 84 carriers are used within the 4 MHz to 21 Mbhandwidth; spacing between
two subcarriers is 195.531 kHz. In [10], initis@rizhmarking using frequency shift
keying (FSK) with a center modulation frequency26f MHz, rates of 1 Mbps and 5
Mbps were achieved with 4-FSK and 2-FSK, respelgtive A noncoherent
demodulation technique is used in [9] because vesahe costs associated with

needing additional carrier recovery circuits.

In [9], the digital part of the modulation schens implemented using field-
programmable gate arrays (FPGAS), while the frequeshift part is implemented
with an analog solution. At the receiver, [10] gasts using a series capacitor for
coupling. This capacitor would block the DC poweitage and allow for high
frequencies to pass. By coupling with a capaatwt a terminating resistor, a high-

pass filter is achieved.
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2.3 Communication Schemes

In [19], the process for selecting the optimum bynaceiver is discussed. In this
discussion, three carrier systems, ASK (amplitudé-keying), FSK (frequency-shift
keying), and PSK (phase-shift keying) are compar€dherent (synchronously) and
noncoherently (by envelope detection) detectionhoad for each of these three
carrier systems are also compared and discussadthel proceeding, a summary

comparing these schemes and their advantages semxiveintages will be provided.

Bit error rate (BER) performance for threshold det — detection in which
“messages m = 0 and 1 are transmitted with equadatmility using a positive and a
negative pulse, respectively” — is calculated aachgared for each of these carrier
systems [19]. Summaries of coherent and noncohemrations for comparison are
provided in Table 2, as well as other equationsuded from this optimum binary

receiver selection process. Table 1 provides arsamof notations used in Table 2.

Name Symbol
BER R, =Q(p)
Noise power spectral density N

RF pulse p()
Signal amplitude A

Pulse energy, signal energy per bit E,
Baseband pulse p(t)
Baseband energy, signal energy per bit| E,

Noise power o’

Table 1: Summary of symbols used in the equatiormgighout this thesis.
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Coherent BER Noncoherent BER

PSK >E Not applicable.
RN )T

1 e E,/N>>1

2./7E, IN
ASK
> R, =Q{ Eb] SSE P S L
N 2" J2rE,IN
1 -E,/N/2 1 -2e/n
e BINFL Toser™ BN
FSK A
1217E 1 -2E,/N
P, :Q( N bj R, =§e 2

Table 2: Summary of BER expressions for PSK, ASK,E8K schemes in an
additive white Gaussian noise (AWGN) channel.

In terms of error probability, the performance of these thmedulation schemes is
expected to perform similarly, given the same transahigignal power — the error
probability of the optimum detector depends only om pllse energy, not the pulse
shape. There is some difference, however, in the muneegy needed to achieve the
same bit error rate. From Table 2, in comparing thetor rate equations for PSK
and ASK, we can see that for the same BER, ASK requiies the pulse energy
than PSK. If phase information is available, PSK iisfgrred over ASK for this
reason, however, if the phase information is not alpkg]aa noncoherent detection

method will be preferred.

For noncoherent detection, whgf/ N >>1, the performance of ASK detection

and FSK detection are essentially similar. In [1B]s stated that for noncoherent
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detection, FSK is to be preferred over ASK becaus& R8s a fixed optimum

threshold, whereas the optimum threshold of ASK depemds /N . Hence ASK

tends to be more susceptible to signal fading.
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3 Materialsand M ethods

3.1 Understanding the Channel

The desktop computer characterized in this thesis mirda-ITX form factor
desktop PC. This PC uses an Intel D201GLY2 motlerband Morex 3677 case
with power supply. This computer was chosen for it émst and simple internal
power structure. For the measurements performed in ttti®sefive arbitrary nodes
were chosen on the ATX powerline for to the purposeatérmnine a frequency to
simulate for determining PLC feasibility in the PC. eBwthough only five nodes were
selected in this scenario, it can straightforwardlyektended to include more nodes.
The power structure of this desktop PC is depictedgarE 1. In this figure, the five
measurement points are depicted with respect to theatibn within the computer on

the ATX powerline.

The power flows through the network depicted in FigRreLengths of the wire
between the connections depicted in Figure 2 areigedvin Table 3. The longest
connection between nodes measured on the networkzanas that between nodes 1
and 5, an indirect path; the shortest connection unedss that between nodes 4 and

5, a direct path.
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Figure 1. DC power distribution structure.
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Made 1 Mode 2 Made 4
Irput from DC-DC Main Beard Intermediate it £
- ; Hard Disk
converter, connection, 4x1 connector el
10x2 connector 10%2 gonnector

¥ ¥

Mode 3 Mode 5
Board power Disk Drive
2%2 connector Connector board

Figure 2. Power flow.

Channel Segment Length

Node 1 to Node 2 ~32cm
Node 2 to Node 3 ~31cm
Node 3 to Node 4 ~15cm
Node 4 to Node 5 ~15cm

Table 3: Channel segment lengths.

As discussed in [11], measuring thg farameter can give a better perspective of
what frequency is best suited for communication on pgbwerline. For the data
provided here, the Hewlett Packard 8720ES S-ParameteroNeAnalyzer was used
to measure channel attenuation by measuring the forvatralge, the § parameter.
This model of network analyzer is capable of measuthedgorward voltage by doing

a sweep of the frequencies. The available frequenyeréor this device is between
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50 MHz and 20 GHz, thus eliminating the abilityn@asure the range of frequencies

used in the HomePlug standard.

When first powered on, the manufacturer suggests letieglevice warm up for
half an hour. After this warm up period, the devicthen calibrated using a kit from
the manufacturer. To calibrate the device, first thet stnd stop frequencies that will
be swept are entered. For the initial set of measem&sna start frequency of 50 MHz
is used and a stop frequency of 20 GHz is used t@hzsuthe full spectrum available
by the network analyzer. After entering these frequsneche CAL button is pressed.
Then, a set of options appear on the screen and th&esonext to the calibration
menu option is pressed. From the next set of optionghe screen, Full 2 port is
selected and a calibration for each of the followindglection, transmission and
isolation is performed respectively. Two HP calibrato@les are then connected to
the network analyzer; one connected to each port enattalyzer. Note that the
calibration cables remain connected to the networklyaea during the whole
calibration process. Only the pieces at the end efcdibles change. A simple

calibration setup diagram is provided in Figure 3.
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HP 8720ES
S-Parameter Network Analyzer

Port 1 @
HP HP
Calibration Calibration
Cable Cable

Figure 3. Calibration Setup.

First, the reflection calibration is performed. For theeafbn calibration, a
forward and reverse calibration is performed for the eat¢heofollowing calibration
pieces in the kit: open, short, and broadband. Fewoten calibration, there are two
pieces in the kit; one piece is attached at theadrehch calibration cable for each of
the two ports. The calibration soft key is then prédse both forward and reverse
calibration of the open pieces and the same is plegiormed for the short pieces and
broadband pieces. After these three calibrations aferpesd, a soft key is pressed to

confirm the standards are done.

Next, the transmission setting is calibrated. Téiddane by connecting port 1 and 2

together via barrel connector. The calibration caldesain connected at each port,
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with a barrel connector used for the calibration piethe soft key for the option ‘do
both’ is then pressed. Once the analyzer has betpettansmission setting has been

calibrated.

For the isolation calibration parameter, the optioroofit isolation’ is selected.
The option for ‘done 2 port cal’ is then pressed conmpiethe device calibration and
the measurement key is then pressed to begin measureniéhe measurement
performed is a frequency sweep between the start apdpstots entered during

calibration.

The calibration cables are then removed from both partk aa simple probing
device is then connected to each port. This simglécd is composed of two pieces of
solid copper core wire approximately 12 cm in lengtbhea small gauge coaxial
cable approximately 5 cm in length, and SubMinatwesion A (SMA) connectors
were constructed to form a probing device and useddtimaaking measurements on
nodes 1 through 4. At Node 5, two pieces of coazadlle were soldered to the
compact disc (CD) drive power connection board — onenected to the 12 volt
power input and ground; one connected to the Spmhiter input and ground. At the
end of these two connections, a SMA connector wadesad on to connect to the
VNA. Figure 4 provides a simple diagram depictingvitbe connections of the probe
components are made with respect to the networkyzeral Measurements taken of
the setup in Figure 4 without connecting the ATXvpo cable will be referred to as

‘open circuit’ measurements in the proceeding texthis Tprovides a comparison



baseline of the noise due to the measurement probeslass the environmental

noise surrounding the powerline in the measuremengieal.

HP 8720ES

S-Parameter Network Analyzer

Port 1

SMA
Connector

'

Coaxial cable
~5CM

(por2)

\f

SMA
Connector

'

Coaxial cable

~5CM

Circuit board connector
to Disk Drive
(Node 5)

Bolid Core
Copper
Probe

Solid Corg
Copper
Probe

(voltage)
~12CM

(ground)
~12 CM

—p{ < power ground > 4—

Figure 4. Measurement Probes.

From the data sheet for the network analyzer [20], theimmum input for the ports
is listed as 10 dBm. With the computer poweredamijnput of 5 V or 12 V to the
network analyzer would damage the network analyzers the measurements are
performed with the computer powered off. When the coerpigt powered on, it is
expected that the attenuation of the DC power liaesertain frequencies will not

change significantly. Measurements were taken fromgiats on the motherboard
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utilizing the simple probe devices described earligleasurements are performed at
the connection for main power to board componenteatonnector to power for the
board, at the connector to the hard disk power, andeatonnector to the CD drive
power. These nodes were chosen because they weudltkleasiest locations to gain
access to a communication channel on the power gugatiling, and would be the
optimum locations to connect simple communicatioouitry to. These are denoted
as nodes 1 through 5, respectively and are depict€igure 1 as circles containing

only a single numerical value.

Two sets of measurements were taken at each set ofs:nase set of
measurements for the 5 volt line and one set of measumts for the 12 volt line.
Four initial measurements were taken spanning theeemtailable frequency range on
the network analyzer — 50MHz to 20GHz; one measurefioergach node, 1 through
4, and their path to node 5. The 50MHz to 5GHz smynof these initial
measurements is depicted in Figure 5a and Figurehsly ¢hat the range with the
least attenuation for both the 5 volt line and 12 {iok is between 50MHz and 2GHz;
the ideal frequency range for the communication randiebeiwithin this frequency
band. Figure 5a represents the four measurements dékie® 12 volt line; Figure 5b
represents the four measurements taken of the 5 vat liffrom these initial
measurements it is apparent that the range withedmt httenuation for both voltage

lines is within the 50MHz to 2GHz range.
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Figure 5a. Gain for 50 MHz to 5 GHz, 12 V line.

Yellow Wite, 5V

Gain, &8

0|

25
Frequency, GHZ

Figure 5b. Gain for 50 MHz to 5 GHz, 5 V line.
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Figure 6b through Figure 6e provide individual measems of the channel
attenuation between the five nodes on the 5 V limelfe optimum range depicted in
Figure 5b, 50MHz to 2.0GHz, as well as an open gincieasurement for baseline
comparison in Figure 6a. For Figure 6b through Figuee the measurement is
performed by placing the port 1 probe on node 1, 2n@ 4arespectively, and leaving

the ATX power cable connected to node 5.

When comparing Figure 6b through Figure 6e, it isregeng to note that as the
distance between the nodes decreases, the attenuatibe channel also decreases.
With the shortest distance between nodes being libateen nodes 4 and 5, the
channel attenuation is approximately 20 dB for thenprifrequency range, 50MHz
and 2.0GHz. Visually inspecting the longest dist&rthe distance between nodes 1
and 5 depicted in Figure 6b, the average attenuadi@pproximately 40dB. These
values are very close to those measured on the Vahipawerline in [9]. Table 4

summarizes the lengths between nodes based onaheallsegments in Table 3.
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Channel Segment Length

Node 1 to Node 5 ~93cm
Node 2 to Node 5 ~61cm
Node 3 to Node 5 ~30cm
Node 4 to Node 5 ~15cm

Table 4: Length between nodes.
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Figure 7b thru Figure 7e provide individual measuremearitsthe channel
attenuation between the five nodes on the 12 Vfbinehe optimum range depicted in
Figure 5a, 50MHz to 2.0GHz, as well as an open dincwgasurement for baseline
comparison in Figure 7a. From visual inspection @fuFé 7e and Figure 7b, the
average channel attenuation on the 12 V line is &etw25 dB and 35 dB,
respectively. This is also very similar to the atiimn measured in [9]; both the
vehicular powerline and the ATX powerline depictedrigure 7b thru Figure 7e are
approximately 12 V DC lines; thus this similarity shannel attenuation seems

reasonable.

Red Wire, 12V, open connection
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Figure 7a. 12 Volt line Gain, 50MHz to 2GHz, OpencGit.
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Table 5 provides a summary of the average attenuatilies measured and plotted
in Figure 6 a through e and Figure 7 a through emRtos table, it can be seen that
the difference from the open circuit measurement andatleeage of all non-open
circuit segments is approximately 11.8 dB, with tiféeecence in attenuation from the
longest length of wire to the shortest length of wirengpeapproximately 1.1 dB.
Comparing Table 4 with Table 5, there seems to beezt relation between channel

attenuation and length.

RedLine 12V | YellowLine, 5V | Averageof 5V & 12V
Open Circuit 46.4dB 44.4dB 45.4dB
Node 1 to Node 5 32.5dB 37.0dB 34.7dB
Node 2 to Node 5 32.1dB 35.0dB 33.7dB
Node 3 to Node 5 32.5dB 31.6dB 32.1dB
Node 4 to Node 5 27.5dB 27.36dB 27.4dB
Average, non-OC 31.2dB 32.8dB 33.6dB

Table 5: Average attenuation measurements.

Figure 8a compares the average channel attenuatidrotiorthe 5 V line and 12 V
line. The attenuation for each segment on the 5n¥ is averaged together and is
depicted with a black dashed line. The averageefttenuation for the segments on
the 12 V line is depicted with a red dashed linehe Topen circuit attenuation is
depicted with a solid black line and solid red liftg the 5 V and 12 V lines,

respectively. It is clear that there is a difference betwthe open circuit measurement
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and the closed circuit measurement of the channel—difference between the two
from visual inspection is approximately 15 dB. Figukef8rther illustrates that there
is a difference between the communication channeh@teon and the attenuation of
the open circuit measurement. The black dottedripeesents the average of all the
segment attenuation measured for both the 5 V linettand 2 V line; the solid black
line represents the open circuit measurement; the ddisigerepresents the average of
the channel attenuation with the open circuit measent. This measurement
establishes that if there is a break in the commtinicachannel, the signal will

attenuate in a noticeable amount.
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Figure 8a. Averages at 50MHz to 2GHz, comparisarp&n circuit measurement.
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Figure 8b. Averages at 50MHz to 2GHz, 5V and 12¥diaveraged together

Further inspecting Figure 8a for the ideal commuiocatrequency band to be used,
there are two ranges that look promising: 0.2GHz t&blz and 1.7GHz to 1.9GHz.
Looking closely at the 0.2GHz to 0.4GHz range, gvg&lent that this range appears to
be better for the 12 V line, but does not perform sigaifity better than the open
circuit measurement for the 5 V line, and even atteysuatore than the open circuit
measurement for a few points. This eliminates th&B2to 0.4GHz range from the
communication channel options and leaves the frequearge of 1.7GHz to 1.9GHz

range as the preferred communication band.

The average attenuation and standard deviation owerfuth frequency range
(50MHz to 20GHz), the sampled frequency range (50MH2@#1z), and the ideal

frequency range (1.75GHz to 1.80GHz) were calculateddweeral measurements and
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are provided in Table 6. Specific values for measuresnagtiveen nodes 1 and 5, 2
and 5, 3 and 5 and 4 and 5 for the sample rangédaatirange are provided in Table
7 and Table 8, respectively. In comparing Tableo 7Table 8, the ideal selected
frequency range has the least amount of deviation flmenmean. The average
attenuation in the 1.75GHz to 1.80GHz range is nekdlgB higher than the 50MHz

to 2GHz range and approximately 24 dB higher that ¢i the 50MHz to 20GHz

range.
Average Gain (dB) Standard Deviation
S50MHzto 20GHz -46.389 11.04576
S50MHzto 2GHz -31.205 8.311214
1.75GHzto 1.80GHz -22.692 4.341325
Table 6: Channel statistics.

Average Gain (dB) Standard Deviation
Nodelto5 -32.5916 7.465702
Node2to5 -32.1119 6.567719
Node3to5 -32.5963 8.705579
Node4to5 -27.5202 9.131665

Table 7: Node specific statistics for 50MHz to 2GHz.
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Average Gain (dB)

Standard Deviation

Nodelto5 -22.6922 4.341325
Node2to5 -21.3696 3.606259
Node3to5 -24.5189 3.594969
Node4to5 -18.5795 2.250324

Figure 9a highlights the 1.75GHz to 1.80GHz rangthiwithe 50MHz to 2GHz
frequency sweep measurement. A zoomed-in view of thdowed area in Figure 9a
is provided in Figure 9b. From Figure 6 b throughigufe 7 b through e, and Figure
9b, an ideal center frequency for each node is selecfatle 9 provides a summary
of the center frequencies selected for each node.eTheguencies were chosen based
on their standard deviation from the mean for the 1.76@&H1.80GHz range. The
frequency with the least deviation for all the nodes Vst selected; the next greatest

standard deviation for the remaining frequencies andsnads used to select the next

Table 8: Node specific statistics for 1.75GHz to 1.B@G

node-frequency pair, until each node is paired witinigue center frequency.
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Channel Segment Center Freguency Standard Deviation
Node 1 1.79GHz 0.814528
Node 2 1.78GHz 2.845652
Node 3 1.75GHz 1.821924
Node 4 1.77GHz 0.306857

Table 9: Center Frequencies for each Node, 1 thru 5.

In the next section, these center frequencies listdé@ble 9 will be used as a base
for designing the communication network architecturbese frequencies result in the
smallest channel attenuation for both the 5 V and/ 1ides at the given nodes, thus
the signal power needed for transmission will be thee&i possible of all the

frequencies measured.
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3.2 Communication Network Architecture

The sensor network is comprised of five transceiver dsyioae at each of the
main nodes used to collect sensor data, temperatoregxample, through the
powerline channel. Although only five nodes are chdse the analysis and design in
this thesis, the network architecture could be easitended in a straightforward
manner to a similar network with virtually any numbemoties. Since the goal is to
have one node be able to access sensor data aheitl modes, this node will be
designated as the primary node and all other nodésdevireferred to as secondary
nodes for simplicity. The primary node needs to lble & transmit information, for
example, command to pull sensor data, to and ret¢bezsensor data from all other
nodes. It is possible that addressing all nodesnmiltaneous, that is, the primary
node needs to send information to each of other natdg® same time. On the other
hand, the secondary nodes only need to be ablentoncinicate only with the primary
node, but not their peers. Additionally, the netwddes not need to work at a full
duplex mode; the secondary nodes will transmit inféimnaonly when commanded
by the main node, but the secondary nodes mudidbening” at all times for potential

instructions from the primary node.

Based on the channel characterization results providesgction 3.1, it is found
that for low-data-rate sensor networking, the bandwidbliged by the DC powerline
channel is more than adequate, and leaves ample favcexditional future channels.
For the simplicity of implementing the network to detee feasibility, a frequency-

division multiple-access scheme (FDMA) will be adopteth this scheme, each
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primary node-secondary node pair uses a different freguesued. For each pair of

nodes, binary FSK will be adopted.

To implement the binary FSK demodulation at eacthefsecondary nodes, there
will be a bandpass filter operating with its desired dmtcy band of choice. Within
the transceiver of the primary node, there will be akbaihbandpass filters, each
matching the frequency band of choice for each speafiorsdary node. There will
be two different frequencies for each node pair — omegesent a bit ‘0’ and one to
represent a bit ‘1’; provided the ample bandwidth add for this communication
channel, the frequencies used for these are able ta lagpdat, thus further reducing

the chances for bit error.

Node 5, the connection furthest from the main powercguwill serve as the
primary node; it will be able to transmit and recea# frequencies within the
designated range: 1.75GHz to 1.80GHz depicted gnirei 9b. The secondary nodes
are nodes 1 thru 4. These nodes will only be ablgetteive the designated
frequencies listed in Table 9. The top level schearadtthe system for transmitting

from node 5 is depicted in Figure 10; receiving atenbds depicted in Figure 11.
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It is important to note that Figure 10 and Figure dr& merely conceptual
schematics to illustrate how the simulation willrhedeled. These cannot actually be
implemented and simulated nor do they exemplifyphgsical behavior of a network.

Details regarding the actual simulation will be dssed in section 3.4.2.

3.2.1 FM Modulation

From [21], it is proved that an FM modulator is theigglent of an integrator in
series with a PM Modulator. In, [21], it continu@ssitating that, an angle-modulated

signal, such as an FM signal, can be written in geras (1).

u(t) = A cos{ 27f t+¢(t)) (1)

By replacingA,, the carrier amplitude, with (2), an expressiontaming bit interval
duration]T,, the equation for a frequency modulated signalaopecific bit is

achieved.

A== 2)

In the most simple form of FSK, binary FSK, the mladed signal expression is for

bit ‘0’ and bit ‘1’ representations are provided(8), and (4), respectively.
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U, (t) = ?cos'z‘nfot, t<sT, (3)

b

u(t)= %cos%flt, t<T, (4)
b
The general expression for ai-ary FSK signal is provided in (5), wheraf
represents the separation between frequencies, Witlrepresenting the center

frequency anan representing the bit.

um(t):,/z_ll?S cos(2rft+ 2mmAft), m= 0,1,.. M- 1, 8t T (5)

In (5), it is apparent that the center frequenty,remains constant, while the

successive symbols vary in frequency from theahgymbol bymAf . Note that for

orthogonality in a binary FSK system, the ideal imum separation between symbols
is}/z-l-. For other systems with limited bandwidth, iideal maintain orthogonality

to improve upon the bit error rate, however witk #mple bandwidth available for
this design, the minimum separation to maintairhagbnality will not be applied

here.

3.2.2 Noncoherent FSK Demodulation

According to [19], coherent demodulation “has gesior performance in

comparison to the latter method [noncoherent],”tfos particular network, the ideal
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choice is to use a noncoherent binary FSK modulatiod demodulation scheme.
This is the optimal choice for this sensor netwerkce the phase as well as the
amplitude of the received signal may not be knownd & will not require as
sophisticated of equipment to be able to achie9¢ [1

For the demodulator, the equation for the recesigdal at the input is provided

by (6) [22].

r(t):,/z_ll?S cos(2rf t + 2mAft+¢g, Fn () (6)

This equation varies from (5), in thag, represents the phase-shift of theh signal

and n(t) represents the additive bandpass noise, providé€d.i

n(t)=n.cos2rft—n, (t)sinarf_t (7)

It is implied that a noncoherent binary FSK detattdevice can be comprised
of a pair of matched filters, followed by an enymaetector and decision device [19].
This is essentially a frequency discriminator, witke addition of a time based
sampling device and the replacement of the summatiath a comparator.
Conceptual diagrams of a frequency discriminatiegnddulator and a noncoherent

FSK demodulator are provided in Figure 12 and F&dLB respectively.
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Figure 13. Demodulator: Noncoherent Binary FSK.

In both Figure 12 and Figure 13, the bandpassr fjr can be designed to
create a slope circuit. Essentially, a slope dirisucomprised of two bandpass filters,
offset in equal amounts of frequency from each thgy adding two offset bandpass
filters, the additional tones created when modugathe signal can be cancelled out
and adding the overlap of the two filters amplifigee signal. The offset filter

response and addition is depicted in Figure 14.
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Figure 14: Slope Circuit [21].

Edge frequencies of these bandpass filters arelesdd using Carson’s rule (8),

where B, represents the effective bandwidth of the modulatgdal, 8 represents the

modulation index, further detailed in (9), amdrepresents the bandwidth of the

message signam(t). In (9), k, represents the frequency deviation constant, and

ma>{m(t)] represents the maximum amplitude of the messagaldi21].

B, = 2(8 +1)W (8)
_ ky ma{m(t)]
B= —w (9)

The envelope detector blocks can be created wsiregtifier followed by a
lowpass filter, depicted in Figure 15. Finding thpper saturation limit for the
rectifier block in Simulink can be done by puttitige signal into saturation and using
a differential block after the modulated signale tlsignal emitted from the

differentiation block can be visually inspectedngsa scope block and the maximum
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value, the value to be used for the upper saturdimit in the rectifier can be
determined. For the lowpass filter block, the afitfrequency should be set so that

the maximum frequency that will be used, 1.8 GHit vé able to pass through.

butter

—> > \ >
Diode (rectifier)

LPF part of
Envelope Detector

Figure 15. Envelope Detector

A guideline to the physical circuit components gmdcess for circuit design of
this noncoherent FSK demodulation scheme are fudégiled in section 3.3.3. The
following section will provide details regarding ethcircuitry design for the

components discussed in this chapter.
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3.3 Simple Circuit Architectureto Implement the Network

3.3.1 FM Modulator Circuitry

In [23], a very simple binary FSK modulator can ¢treated by passing two
signals through a pair of mixers then adding thegether. The signal representing
‘0, (3) is created by mixing (2) and (10) throughe first mixer; the signal
representing ‘1’, (4), is created by mixing (2) gdd) through the second mixer. This
is depicted in Figure 16. These two signals, @)resenting a ‘0’ bit, and (4)
representing a ‘1’ bit, respectively are then addegether, resulting imp(t), (6)

without the additive bandpass noisgt) .

cos@27f t) (10)
cosQ7f t) ()
v, o >
Cos2piTY) Mixer, ul(t) Add
=18
] — —P'..
Ac=Sqrt2EL/TD) —b* : -
. m-F3k, m=2
1
Ac=SgriZEb/T1)
M
U Ll

Cos(Zpitl ™) Mlizer, ulit)

Figure 16. Simple conceptual model of an FSK maiaul
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After passingo(t) through the channel, the received signal at graatulator, (6) can
also be created with simple passive circuitry congos. Further details on how the
simple circuit for a noncoherent FSK demodulatar ba created are detailed in the

next section, 3.3.2.

3.3.2 Noncoherent FSK Demodulator Circuitry

From Figure 13, there are two main conceptual gid¢oeexplain the simple
circuitry for: the slope circuit and the envelodetector. The slope circuit is
comprised of the two bandpass filters as depiateithe left portion of Figure 13; the
envelop detector is comprised of a rectifier arldvgpass filter, as depicted in Figure
15. An explanation of the slope circuit compositiwill be provided first, with the
envelope detector following the slope circuit exgaiton.

For the slope circuit, the two offset bandpaserfiitcan be constructed using RC
bandpass filters. An RC bandpass filter can besttooted by using a highpass filter
followed by a lowpass filter, as depicted in Figdi& where C1 and R1 comprise the

highpass filter; R2 and C2 comprise the lowpassrfil
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Figure 17. RC Bandpass Filter.

Transfer function equations for the highpass, lsgpand bandpass filters are

provided in (12), (13), and (14) respectively.

R
Hip (W) =—F7— 12
R+ V. e (12)

__YjuC
HLP(w)_— 13
R+ ¥ e (13)
Hep (@) = ( I RG, (14)

1+ jw,RC )1+ jw,RC,)

Equation (14) can be derived by first multiplyirk2} by the input voltage; this
gives the lowpass filter input voltage. By mubiplg (13) by this value and dividing
by the input voltage to the highpass filter, (lt#hg equation for a RC bandpass filter

can be achieved.
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From (14), the transfer function for a bandpageriilsome specific numerical
examples of potential resistance and capacitandeevathat could be used to
implement the simple RC bandpass filter are pravide Table 10 and Table 11.
Using (12) some example values for creating théguags filter segment in Figure 17
are provided in Table 10; using (13), some examplees for creating the lowpass

segment are provided in Table 11.

Center Cut-off Capacitance (fF) | Resistance (Q)
1.80GHz 1.79GHz 32.93088 0.27
1.79GHz 1.78GHz 33.11588 0.27
1.78GHz 1.77GHz 33.30298 0.27
1.76GHz 1.75GHz 33.68358 0.27

Table 10: Resistance and Capacitance examplesvedugighpass filter.

Center Cut-off Capacitance (fF) | Resistance (Q)
1.80GHz 1.81GHz 32.56700 0.27
1.79GHz 1.80GHz 32.74793 0.27
1.78GHz 1.79GHz 32.93088 0.27
1.76GHz 1.77GHz 33.11588 0.27

Table 11: Resistance and Capacitance examples/eduéwpass filter.
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Figure 18. Envelope Detector.

An envelope detector can be created using a dmtteved by a simple passive
component lowpass filter as depicted in Figure Bxample values for the resistor
and capacitor can be found in Table 11 —the higbetsbff frequency value can also
be used to implement the envelope detector as wetr simulation purposes, to
reduce the DC component, it is ideal to use lowdepfilters, however, in hardware,
a first order filter does not always achieve thsiel result thus for implementation, a
higher order filter is advisable.

Since the intention of this thesis is only to dsxuhe feasibility of creating a
network, actual implementation and optimizatiortled physical circuitry will not be
discussed as it is beyond the scope of this theSimulation analysis regarding the
conceptual components for the discussion of comaatioin feasibility will be

detailed and discussed in the proceeding chapter.
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3.4 Performance
3.4.1 Analysis

From [19, 21], the BER for a non-coherent binar)KFfmodulation in a white
Gaussian noise channel is given as (15), wimgrés the SNR per bit.
-1

2
An expression forp, as a ratio of symbol energy to noise power is jol@y in (16).

R ==e?" (15)

E,
NO

N,, the noise, and, , the energy per bit, can be represented as@ (af), of the

Py = (16)

sensor data ratR, , to received signal poweR, .

E,=—- (17)
The ratio of symbol energy to noigg can be represented in terms of sensor data rate

and received signal power, (18), by substituting) jhto (16).

" R

By substituting (18) into (15), the resulting i9)1the equation for BER in terms of

sensor data rate, received signal power, and noise.

| AR (19)
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By solving (19) forR, we arrive at (20), the equation for the sensor datain terms

of channel noise, received signal power and BER.

PN, (20)

= 2ineR)

When solving (19) again fét , the expression, (21), is derived. This is theatign

for received signal power in terms of BER, sensiadate, and noise.

5 _~2R,In(2R) (21)
r NO

For a white Gaussian noise channel, the noise ha®wer spectral density of

N, =-174dBm/Hz. With this relationship, it can be calcelhtthat in order to

maintain a BER less thal0™®, the typical range of the transmitted power obher®C

line for sensor communications is microwatts tdimaratts.

3.4.2 Simulation

The simulation of the channel was constructed ussgulink. Note that
Simulink does include FSK modulation and demodafatblocks, however, these
blocks do not provide for the option of settingpedafic center frequency as desired
for the design provided in the previous chapten implement the four binary FSK
modulators at node 5, the individual modulatorsenveonstructed using the blocks

depicted in Figure 19.
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Figure 19. Signal transmission at Node 5 and Gans®ise channel.

In Figure 19, the blocks following the binary geater, namely, a round
addition block, a constant block with a value ofatve one and an amplifier block
with a value of negative one are for the purposewdrting the signal. The simulated
signal in this model is a Bernoulli randomly gertedabinary sequence. This same
binary sequence is transmitted to all nodes fompilmpose of reducing the simulation
complexity and simulation time.  Sinééd will remain constant for all four nodes,
and the same message is being transmitted to ddspadhe message signal is input
through this amplification constant block and reute the input of an addition block
for each individual modulator. By using these kkto invert the signal, this provides
that the higher frequency represents ‘1’; the lofseguency represents ‘0’

For each of the four nodes, there are two frequeocyponents from equation
(5): one frequency component representing the i@’ dne frequency component

representing the ‘1’ bit. With this, there will bgght symbol frequencies in total; four
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of these are created with blocks that take a tmpaiti through an amplification block
which in turn creates the value of the center fezagpy multiplied by timet. The other
four signals will be created by adding in the signam theAf constant block at each
modulators’ respective addition block.

From these four addition blocks, one for each retspe node, the signal with
two frequency values is then passed through a eddotk. After the signal is passed
from the cosine block at each modulator, each nadduhas an amplifier, represented
by equation (2). For this simulation, an arbitraglue of 0.01 was chosen. In this
implementation, the Bernoulli Binary Generatingdids set to a sample time of 3,0
and a seed generating value of 89. Solving equé®pfor the bit energy based on the
arbitrary value and the sample time entered in¢obiihary generator, the bit energy is
solved to be 50 units. After the signal passesutin the amplifier blocks, the four
signals, one for each node are added together asdeg through the AWGN
(Gaussian White Noise) channel.

Figure 20 provides the simulation demodulation gethis figure also depicts
the modulated message going through the AWGN charitem the AWGN channel,
the signal passes to the slope circuit. The stipeit is comprised of the two offset
bandpass filters. From each filter, the signahtpasses to the rectifier block, then to
the lowpass filter block. As discussed in cha@ethe combination of these two
blocks, the rectifier and the lowpass filter comsprithe envelope detector. The
resulting two signals then pass through amplifiersreate a message signal that is

strong enough to be evaluated by the comparisockbld'he resulting signal is the
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transmitted message received at the specified nddepending on the frequency
settings entered to the bandpass filter blocks,dés#red node will receive a binary
information signal; to the other nodes, this signdl just appear as channel noise as

their respective bandpass filters will eliminates thndesired frequency.

butter butter

= /‘\ iods (radtifies \
Mo dulatedSignal] ANGH Slape circuit HIH LPF part of
Envelape Detestor

From Hode 5

[Binani‘alue]

AINGN

o Compare
To Zar
Channel

butter butter

/\ Diode (rectifia \

Slape circuit HI(DZ LPF partof
2nd Enwelope detector

Figure 20. Simulation demodulator.

Band Frequency (GHz) Bit represented
L f, =1.76375 0
f,, =1.76625 1
fo =1.77375 0
? f,, =1.77625 1
f,, =1.78375 0
3 f,, =1.78625 1
f,o =1.79375 0
! f,, =1.79625 1

Table 12: Simulation Frequencies
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The specific values used for the various symbajuescies in the simulation are
provided in Table 12. Note that even though thedees differ from those detailed in
chapter 3, they are within the same desired banddshould provide for a similar, if
not better result. These values were modified ftbase listed in chapter 3 in order to
simplify simulation computation and calculation.edlts regarding this simulation

will be provided in the following chapter.



56

4 Results

For the purpose of determining the feasibility &CPon this desktop powerline,
a data rate of 10 Kbps was chosen. Rates sinailtri$ are more than sufficient for
demonstrating applications such as sensing temyerabr gathering other statistics
regarding other components on the network. FarrtieR, = 10 Kbps, the resulting
symbol period is determined to Bg= 10°seconds, based on the equations presented
in section 3.4.1. Even though it was mentioneth@previous chapter that for binary

FSK, the minimum frequency separation for orthodidgais, Af ., =1/(2T,), a

frequency separation of 2.5 MHz was chosen instdeBDKHz due to the abundant
bandwidth available by the DC powerline for thipkcation.

Figure 21 depicts the simulated BER performance fasiction of i/No. In this
figure, it can be compared that the theoretical BitiRve for a noncoherent binary
FSK is very close to the simulated result. With pinenary objective of the simulation
being to determine the performance of the chanri#l meultiple simultaneous binary
FSK transmissions, this figure depicts that thelltesxy BER rate of the simulation is
very close to being as expected from theoreticalet

In this simulation, all four bands transmit simakausly and at the same power
level. The BER was assessed based on the perfoen@nband 2 from Table 12.
Band 2 was chosen to represent the BER becausesiris the worst-case scenario

due to the two immediate adjacent bands.
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Figure 21. BER performance: Theoretical vs. Sirada

Due to the nature of the simple bandpass filteeddus the design, it is likely
that there would be a small amount of cross-bamerfearence. By comparing the
simulated BER values to the theoretical valuesiguie 21, it can be seen that the
cross-band interference is negligible. This presithat since the gap between bands
is relatively large, the anticipated cross-bancerierence experienced due to the
simple nature of the bandpass filters should noamessue when implementing the

communication method with enough bandwidth.
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With very high E/Ng values, the simulated BER performance will be etgubc
to perform slightly worse. This is because in tiigh EJ/No range, cross-band
interference will be more dominating. Since siniola for such cases takes an
unreasonably long amount of time, such resultiatencluded in this thesis. In any
event, the system will not be expected to operasech high ENo.

This simulation and result verifies that the cheiad bands and frequency
separation for low-data-rate sensor communicatians appropriate, since the
attenuation for each band is minimized and crosstbaterference is negligible even

with very simple passband filters.
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5 Discussion

Table 13 provides a summary of the useful infororapertaining to the design
implementation choices regarding DC powerline comication for the desktop
computer. In regards to transmission distanceyéncle cable length is usually less
than one-tenth the distance HomePlug typicallygmats over. In the desktop PC,
most powerline cabling is less than 1 m, thus ther similar ratio between vehicle
and PC as home power grid cable length and velualde length. The biggest
concern with the short cable length is that shallle lengths between nodes may be
viewed as a short circuit, if terminated by smaipedance. From measurements of
the channel attenuation discussed in Section Jd, Bable 4 there is a distinct
difference between channel segments, even thougtsuriag lengths less than the
suggested 50 cm minimum.

Since much of the vehicular PLC research is reggrdmplementing the
HomePlug standard directly on the vehicular lifee frequencies and modulation
schemes for these are the same. For the expesrtiattdid not use this approach,
notably [9], frequencies of over 100 MHz are sugggswith their test using a center
frequency of 200 MHz. From the measured resul8dation 3.1, the results obtained
seem to correspond with this suggestion of usieguencies greater than 100 MHz.

The most notable difference between PLC for the dname, PLC for the
vehicular use and PLC for the desktop PC is thenattion measured on the

communication channel, and frequency band needddlf@ in the desktop PC. With
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the home use PLC channel attenuation being 40 dBOta@B, and the vehicular
channel attenuation being nearly half due to théamieody of the car, a similar
attenuation should be expected for the desktop RGm the measurements in chapter

3, the attenuation seen on the desktop computeenioe tends to be between 30dB

and 40dB, between the values found for the homenddhe vehicular use.

HomePlug Vehicle
Transmission Distance 1 mi=1.6 km 50 cm minimum to 9 m
Frequency Used 2 MHz to 28MHz 200 MHz [9];
10 - 30 MHz [10, 11];
4 - 21 MHz [12, 13]
Attenuation 40 dB to 60 dB 20 dB to 30 dB [9]
Modulation & OFDM modulation OFDM modulation

Demodulation

DBPSK or DQPSK
modulated subcarrier;
Spacing between 2
subcarriers is 195.531 kH

noncoherent demodulatio

N

=]

Achieved Data Rate

200 Mbps

5 Mbps [10]

Table 13:

Summary of Background PLC Literature
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6 Conclusion

In this thesis, a low-data-rate sensor commuranatietwork inside a computer
chassis that employ the existing DC powerline 1&stigated. The goal is to design a
very simple network that requires least amount @ivgr and hardware resources.
Whether it be for the HomePlug standard, within ehigle, or within a desktop
computer, powerline communication provides the athige of a more simplified
means for connecting components to an existing pawévork and can potentially
reduce the need for dedicated communication cablingturn, reducing the physical
complexity of a system as well as decreasing theusatnof raw materials, cost, weight
and volume needed for such dedicated communicatbtes.

Then a simple multiple access scheme that empleguéncy division is
designed and optimized. This network is also amsly and simulated for
effectiveness. Since the frequency spectrum pealviy the DC power line channel is
abundant for low-data-rate sensor communicatidns,resource is efficient exploited
to virtually eliminate the potential interferenaa@ng multiple parallel channels

In this thesis, the background information regagdine HomePlug standards,
the IEEE P1901 standard and developing vehicleimpéementation was provided
and discussed. Since it was not possible to kescommercial standard frequency
range provided in the background research, thissighetarts with obtaining
measurements to understand the characteristickeothannel provided by the DC
powerlines of a desktop computer. From these measnts, a simple multiple

access scheme that employs frequency division sgyded and optimized. It was
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devised to use a bank of four FSK modulation desvatethe primary node and single
noncoherent FSK demodulation devices for this sehe®ince there is ample
frequency provided by the DC powerline channel flow-data-rate sensor
communications, this resource is efficiently exf@di to virtually eliminate the
potential interference among multiple parallel amals.

This devised network is then analyzed and simuléedeffectiveness. By
performing the analysis at band 2, the worst caseagio, results comparable to the
theoretical estimated value for a BFSK system vadatained. Using the calculation
values for a data rate of 10Kbps in the simulatiaa proven the system to be feasible
for use as a low-data-rate sensor network.

With this thesis, a potential for future work rediag the development of the
powerline within a PC as an additional means fdheggng internal system data, as
well as providing for the future potential of high#ata rate communication systems
has become more possible and realizable. Podsitilee work stemming from this
research could include the physical implementatod optimization of this sensor
network, assessment of the impact to the DC powwmwthe sensor communication
network is active, and further research regardihng power traces within the

motherboard as means of communicating within thepder.
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