THE UNIVERSITY OF SOUTH AUSTRALIA
SCHOOL OF ELECTRONIC ENGINEERING

Analysis of Frequency Conversion
for M£QAM and M+PSK Modems

JeffreyJohn V@jtiuk, B.Eng (Hons)

A thesis submitted in fulfilment of the requirement for the degree of
Master of Engineering in Electronic Engineering

February 1995



TABLE OF CONTENTS

SUMMARY iX .
DECLARATION .. e X.
ACKNOWLEDGEMENTS . ... ... e Xi
GLOSSARY . xil .
1 Introduction . ... .. e 1.
1.1 Communication System Model. .. .......... ... ... ... . ... . . . ... 1
1.2 Bit Error Rate and Implementation Loss. . . . .......... ... ... ... ... 2
1.3 The Quadrature Hybrid Circuit. . .. ....... ... .. ... .. ... 3
1.4 Local Oscillator Phase Noise . . . ......... .. .. 4
1.5 ThesisS Preview. . . ... e e e e 5.
1.6 Reasonsfor ThisS®K . . ... ... i e 7.
1.7 Analytical Models and SimulationModels .. ...................... 7
1.8 Summary of Original Contribution. . . ........ ... . ... ... ......... 8
2 Frequency Conversion Using Quadratue Hybrid Cir cuits . . . . . 9
2.1 Introduction . . ... .. 9.
2.2 Imperfections in the Frequency Conversion Process. .. ............ 9
2.2.1 Quadrature Phase Error Between the | and Q Channels. . ... ... 9
2.2.2 Amplitude imbalance between the | and Q Channels. ... ....... 10
2.2.3 Carrier Leakthrough. . . ........ ... .. .. .. 10
224 DCOfsetsinthelandQChannels......................... 10
2.3 Characterisation of a Modulated Carrier. . . ...................... 11
2.4 Analysis of a System with Up and Down Converter Imperfections. ... 13
2.4.1 Up CONVEISION . . .ottt 13.
2.4.2 DOWN CONVEISION. . . ittt ettt e et e e et e e 15
2.5 CoONClUSIONS. . . ... 17.



3 Linear Transformation of Transmitted Symbols Due to Fequency

CONVEISION. . .o 18.
3.1 INtrodUCtion . . .. .ot 18.
3.2 The Received Signal Constellation. . ........................... 18
3.3 Transformation of the Input Noise by the Down Converter. . ... ...... 22
3.4 Diagonalization of the Noise Covariance Matrix . . ... .............. 25
3.5 Calibration of the Noiseaviance for BER Analysis. ................. 32
3.6 CoNClUSIONS. . . ... 33.

Analysis of MtQAM and MzPSK Modulation Schemes with

Quadrature Hybrid Imperfections ........................ 34
4.1 IntrodUCtioNn . . . ... 34.
4.2 QAM Signal Constellations. . . ............ ... i 34
4.3 QAM DecCIiSION REQIONS. . . . . oo e 35
4.4 Symbol Error Probabilities for QAM Decisionregions .. ............ 36
4.5 MzPSK Signal Constellations. . . ............ ... .. ... .. ... ... 40
4.6 Symbol Error Probability for PSK Decision Regions. . . ............. 41
4.6.1 A Note about the Rotational Invariance of the Noise PDF. . . . ... 43
4.7 BER Expressions for MtQAM and MzPSK. .. ... ... ... ... ... .. a4
4.7.1 Special Considerations for the Summation of Symbol Error
Contributions . . . ... .. 45.
4.8 CONCIUSIONS. . . . 46 .

5 Analysis of MtQAM and M+PSK Modulation Schemes with Local

Oscillator Phase Noise. . . ... ... i 48
5.1 IntrodUuCtion . . . ..ottt 48 .
5.2 Phase Noise and Frequency Stability. . .. ....................... 48
5.3 Time Domain Representation of Phase Naise . .. ................. 49
5.4 Frequency Domain Representation of Phase Noise. . .............. 50
5.5 The CRL Phase Estimate Err@rnce. . .. ........... ... ......... 53
5.6 Phase Noise Numerical Integratie@chinique. . ..................... 55
5.7 BER Expression inéfms of SNR and Phase Jittaarince . . .......... 57
5.7.1 TheTKhonov PDF. . . ... ... .. . e 57
5.7.2 Gaussian Approximation to thixffonov PDF. .. ................ 60



5.7.3 Conditional Probability of Error for MtQAM. . .. ............... 62

5.7.4 Conditional probability of Error for MxtPSK . .. ................ 64
5.8 CoONCIUSIONS. . . . ..o 65 .
6 BER and Implementation Loss Results. . . .................. 66
6.1 INtroducCtion . . . .. ... . 66 .
6.2 BER Graphs for Combined Error Parameters. .. ................. | 67
6.2.1 BERResSUltsS DISCUSSION . . . ... ..ottt 77
6.3 Implementation Loss Graphs. . . ... .. 78
6.3.1 General Performance of Modulation Schemes with Implementation
0SS . . ot 85 .
6.3.1.1 Amplitude Imbalance. . ............. ... ... . ... ... .... 86
6.3.1.2 Quadrature Phase Error . ........... .. ... ... ... . ... 86
6.3.1.3 DCOBEt ...t 86.
6.3.1.4 CarrierPhasefét .. ....... ... ... . . . . . 87
6.3.1.5 Phase Jitter. . . . ... ... 87.
6.3.2 General fEnds in the Quadrature and Amplitude Imbalance Results37
6.3.2.1 QPSK Amplitude Imbalance. ... ....................... 88
6.3.2.2 8+tQAM Amplitude Imbalance. . .. ............ ... ... 89

6.4 Implementation Loss Graphs to Compare PSK and QAM Schemes.. 90
6.4.1 Overall Comparison of PSK QAM Sensitivity to Error Parameters 94

6.5 Comparison with Other Published Results. . . .................... 94
6.6 CONCIUSIONS. . . . .. 95.
7 CONCIUSIONS. . . oo 97.
7.1 Concluding Remarks . . .. ... 97.
7.2 Assumptions Made in Using the Analytical Model. . .. .............. 99
7.3 Suggestions for Furthero& .. ......... ... . ... .. ... 99

APPENDIX A : Complex Envelope Repesentation of a Modulated

Signal After Fequency Conversion. . .......... 103
ALl Up CoNVerSION . ..ottt e 103.
A.2 DOWN CONVEISION. . . . .ottt e e e e e e e e e 105.

APPENDIX B : Symbol Error Probability for QAM Decision
Regions. . ... . 108

B.1 Type Il RegiON . ... .. 111.



B.2 Type ll RegiON. . ... ... e 112.

B.3 Type ll RegiON . . . ... 113.
B.4 Type IV RegION. . . ... 114.
APPENDIX C : BER Expressions for Mtary QAM. . . . ........ 122
C.1 BEQAM . 122 .
C.2 16+QAM . . o oo et 123.
C.3 B24QAM . . oo e 125 .
C.d B4x0QAM . . . 127 .

APPENDIX D : Symbol Error Probability for the PSK Decision

Region. ... ... ... 129

APPENDIX E : BER Expressions for Mtary PSK. .. .......... 136
E. 1l QPSK. . 136. .
B 2 8P SK. ottt 137..
E.3 16xPSK. . . . 137 .
E.4 32+PSK. . . 138 .
B BAEPSK. o .ot 138 .

APPENDIX F: MultiztRate Earth Resources Satellite Demodulator140

F.1 General Description . . . ... e 140.
F.2 System Block Diagram. . .. ... ... 141
F.3 Measured Quadrature Phase and Amplitude Imbalance . .......... 141
F.4 Measured BER Performance . ................. ... ... 143



LIST OF FIGURES

Figurel.1 £ Communication System Model. . ............. ... ............ 1
Figure 1.2 + A Quadrature Hybrid Up Converter. . . ... 4

Figure 2.1 + Digital Communications System with SSB Frequency Conversion11

Figure 2.2 + Direct Conversion Up Converter with Imperfections. . ......... 13
Figure 2.3 + Direct Conversion Down Converter with Imperfections. . ...... 15
Figure 3.1 + Distortion of the Received Signal Constellation. . ............. 18
Figure 3.2 + The Erroré¢tor Tanslating the iansmitted Symbol . ........... 19
Figure 3.3 + Model Used forthe Analysis. . . ......... ... ... . ... ... .... 20
Figure 3.4 + PDF at the down converter input. . . ... .. 28
Figure 3.5 + PDF after down conversion. . . .. ..., 29
Figure 3.6 £ PDF after decorrelation transformation. . . .................. 30
Figure 3.7 £ Tansformation to Decorrelate the noise PDFE. . .. ............. 31
Figure 4.1 + §pical QAM Constellations . . . .......... ... ... .. .. ... ..... 34
Figure 4.2 + Decision Region Boundary betweewo Equally likely Symbols ... 35
Figure 4.3 + QAM DecCiSion Regions. . . .. ..o 35
Figure 4.4 + 32+QAM Corner Decision Regions. . . .. ................... 36
Figure 4.5 £ §Jpe | DeCiSION region. . . . .. ...ttt 37
Figure 4.6 £ Jpe ll Decision region . . . . ... it e 38
Figure 4.7 £ §pe lll DecCisSion region. . . . ... oottt e e 39
Figure 4.8 £ §Jpe IV Decision Region. . .. .......... i, 40
Figure 4.9 + §pical PSK Constellations. . . ............................ 41
Figure 4.10 + PSK Decision Region for the ixth Symbol . .. ............... 41
Figure 5.1 + Ideal and Nonideal Oscillator Spectral Densities. . . ........... 50
Figure 5.2 + Coherence Phase Error on a Received Constellation . . ....... 53
Figure 5.3 + Relationship between Phase Jitdgiavice and CRL SNR . . ... ... 59
Figure 5.4 + % Error between the Exact and Approximate Phase aiti@ndé. .. 59
Figure 5.5 + % Error for the Bessel Function Approximation. . ............. 61
Figure 5.6 + % Error for the Cosine Function Approximatian . ............. 61
Figure 5.7 + A M£QAM symbol with a Phase Estimate Error . .. ........... 63



Figure 5.9 + Phase Estimate Error fora BPSK Symbol . . ................. 65
Figure 6.1 + BER for 8+QAM with Combined Errors . . . ................. 68
Figure 6.2 + BER for 16:QAM with Combined Errors . .. ................. 69
Figure 6.3 + BER for 32+tQAM with Combined Errors . . . ................. 70
Figure 6.4 + BER for 64+QAM with Combined Errots . . .................. 71
Figure 6.5 + BER for QPSK with Combined Errars. ... .................. 712
Figure 6.6 + BER for 8tPSK with Combined Errors. . .................... 73
Figure 6.7 + BER for 16xPSK with Combined Errars. . . .................. 74
Figure 6.8 + BER for 32+tPSK with Combined Errars. . . .................. 75
Figure 6.9 + BER for 64+PSK with Combined Errars. . . .................. 76
Figure 6.10 £ Implementation Loss vs Amplitude Imbalance for M+tPSK and
MEQAM. . . oot 79
Figure 6.1 = Implementation Loss vs Amplitude Imbalance for 8+QAM. . . .. 80
Figure 6.12 + Implementation Loss vs Quadrature Phase Error. . .......... 81
Figure 6.13 £ Implementation Lossvs DAgef.......................... 82
Figure 6.14 + Implementation Loss vs Carrier PhaseeOf. . .. .............. 83
Figure 6.15 + Implementation Loss vs Phase Jitgiakce . . . ............... 84

Figure 6.16 + Implementation Loss vs Phase Jitieiakce for BPSK and QPSK 85
Figure 6.17 + Amplitude Imbalance in a QPSK constellation . .. ........... 88
Figure 6.18 + 8£tQAM with Amplitude Imbalance in a 8+QAM constellation. . 89

Figure 6.19 + Implementation Loss for an Amplitude Imbalance of 0.5dB ... 91
Figure 6.20 £ Implementation Loss for a Quadrature Phase Ertar.of. . . ... .. 92
Figure 6.21 + Implementation Loss for DCf€at and Carrier Phasef®dt . . . . .. 93
Figure A.1 £ Direct Conversion Up Converter with Imperfectians. . . .. ... ... 103
Figure A.2 £ Direct Conversion Down Converter with Imperfections. .. ..... 105
Figure B.1 £ Jpe | DeCISION region . . . . . ..o v vttt e 108
Figure B.2 £ §pe I Decision region . . ...t 111
Figure B.3 £ Jpe Il DeCISiON region. . . . ..o 112
Figure B.4 £ Jpe lll DeCISION regiON . . . . oot 113

Figure B5t §pe IV Decision Region . . ........... .. 114

Vi



Figure B.6 £ Plot of the Qxfunction and the exponential approximation functidri9

Figure B.7 £ % Error for the exponential approximation function. .......... 119
Figure C.1 + 8+tQAM Constellatian . . . ................... ... 122
Figure C.2 + 16xQAM Constellation . . ... ... ... ... .. 123
Figure C.3 + 32+QAM Constellation . . ... ......... ... ... .. 125
Figure C.4 + 64+QAM Constellation . . . .............. ... .. ... ... 127
Figure D.1 + PSK Decision Region for the ixth Symbol. . ................ 129
Figure F1 £ System Block Diagram. . . ... ... 141
Figure F2 £ Measured Quadrature Phase Ertar. . .. .................... 142
Figure F3 £ Measured Quadrature Amplitude Imbalance. . .. ............. 142
Figure F4 £ Measured BER. . . . . ... ... . 143

Vi



LIST OF TABLES

Table6.1 + Combined Error Parametealves used in the BER results. . . . .. .. 67
Table 6.2 £ ParameteaMes for the 8tQAMBER Curves. . ................ 68
Table 6.3 + ParameteaMes for the 166QAMBER Curves. . ............... 69
Table 6.4 + ParameteaMes for the 32+QAMBER Curves. . ............... 70
Table 6.5 £ Parameter values for the 64tQAM BER Curves. . . ............ 71
Table 6.6 £ ParameteaMes for the QPSKBER Curves. . ................. 72
Table 6.7 £ ParameteaMes for the 8tPSKBER Curves . . . ............... 73
Table 6.8 + ParameteaNes for the 16:tPSKBER Curves . ................ 74
Table 6.9 £ ParameteaMes for the 32+tPSK BER Curves . . ............... 75
Table 6.10 £ ParameteaNes for the 64+tPSK BER Curves . . . ............. 76

Table 6.1 = Implementation Loss Summary for Quadrature and Amplitude
Imbalance . ... . . . 87.

Table 6.12 £ Comparison Using Kusamplementation Loss Results for Phase
Jiter. . a5 .

viii



SUMMARY

This thesis studies the performanceMtQAM andM+PSK modulation schemes with
particularemphasis on consideration of thizefs of frequency conversion usiagalogue
quadraturehybrid circuits. In particular the fetts of carrier leakthrough, quadrature
phaseerror, amplitude imbalance, and DCsét in the | and Q channels of the quadrature
hybrid circuit areinvestigated. In addition, thefe€ts of carrier phasefset between the

up converter and the down converter and received phase jitter due to phase noise and
thermalnoise are analysed.

A mathematical model has bedeveloped which incorporates theséeef into the
complexbaseband envelope of the modulated signal. This allowsfdwtsetio be viewed

asan overaltransformation of each symbol position in the constellation. The model also
takesinto account the transformation of additive white Gaussian noise at the input to the
down converter by the down conversion process.

The performance of each modulation scheme is quantified by the increase in the signal to
noiseratio (SNR) required to achieve a given bit error rate (BER). This is defirted as
implementationoss. Graphs of implementation loss are used to isolatffdot of each

of the parameters given above. BER curves are also presented to shofedtseoéf
combinederrors.

A number of new results have been obtained which shuld assist designers of digital
transmittersand receivers used in mobile radio and satellite communications.
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1 Intr oduction

1.1 Communication System Model

Digital radio systems$or satellite and terrestrial communication systems, both fixed and
mobile, have long been a strong area for research and development. As with any
communicatiorsystem, we are concerned with transmitting information i@ource to

a destination. A simple block diagram of a communications system is shown below in Fig
1.1

Input Output

Digital Digital
Up —. Channel > Down » »
> Modem/ Coded = Converter Converter Modem / Codef

Figurel.1 + Communication System Model

In a digital radio system a modulator and a coder provide the baseband processing that is
neededo obtain a digital representatia the input information in a form suitable for
modulationonto a carrier signal. That is, the digital modulator and coder transforms the
input signal, digital or analogue, into a baseband data stream prior to modulation. The
modulation process can involve changing the amplitude, frequepbtyse, or a
combinationof these to correspond to changes within the baseband data.

The baseband stream is transmitted over a communication channel on a carrier at a
frequencyusually much higher than the data bit ratee channel characteristics vary with

the application and type of system and can attenuate and distort the transmitted signal as
well as adding noise to it.

At the destination the signal is received, demodulated and decoded. Baseband data is
recoveredrom the received carrier by the demodulation process and can then be output
in some suitable format. This is done by a digital demodulator and decoder

A digital modem contains the baseband processing required for both transmission and
receptioninterfacing the baseband signals to the carrier signal is done tHreqgkncy



conversion techniques. Frequency conversion is #anportant part of a radio
communicationsystem. It comprises the process of translating the basebgendp in
frequencyonto a carrier for transmissia@and translating the received carrier down in
frequencyto a baseband data form. On the transmit side the process is known as up
conversiorand on the receive side the process is known as down conversion. Some systems
usedirect up and down conversion to translate the baseband data to and from the carrier
frequency Other systems to use a number of Intermediate Frequency stages to complete
thetranslation.

Theperformance of a digital radio system can be degraded by imperfections that result in
the practical implementation of frequencgnversion schemes. These are mainly due to
the useof analogue components in the design that can display non ideal behateur
introductionof DSP techniques into the IntermediBtequency area for implementing up

and down converters has helped to reduce some of timegerfections [1][2]. As
processingspeed increases with future developments, digital techniques will be used
closer,and in some cases at the antenna [3][4].

Howeverin many cases, particularly at high data rates, the processing speed required to
implementdigital up and down conversion is too high for digitaplementation and the
frequencyconversion schemeimmplemented with mostly analogue components. The cost

of high speed digital processirg Intermediate Frequency can be prohibitive resulting
againin predominantly analogue components indlsign of the up and down converters.
Another reasonfor preferring analogue implementation is the relatively high power
consumptioninvolved with the implementation of DSP technolpglighough this could
improvein the future.

1.2 Bit Err or Rate and Implementation Loss

In an ideal system the output signal in Fig. 1.1 will always match the gl . If
Additive White Gaussian Noise {AGN) is introduced by the channel then the signal
recoveredht the output may dir from the input signal apart from delay and sigyah

or loss. In terms of the baseband data format used by the modem, some received bits may
not be the same as those transmitted and they are said to be .iTleer&@it Error Rate
(BER)is a quantity whiclgives the proportion of transmitted bits in erdss the amount

of noise increases the BER increases and this may be shown by a BER versus
SignalttotNoise+Rati(SNR) curve. Theoretical BER curves may be produced for a
particularmodulation and coding scheme.



The performance of a Digital communications system may be quantified by the increase
in SNR compared to the theoretical SNR under idealised conditiongii@raBER. This
increases specified as Implementation Loss. It is an important quantity for it gives the
extrasignal power required for a given BER compared to an ideal system. Incanses/
anincrease in power means a considerable increase in the cost of implementing a system.
In other cases there may be a limit on allowable transmit power for given sgstém,
implementatiorioss will reduce performance.

Implementatiorloss for a communications link is the combing@efof lossesn the up
anddown converter plus other losses for examghles, to the inability of the demodulator

to cope with particular channel conditions. Often a linkgmars included in the design

of a system link budget, to alldar unpredictable or time varying losses. For some systems
link maugin is a very expensive resource and it is important to keep the implementation loss
causedy the up and down converters to a minimum.

1.3 The Quadrature Hybrid Cir cuit

The quadrature hybrid circuit is commonly used in frequency conversion systems for
basebandligital modems. Thdigital modulator has as its output two baseband channels,
oneis the |, or "in phase' channel and other is in phase quadrature with the | channel and is
referredto as the Q or "quadrature' channel. These form a complex baseband signal. The
quadraturehybrid circuit takes the complex baseband outputs from the modulator and
mixes them with a Local Oscillator (LO) at an IF which may or may not be the final
transmissiorirequencyThe LO signal itself is passed througB®& power splitter prior to

the mixing which gives an in phase and a quadrature component of the LO. The in phase
componenbfthe LO is mixed with the | channel and the quadrature component of the LO is
mixedwith the Q channel. The two resulting IF channels are then combined again using a
0° power combiner tproduce a real signal at an &rquadrature hybrid up converter is
shown in figure 1.2.

Whenused as a down converter the process is reversed. The real IF signal is split into two in
phasecomponents. These are mixed with quadrature components of the LO to produce two
quadraturesignal channels at a “zero IF' or basebdritese become the | and Q channel
complexbaseband inputs to a digital demodulator



N &%
Digital Baseband @_ 0°
Modulator LO 90° B
° ®

Up Converter

Figure 1.2 £ A Quadrature Hybrid Up Converter

Thusit can be concluded that the quadrature hybrid circuit provides a way of converting to
andfrom real IF signals and complex baseband signals. An ideal quadrature hybrid circuit
doesnot contribute to implementation loss in a communications system. However analog
implementation®f these circuits can contain imperfections tteat have somefett on

BER. This is especially true for high data rates that occupy wider bandwidths, and for
higherorder modulation schemes. Real measurements on a quadrature hybrid circuit are
presentedn Appendix F

1.4 Local Oscillator Phase Noise

Anideal LO in a communications system consists of a sinusoid at a constant freganéncy

is not phase, amplitude, or frequency modulated in any Wawever any real world
frequencysource will contain some level modulation in amplitude, frequency and phase.
Thecauses for this are the result of several complicated processes taking place within the
frequencysource. Some of the processes are deterministic and some are random. Some are
relatedto the design of the frequency source itself, while others are related to other things
such as the physical construction and location of the frequency source within a
communicationsystem.

A communications system may have several mixing stageshasirty a LO with some
phasenoise. Altough each stage may have a small amount of pbése the combined
affectof LO phase noise in the up converter and down converter can become significant.



A requirement of many digital communication schemes is that for successful demodulation
to occur the LO used in the quadrature hybrid down convéxdsrto be phase coherent
with theLO used in the up convertd@iis is usually achieved by the use of a phase control
systemcalled a Carrier Recovery Loop (CRL). The CRL acts to control the instantaneous
phaseof theLO used in the quadrature hybrid down converter with the aim of achieving
phasecoherence. In many digital communications systems the CRL resides in the digital
domainand a phase estimate is produced at intervals related to the sampling period or
multiplesof it. The phase estimate then becomes the analog control sigicdl is usually
avoltage to adjust adltage Controlled Oscillator (VCO), used as the quadrature hybrid LO
signal.

Both phase noise andAGN cause successive phase estimate values to be in error by
differing amounts. A Probability Density Function (PDF) can be used to model the
difference or phase jitter in the phase estimate samples, and the amount of jitter may then
be quantified by the variance associated withRi¥ The amount of phase jitter due to
noisecan be enough to causeimplementation loss as the phase coherence is reduced due
to phase jitter on the CRL phase estimate. ThHecefof phase noise jitter isore
pronouncedat low data rates. This is because as the CRL bandwidth decreases to
accomodatéow data rates, the level of phase noise power outsideRheancreases, with
theresulting rise in the variance of the CRL phase estimate

1.5 Thesis Peview

Thepurpose of this thesis is identify some of the imperfections in quadrature hybrid up
anddown converters, including thefe€t of phase jitter due to LO phase noise, and to
analyseheir efect on implementation loss for a rang&/afQAM andM+PSK modulation
schemeshamely 8+tQAM, 16+QAM, 32+QAM, 64+QAM, QPSK, 8+PSK, 16+PSK,
32+PSK,and 64+PSK.

In Chapter 2 imperfections in quadrature hybrid circuits are identified. THestsefe
incorporatedn expressions describing the modulated carrier afteonpersion and the
receivedbaseband signal after down conversiomds found that if the IF imperfections
canbe assumed to be linedren they could be described as part of the complex envelope of
themodulated signal. The significance of this is that it allows for the imperfections to be
studiedusing a complex baseband model. In addition to the imperfections being assumed
linear, the bandwidth of the modulated signal is assusmadll compared to the carrier
frequency.



A matrix model is developed chapter 3 using the complex baseband expressions from
chapter2. Transmitted complex baseband symbolsepeesented by 1 x 2 column vectors.
Imperfectionsn the quadrature hybrid frequency converters act to translate the position of
eachsymbol from its ideal position in the constellation. The amount of translation is
quantifiedby an error vectomhich is the diierence between the down converted symbol
positionand the ideal symbol position in the constellation. The channel is assumed here to
bea static phase rotation plusV&N. The ANGN is assumed the zero mean with equal,
anduncorrelated | and Q channel noise variances. The down converter transforms the noise
componentin the same way as it does the input signal vectors, and #usasnted for in
theanalysis. Depending on the type of quadrature hybrid imperfection, the | and Q noise
componentgan have some degree of correlation introduced, unequal variances, and have
nonzero meandA technique is presented for removing the correlation between the  and Q
noisecomponents by the use of a further transform that is applteéd tmise components
andthe signal constellation. This allows the use of one dimensional GaussiavAidH

arewell defined by computationally fefient numerical integration routines.

Expressiondor the BER with quadrature hybrid imperfections of variMi#sQAM and
M+PSKmodulation schemes are developed in chapter 4. Thesaus@&éthe error vector
definedby the model presented in chapter 3 together with therelifce in | and @oise
variancesthat may occur as a result of the down converter transformation and the
transformatiorto remove the correlation between the | anch@nnel noise components.
The probability of error for each symbol in tbenstellation is found and then the overall
BERIis found by taking the averaggmbol error rate and dividing by the number of bits per
symbol.

Chaptel5 follows a similar format tohapter 4 except that the BER expressions are further
modified to take into account thefe€t of phase jitter

All of the BER and implementation loss results are presented in chapter 6. The chapter is
divided into three main parts. The first part uses four standard cases of combined
quadraturénybrid errors, and for each modulation scheme presents a set of BER curves plus
aset of constellation diagrams. These allow an inspection of the amount of translation of the
symbol positions against the amount of BER degradation, plus a comparison of the
performanceof the diferent modulation schemes with each case of combined &her
secondpart presented a series of implementation loss graphs, isolatindetteoébne
imperfectionwhile allowing diferent modulation schemes to be plotted on the same graph.
Thethird part presents implementatitmss graphs against the number of symbols in the
QAM and PSK constellations. This allows for direct comparison of higher order



modulationschemes with the possibéxtrapolation to even higher schemes, such as
256:QAM.

General conclusions and suggestions for future work are presentechapter 7.
Mathematicalderivations are given in the appendix.

1.6 Reasons for This Wrk

Thework contained in this thesis is a logical extension of work carried out by the author as a
RF design engineer with the Institute foel@communications Research (ITR) at the
University of South Australia. The majority of the auttowork as an engineer has been
with the desigrand development of IF subsystems that interface to various digital modems
andcodecs developed by the ITR. These include a 720MHz direct quadraturedoyianid
converterfor a multirate earth resources satellite modem with 105MBit/s capdhilise
detailsgiven in Appendix F), and a 70MHz fully synthesised IF subsystem rfurlale
satellite modem, with quadrature frequency conversion being implemented using DSP
techniques.

Also being involved with system integration aedting the author has witnessed first hand
someof the efects on BER that IF imperfections can introduce. Having had the opportunity
to complete the workn this thesis, the autharsystem design skills have improved. This
hashelped to correctly state the desgpecifications of an IF subsystem from conception,
leadingto a linear frequency conversion process.

Thereis no claim made that this thesisntains everything on frequency conversion
analysisas there are many other causes of BER degradation in an IF subsystem, such as
componentnonlinearitiesthe efect of IF filter bandwidths, etc. However time and thesis
contentonly allowed for the study of quadrature hybrid errors and phase jietsef

1.7 Analytical Models and Simulation Models

A conscious decision was made from the start of this work to thsidemptation to
produceresults by simulation method#one. The satisfaction gained by taking the time to
deriveand prove results analytically is well worth thédf Having said that there are
caseswhere simulation is the only option. This could be when mafgctsfin a
communications system are investigated at once, that would lead to an intractable



analyticalexpression. This was not the case with any of the results presented in this thesis,
asthey were all arrived at from analytical expressions. However it is possible to use the
complexbaseband expressions for up conversion and down conversion as building blocks
in a lage complex baseband simulation model. Some results for QPSK were generated by
simulationand were found to closely match the analytical results.

1.8 Summary of Original Contribution

The original contribution of the thesis is described below
1. Chapter2:

Thedevelopment of expressions using com@axelope notation to describe quadrature
hybriddown converter imperfections was presented in [5]. This was extended to include up
convertenimperfections as well.

2. Chapter 3:

A similar matrix modeis presented in [6] but the correlation between | and Q channel noise
componentsiue to a down converter transformation is neglected. Tieisté$ taken into
accountas well as an extra transformation in the analysimake the noise components
uncorrelatedagain, to allow one dimensional integration of the | and Q noisesPDF'

3. Chapter 4:

Thesymbol error probability for a QAM decision region with four boundaries is allicded

in [6] but not derived. A full derivation of symbol error probabilities for QAM decision
regionswith two, three , and four boundaries is given. In addition to this, a full derivation is
givenfor the 32+QAM corner decision regions plus a @idiivation of the symbol error
probability theixth symbol in aM£PSK constellation.

4. Chapter 6 :

Presentatiof new results showing thefe€t of various quadrature hybrid imperfections
andLO phasditter on 8+QAM, 16:QAM, 32+QAM, 64+QAM, QPSK, 8+PSK, 16+PSK,
32+PSK,and 64+PSK.



2 Frequency Conversion Using Quadratueg

Hybrid Cir cuits

2.1 Intr oduction

In this chapter imperfectioms the quadrature hybrid circuits used in frequency conversion
aredescribed. Expressions are developethfiemodulated signal, after up conversion and
after down conversion, that include thdestts of the quadrature hybrid imperfections.
These imperfections become part of the complex envelope, along with the modulating
signal.This allows for the frequency conversion process to be represented by a complex
basebandnodel.

2.2 Imperfections in the Frequency Conversion Pocess

Analogueimplementation®f Quadrature hybrid circuits are imperfect and contribute to
distortion of the transmitted signal. There are four main sources of distortion, these are
quadratureghase error between thand Q channels, amplitude imbalance between the |
andQ channels, carrier leakthrough, and DfSetfs in the | and Q channels. These will each

be discussed in turn and will be incorporated into an analytical model of the frequency
conversiorprocess.

2.2.1 Quadrature Phase Erpor Between the | and Q Channels

The phase shift introduced in real quadrature frequency converters is not always exactly
90°. There are four main sources of this erfdwe first is that the phase fédifencebetween

theLO signals that are used to multiphe | and Q channels may not®@. This is an error

thatis independent of the | and Q signals. The second is that there is always some phase
differenceintroduced by the RF paths taken through signal splitters and combiners between
thel and Q channels. The third source of phase &rianpedance mismatch between the
mixers and thé@0° phase shift circuit and the amount of isolation between the two output
portson the phase shift circuit [7]. Another source of phase error arises flleneddes in



the phase responses of the | and Q chatmaglsmit and receive filters. The last three
source®f error are frequency dependent and beceorse for high data rate systems. Due

to the wide bandwidths involved this may result in frequency dependent errors occurring
acrosshe band.

2.2.2 Amplitude imbalance between the | and Q Channels

Amplitudeimbalance between the | and Q channels has twosoances. The first is from
amplitudembalances between the input and output ports of RF splitters and conalpichers
differencesin conversion loss between the output ports of | and Q channel mixers. The
seconds from amplifier and filter gain diérencesn the | and Q channels before the mixer

in up converters and after the mixer in down converters. Amplitude imbalance causes
distortionof the constellation.

2.2.3 Carrier Leakthrough

Realmixers are far from ideal in that there are a great many spurious products that arise
from intermodulation terms and leakthrough of the local oscillator (LO) and Radio
FrequencyRF) signals out of the IF output port of the mixgne leakthrough of the LO
signalis a particular problem in that it lies ihe middle of the wanted pass band of the
modulatedsignal and cannot be removed by filtering. One of pheblems is the
interferenceeffect that the LO radiation could have on other receivers. In narrow band data
systemghe LO radiated power could be comparable or greater than the actual modulated
power.The problem can occur in up converters and in direct conversion down convertersin
casesvhere reverse isolation of the receiver LO is pAoiotherproblem is the ééct on

the received signal constellation. DC components are createdf the down converter
mixer from both self mixing othe receiver LO and the transmitter LO mixing with the
receiverLO.

2.2.4 DC Offsets in the | and Q Channels

DC offsets are a problem in receivers thia directly coupled, in low data rate systems. DC
offsetscan occur in the | and Q channels starting withdown converter mixers through
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directcoupled amplifiers and active filters. Individual DGsets contributed by each of
thesecomponents will accumulate at the output of the down converter

2.3 Characterisation of a Modulated Carrier

A block diagram showing frequency conversion with an up converter and down converter
is given in Fig 2.1.

Yim Z Yn N
Yi Z
o ® 2 ol
Digital O Channel Digital
Baseband |_ —  plus  |— —E] S Baseband
c a0? . 90°| ¢
Modulator Yo I;;I Noise z, | Demodulato
Q X %Y Q
Up Converter Down Converter

Figure 2.1 + Digital Communications System with SSB Frequency Conversic

In the case of digital modulation the digital baseband modulator puts the input signal into
complex baseband form required for up conversion. The real component is on the | or "In
phase'channel while the imaginary component is on the Q or "Quadrature' channel. The
carriersignal is passed through a power splitter wi®0& phase shifteto produce two
orthogonalcomponents due to th@0° phase shift. The products of the twmixing
processesare summed together at the output of the up convértearrierwave that has
beenarbitrarily modulated can be represenigdthe following equivalent relationships
shownbelow [8, pp149+151].

ym(t) r(t)cos ct (1) (2.1)
ym(t)  y(t)cos t Yo(t)sin  ct (2.2)

Wherey, andyg, are the land Q baseband components of the modulating signsian

arbitraryphase dbet of thecarrier r(t) is the amplitude envelope of the modulating signal
asgiven by:
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)y yan)

(2.3)
and (t) is the phase of the modulating signal as shown below
t
(t) atan yQ—()

If the carrier frequency is much greater than the modulating signal bandwidth then the
modulatectarrier signal is narrowband and the functions of amplitude and phase are slowly
varyingwith respect to the carrier frequentrythis case complex envelope notation can be
used.The complex envelopg(t), is defined by the following equations,

ORIOERS (2.5)
yit) oy jyot) (2.6)

with magnitude

{OII0) 2.7)
and phase
(t) argy(t) (2.8)

Thus an arbitrarily modulated carrier may also by represented by

ym(t) Rey(t)el < (2.9)

1 gmyel o v (t)etl
ym(t) 5 ¥(b)e y (he (2.10)
The received complex envelop#t) is given by
Zt)  z(t) jz(t) (2.11)

wherez, andz, are the | and Q baseband components of the modulating signal. In the case
of an ideal channel, an ideal frequency conversion process, anébstrece of noise, the
complexenvelopey(t) is related taz(t) by

yit)  Zt)e (2.12)
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where is a phase tdet causethy the time delay in the channel and by the instantaneous
phasevalues of the up converter and down converter local oscillators.

From(2.9) it can be seen that all the information about the modulating Egoaitained in
theequivalent low pass complex envelope. This allows for the analydisimulation of
linearcommunication systems to be done at complex baseband.fétieoéfa frequency
conversioncan be analysed in this way as well if the translation itselbeanodelled at
basebandThe means to do this will be developed in the rest of this chapter

2.4 Analysis of a System with Up and Down Converter Imperfections

The object of this analysis is to create a complex envelope representation of the up and
down conversion process including théeets of imperfections. From this an analytical
modelcan be developed and théeet on BER due to thesefetts can be observed.

2.4.1 Up Conversion

A model of a direct conversion up converter with imperfections described in Section 2.2 is
shownin figure 2.2.

a; s/(t) |
I hy7(t) I ® | L

cosT " (1)

Ym(t)
090° g Ve % _
yQ(t)
— @ T

ag; so(t) ]
L horld) — ® L_To7

Figure 2.2 + Direct Conversion Up Converter with Imperfections

The digital modulator produces a series of 2 dimensional syndalsing the | and Q
channelsis shown below in (2.13) wheag andag,; belong to the set of real numberse
setof all a; forms a signal constellation[9, p356]. The shapthefconstellation together
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with the values of;; andag; are real numbers with values being dependant on the type of
modulationscheme.

a & jag (2.13)

Pulse shaping for each transmitted symbol is performed by the transmitHi}fé)sand
hro(t) on the I and Q channels respectivalye transmit filtering limits the spectral width
of the transmitted signal, and in conjunctigith matched filters at the receiver produces
pulseshapes that satisfy the Nyquist criterionZero intersymbol interference (ISI). The
outputsof the | and Q channel transmit filters as a function of time are given by éhd4)
(2.15)whereTgis the symbol period.

5 (t) a; hp(t 1Ty
i (2.14)

So(t) g holt Ty
| (2.15)

Theup converter has gaintermsy and 1, resulting in an amplitude imbalance between
the channels of as given below

Q

T (2.16)
Two gain terms are used to facilitate the normalisation of the total power to a constant for
usein the analytical results that will follow in later chapters. The overall power from both
channels, , is given by (2.17). The relationstbptween the channel gains and the amount
of imbalance is shown in (2.18) and (2.19).

1T (2.17)
Tl 2
S (2.18)
Q T 7 2
T (2.19)
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A complexenvelope representation of the modulated output sign#l) from the up
convertenn Figure 2.2 has been derived in Appendix A and is shown below:

ym(t)  Ref(t)e’

(2.20)
which is in the same form as (2.9), and where
fity fi(t) jfot) (2.21)
and
i) nSEO  1osin eS) 7 mcoS m 1o 1QCOS Tq (2.22)
fol  1c0s &S 1 nsin ¢ 1o ToSIN 10 (2.23)

Hencethe linear up converter imperfections that ocautF may be represented in an
equivalentbaseband form.

2.4.2 Down Conversion

A model of adirect conversion down converter with imperfections is shown in figure 2.3.

l_IRl Q Xl(t) hR|(t) I'I

&/

RI» Rl [

cosR

—

Xm(t) —~_ /
= N
#0900 L
RQ' RQ|™ |
Xo(t) r
|| RQ|I ® < hr(t) 2

Figure2.3 + Direct Conversion Down Converter with Imperfections

The input to the down convertexy(t), corresponds , in thabsence of channel
imperfectionsto the output from the up convertgg(t) represented by (2.20). The input
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signalis split into two inputs for the | and Q channels of the down convétierl channel
input signal is mixed with the receiver LEsR with R being given by:

R gt R (2.24)
n 2 fn (2.25)

where fg is the down converter LO frequendys with the up convertethe | and Q
channelsof the down converter have gain termsz, and o, the ratio ofthese

representingmplitude imbalance between the channels. The amplinlsiance, g, is
relatedto g and gqgas shown below

RQ

R RI (2.26)

The overall power from both channels is given by:

Rl RQ (2.27)

Therelationship between the channel gains and the amount of imbalance is shown below

RI 1

N

(2.28)

2
2 (2.29)

A complex envelope expression for the output sifjoah the down converter in figure 2.3
hasbeen derived in Appendix A and is shown below

i) pc i(ro(®) oo

- i ~
Re %(t)ej( t ) Jlm Me]( t )

Re Mej RI jim

2 2 DCI J DCQ

(2.30)

Thefirst two terms relate to the amplitude and phase imbalance between the two channels.

Both of these have the same phasr ! ) and are centred baseband provitteat
0. The third and fourtherms represent thefeft of carrier leakthrough on both
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channelsand can also be simulated at baseband. The last two terms represefseDC of
termson the | and Q channels. Note thatwhen 0, g rRo O R ro and

e O thisrepresents an ideal down convesdad (2.30) becomes equivalentto (2.12).
Thecomplex baseband signal mag simplified furtherassuming Oand 0.
Thereal part, or | channel output is given by:

nM oo wmifi) R RICOS R Do (2.31)

and the imaginary part, or Q channel output is given by:
rot) DCQ ro fo(thcos ge fi(t)sin g

RQ RQ SN Ro RE DCQ (2.32)

2.5 Conclusions

It has been shown that some of the imperfections in quadrature up and down converters that

occurat radio frequencies may be analysed by considering an equivalent coagaband
model.Quadrature phase and amplitude errors plus carrier feedthrough have been included
in the analysis which results in generalised linear expressions for the transaniited
receivedsignals.These will be used in a matrix form in subsequent chapters to develop
BER expressions for specific signal constellations.
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3 Linear Transformation of Transmitted

Symbols Due to Fequency Conversion

3.1 Intr oduction

The complex baseband moddeveloped in Chapter 2 takes into account the linear
distortionsintroduced in a practical frequency conversion process. In this cheaptatrix
representatiorof the basebanthodel will be used to describe the impairment process.
Noiseon the received signal will also be considarethe analysis of the down converter

The transformation processill show the diference in euclidean distance between each
receivedand transmitted signal as an error vecidris will be incorporated into BER
expressionshat will be developed in Chapters 4 and 5 for varM#tQAM andM+PSK
modulation schemes.

3.2 The Received Signal Constellation

Forideal signal transmission, the received signal constellation is of the same fibven as
transmittedone. For signal transmission with imperfegi and down converters the
receivedsignal constellation is distorted by the various imperfections in the up and down
convertersfor example, as shown by figure 3.1. It can be seen that each transmitted symbol
undergoes transformation, or mapping onto the received signal constellation.

Q Q Q
Up Conversion Down Conversion
(a) Original (b) Transmitted (c) Received

IdealSignal

Figure 3.1 + Distortion of the Received Signal Constellation
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Theizxth transmittedymbol (before up conversion) may be represented by the 1 x 2 column
vector s, seen in Figure 3.1(b) and is given by:

(3.1)

Theixth received symbol (after down conversiomdy be represented by the 1 x 2 column
vectorr; seen in Figure 3.1(c) and is shown below

Fi
R (3.2)

Thedifference between each transmitted and received symbol position as seenin Figure 3.1
definesan error vectonf it can be assumed that the random process associated with the
channeltself is stationary then it can be inferred that each symbol is acted upon by the same
translatiorrule. The error vector may be represented in terms of rectangular components in
the same form as the signal vec®mas shown below

(3.3)
This contains information about tkanslation of the signal constellation and is given by:
& i S (3.4)

Theerror vector is shown for a symbol in a constellation in figure 3.2.

Q

Transmitted
Symbol

Received
Symbol

Figure 3.2 £ The Erroréttor Tanslating the flansmitted Symbol
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Equationsdeveloped in sections 2.4.1 and 2.4.2 that destitdanperfections in the up

and down converters in a baseband complex envelope format describe a linear
transformatiorof the up and down converter imperfections on the signal constellation. This
canbe conveniently written in matrix form. A model of the communication systenmbysed
theanalysis is shown in Figure 3.3.

Slun oAl . J»Q_>D[’] Bl My

Up Channel Down
Converter Rotation Converter
n;

Noise

Figure 3.3 + Model Used for the Analysis

In this model all the complex values usadorevious analyses are represented as 1 x 2
columnvectors. The up converter produces dmaftransformation of the symbd,

whichis given by:
'S Yisyi Us A (3.5)

The 2 x 2 matriXxJ and the 2 XL column vectoA are formed from equations (2.22) and
(2.23).

U TI T7QSIN TE
0 TQCOS TE (3.6)
TI TICOS T TQ TQC0S T1qQ
7Q QSN 1@ T TSN 7 (3.7)

A channel rotation transformation models thieefof phase diérences between the up
converterand down converter local oscillators and is given by (3.8).
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Xi Ry, (3.8)
R is the general rotation matrix and is shown below

cos +sin

R .
sin cos (3.9)

The afine transformation by the down converter on the received signal is described by:
i Dxg B (3.10)

Thevectorr; represents the received 2 dimensional symbol and is given by (3.2). The
matrixand theB column vector are formed from equations (2.31) and (2.32) and are given
below.

5 R 0
5 Rl RICOS g DCI
ro RoSIN Rro RE) DCQ (3.12)

It is assumed that there is no frequency or phdsetaf the receiver LO. Phasdsitcan
begiven byR if required. From substituting (3.5) and (3.8) into equation (3r1®given

by:

ri Fs G (3.13)
Where

F DRU (3.14)
and

G DRA B (3.15)

Substituting(3.13) into (3.4) gives the following form of the error vector for itbid
symbol.

g (F Dsi G (3.16)
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3.3 Transformation of the Input Noise by the Down Converter

Theinput noise to the down converter is givenrbyThis is also a 2 x 1 column vector
representinghe | and Q channel noise components and is shown below

n(t)

n t
"ot (3.17)

where n; and n, are random variables associated with the | @a¢hannel noise

componentsThe general bivariate Gaussian Probability Distribution Function ( PDF ) is
givenby [8, p32] :

n m Ng Mg Ng My

Pn Ny, Ng
(3.18)

for 1 and Q channel variancegand é meansm, and mg, and correlation coient .

This can be expressed in terms of the covariance nmatrix

1 1 T~+
P e 2 ™ CHtn m) .19)

wherem is given by:

m,
m m
Q (3.20)
The matrixC is the covariance matrix for the PDF and is shown helow
f 0
C 2
' e Q (3.21)

Theaffine transformation , by the down converter on the input noise veatproduces
z

'n z;z Dn B (3.22)
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Thetransformation has an inverse , defined by:

2z n;n DYz B) (3.23)
After the transformation , the PDF for the random varialdes given by:
pd2) ol (DI @ (3.24)
whereJ (2) is the jacobian of the transformation and is given by:

1
(@ det(D) (3.25)

After substituting for in (3.19), (3.24) becomes:

_1 e
2 de(C)de(D)

pA2) Xp %Dﬂ(z B) mTC’—'lDﬂ(z B) m

1 exp
2 def{C)dei(D)

%(z Om B)' D*! 'C*D*(z (Dm  B))

1 1 LAVYES!
2 dew) P 2® MW md (3.26)

whereW is the covariance matrix gi/{z) given by:

Wil DT ilcilDil W DCDT

(3.27)
andmgis the mean op/z) given by:
m, Dm B (3.28)
given that
detDT  de{(D) (3.29)
and
de{W) de{D)de{C)dei(D) (3.30)

It can be seen then that the transformatiohas an ééct on the covariance matrix and the
meanof p4z). If the input noise to the down converter is assumed to be Gaussian
distributed, uncorrelatedwith zero mean iy, m, 0) and equal variances

23



( | o thenthe covariance matrix is equal t81 wherel is the identity matrix.
This leads to the relationship given below:

PNn.Ng PN PNg (3.31)
where
2
pn, 1 exp % il
2 (3.32)
2
1 1 Mo
P Ng = exp 5
(3.33)

aswould be expected for statistically independent random variables. The transformation
canintroduce some correlation between the | and Q channel noise components.

By substituting forD and 21 for the uncorrelated covariance mat@ixin (3.27), the
transformecdcovariance matrixV is shown below

2 2 2

RI R RQSIN RE
W 2 sin 2 2
Rl RQ RE RQ

(3.34)

It can be seen thtdte down converter transforms the input noise components to make them
correlatedAt the same time the | and Q channel noise variances are scaled by the channel
gains g and g which are ultimately related to the degafeamplitude imbalance

betweenhe | and Q channels, as shown below

foR 2 (3.35)
2 2 2
o0 RQ (3.36)

Thecorrelation codicient is related to the amount of quadrature phase error between the
andQ channels, as given by:

tsin e (3.37)
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Thereis a meam; resulting from the transformation . Since the input noise variables
hada zero mean, then this is equaBtd his is seen after considering (3.28). The vegier
formedfrom (A.13) and (A.18) and sm; is given by:

Rl RICOS R DCI
m, .
RQ RQSIN Rrg RE DCQ

(3.38)
The meanm, can be seen to be related to the amount of carrier feedthrough at IF in the
down converter and also DCfset on the | and Q channels.

3.4 Diagonalization of the Noise Covariance Matrix

Asseen in Section 3.3, if the | and Q channel nocaseponents are uncorrelated (ie having
adiagonal noise covariance matrix), they can be treated as two independent Gaussian noise
processes, simplifying analysis. However after down conversion with amplitude and phase
imbalancethe |1 and Q noise components can become correlated.

There is a further transformation that can be done on the down converted noise vector to
produceorthogonal 2 dimensional components. This requires a transformation of the noise
thatwill convert thecovariance matri¥V to a diagonal matri®. As shown in Proakis [8,

p33], this can be achieved using a linear transformation of theYornAX whereA is a
nonsingulamatrix.

Considera covariance matriw/ to be made diagonal. The required transformation can be
determinedby selecting a transform matriX to be an orthogonal matrix such that

YT Y*L This will have its columns equal to the eigenvectorg/adnd the resulting
covariancenatrixQ will be diagonal with diagonal elements equal to the eigenvalWés of
The relationship between the eigenvalues and eigenvectors of a squarémnsahawn in
(3.39)for an eigenvalue an an eigenvecta

Av % (3.39)

Theeigenvalue is a solution of equation (3.40) and the eigenvectepistaon of (3.41).
det(( I A) O (3.40)

(I Ay 0 (3.41)
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Thecovariance matri¥V is symmetric by definition. This means that real eigenvaliies
alwaysexist and that there will always be 2 orthogoeiglenvectors to make up the
transformmatrixY [10, Chapt 4]. This is shown below for the resulting diagonal m@trix

Q ywyT (3.42)

This may be also be viewed geometrically by considering the quadiatio,
z my)'W*{z m,)fromthe PDF in (3.26).

Now given that the covariance matii is defined as:

Wy, W
+1 11 W12
W (3.43)
and the 2 dimensional vector is given by:
Z
z my)  z,
(3.44)
then the quadratic form is represented by:
Typs+
2 m)WEEZ m)  wy F Wy Wppzizg W7 (3.45)

Thetransformation by theY matrix on the noise random variabkleesulting in a random
variablez with a meanm , and a diagonal covariance matf)x The transformation is
givenby:

'z z;z Yz (3.46)

The diagonal matrix) eliminates the cross terms in the quadratic form and the resulting
equatiorshown below can be recognised as the equation of an ellipse with major and minor
axesalong thez, . andz, axes.

Z m)QYz m) Qi1 27 G 2(23 (3.47)

Thedifference between equations (3.45) and (3.47) is equivalent to a rotatiorzcdiice
zy axes. This can be seen by considetirgggeneral quadratic equation given below and

applyingsome concepts from analytic geometry

AXY Bxy Cy¥ Dx Ey F 0 (3.48)
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This can be considered similar to (3.45Pit E = F = 0. The cross product term mbg
eliminatedby referring the equation to a new set of axes, x' and y' by a rotation through an
angle according to:

X xcog ) ysin() (3.49)
y xsin() ycog) (3.50)
A new quadratic equation in terms of X' and y' is given by, [i540]:

Ax? Bxy Cy?2 0 (3.51)
where the new cofifient B' is:

B Bcog2) (C A)sin2) (3.52)

Thecross product term in (3.51) will disappeaBifis set to zero. If this is substituted in
(3.52)the rotation angle may be found, after rearranging, as shown below:

A C (3.53)

Now consider the contours of equal probability for a bivariate GaussianlPbBse can be
describedyy equations for an ellipse. The transform matris in efect a rotatiormatrix

of the same form as (3.9). The rotation angle can be found in terms of the covariance matrix
coefficientsin (3.45) and is shown below

Q
2
Q (3.54)
Threedimensional surface plots and contour ptifta zero mean bivariate Gaussian PDF
areshown in the next few pages and t@nused to describe the transformatioron the
noiseby the down converter and the decorrelation of the noise PDF. Bigure 3.4 shows
anuncorrelated PDF with equal | and Q channel variances. This is typical of inputnoise
to the down converter with independent | and Q components. The contour plot for the
uncorrelatedPDF in figure 3.4 forms a series of concentric circles.
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Figure 3.4 £ PDF at the down converter input

The PDF of the noise after down conversion may be represented by figure 3.5.
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Figure 3.5 + PDF after down conversion

Thetransformation introduces some correlatiom the PDFThe contour plot is a series
of elliptical contours with the major axis rotated with respect to the | axis dighal
constellation.
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Figure3.6 shows the PDF after the transformation

Figure 3.6 £+ PDF after decorrelation transformation
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Thecontour plot shows the same series of elliptical contours but now the major axis in this
case lies along theakis.The transform hasfefctively rotated the | and Q axes coordinate
systemby the angle , given by (3.54). The PDF is now uncorrelated but still has unequal |
andQ variances.

The transformation is also applied to all symbols in the received signal constellation.
Howeverthis does not have a netegft as the | and Q axes are transformed kas well. As

Is a rotational transformation the | and Q axes remain orthogonal and as such the decision
regionsassociated with the signal constellation remainfentdd. Thus the error vectors
for each symbol are not changed relative to bothabeived symbol position and the |1 and
Q axes. This is shown in figure 3.7 for an arbitrary 4 symbol constellation.

’ I

Q

Symbol constellation at the input to
thedown converter witlhuncorrelated
AWGN

©e
®

Symbol constellation after down
conversion.The ANGN | and Q
componentsare now correlated by
thedown converter transformation

? %
%

Symbolconstellation after the trans
formation todecorrelate the land Q
noisecomponents

A\
?
2

Figure 3.7 £ Tansformation to Decorrelate the noise PDF
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3.5 Calibration of the Noise \ariance for BER Analysis

Thetransformation by the down converter on the | an@iannel noise variables and the
transformation to make the I and Q noise variables uncorrelated, act as well to change the
variancesand hence the noise powEpr BER analysigvolving Signal to Noise Ratio
(SNR),the change in noise power on the | and Q channels needs to be taken into account.
Consider and Q channel noise at the input to the down convéatiscussed iBection

3.3,the l and Q components are statistically independent, with zero mean, and have equal |
andQ variances given by:

2 2 2
| 9 (3.55)
2 2 2
i Q 2 (3.56)
where
2 No
> (3.57)

The covariance matrig€ of the Gaussian PDF is given by:
cC 21 (3.58)

wherel is the identity matrix. After the transformation by the down converter the
covariancenatrixW is given by (3.34)The | and Q variances are changed by the amount of
amplitudeimbalance as seen by (3.35) and (3.36). After the | and Q channel noise
componentsare made independent by the transformatiothe covariancenatrix Q is
givenby:

2
Q (3.59)

with the |2and ébeing equal to the eigenvaluesViéf Note that the sum of tHeand Q

channelnoise variances, or the total noise power remains the same, such that:

2 2 2 2 2
I Q (3.60)
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andso the variances of the transformed noise variables are directly related to the input noise
varianceThe factors ,Zand éwill be used in Chapters 4 and 5 as part of the development
of BER expressions.

3.6 Conclusions

Thecomplex baseband model developed in Chapter 2 was developed further to derive an
expressionfor the diference in Euclidean distance between the received and the
transmittedsymbol positions as a result of the frequency conversion process. This is shown
in the form of an error vector with | and Q components.

Also considered was the transformation by the down converteMé@M If the input

noiseis assumed to have statistically independeartd Q components, then the down
convertercan introduce some correlation between them. A transformation waslygaten
canbe used to make the | and Q components independent again, butfergndifand Q
componenvariances. This is also applied to the signal set and the | and Q axes but because
the transformation is rotational, the signal set, | and Q axed,constellation decision
regionsremain undected.

Boththe error vector and the decorrelation transformation are used in the BER expressions
thatare developed in Chapters 4 and 5. The error vector is udetéimining the distance
betweerthe symboposition and the nearest decision region in the signal constellation. The
decorrelationtransformation is used because the | and Q components are considered
separatelyA bivariate Gaussian distribution with independent I and Q channel components
canbe represented by two separate | and Q distributions as given by (3.31). Th@ | and
componenvariances are taken from the transformed covariance n@atrix

BER expressions may be derived using the bivariate distribution but the result may have to
beintegrated numericallyusing 1 dimensional PD&iscomputationally more &€ient
usingwell known numerical functions.
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4 Analysis ofM£QAM and M£PSK Modulation

Schemes with Quadratue Hybrid Imperfections

4.1 Intr oduction

The effects of imperfect up and down conversion fQAM andM=PSK modulation
schemesre discussed in this chaptEach symbol is subject to various transformations
and the addition of noise impressed upon it as discussed in Chapter 3. The analysis
techniquesresentedare used to develop expressions for the bit error rate (BER) as a
function of SNR and the error vector for each symbol.

4.2 QAM Signal Constellations

As its name suggests QAM consists of two amplitude modulation schemes combined in
quadratur@nto a common carriefFhe baseband constellations for these are usually square
or rectangularSome typical QAM constellations are shown in figure 4.1[8, p.228].

16:QAM

64+QAM

32+QAM
Figure 4.1 + ypical QAM Constellations
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4.3 QAM Decision Regions

Thedemodulator has to decide which symbol it has received and this leads to the definition
of decision regions. This is defined as a region in the constellation space surrounding the
expectegbosition of a symbda, such that if the received symbol falls in that region then it is
demodulate@ds symbod. If the received symbol is wrongly demodulated as symban

thereis a symbol erroit can be shown thalhe optimum decision region boundary for 2
equally likely symbols is shown as in figure 4.2:

Decision

Region
Boundary

d d
S, )

Figure 4.2 + Decision Region Boundary between Equally likely Symbols

wherethe optimal decision boundary is the perpendicular bisector of the join between the
two symbolss, ands,[12, p181]. The decision regions for rectangular QAM constellations
arerectangular themselves with 2, or 4 decision region boundaries depending on their
positionin theconstellation. These will be referred to as type I, type Il, and type Il regions
respectivelyas shown in Figure 4.3 for a 16:QAM constellation.

Type | Type lIA

Type Il Type IIB

Figure 4.3 £ QAM Decision Regions
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The exception to the rectangular decision regions is seen in figure 4.1 for the 32+tQAM
constellationTwo symbols are located at each corner of the constellation and the optimum

decisionboundary is inclined at5°to the | and Q axes. A magnified view of this is shown
in figure 4.4

Type IVA

Type IVB

Figure 4.4 £ 32+QAM Corner Decision Regions

It is clear that this decision boundary is defined by an equation that is dependant on both
variablesin the | and Q coordinatgy/stem. This is in contrast to the decision boundaries
associateavith the rectangular regions whiale defined by one of the variables and are
independenof the otherThese decision regions will be referred to gsellVA andtype

IVB regions as shown in figure 4.4.

4.4 Symbol Error Probabilities for QAM Decision regions

Eachtype of region has a digrent probability of a symbol error errassociated with it.
Symbol error probability expressions are given below for thth symbol inthe
constellation taking intoaccount the ééct of the error vectoe; given by (3.3) and the
SNR. These are shown after taking the union bound approximation [8, p251]. A full
derivationis given in Appendix B. The type | decision region is shown in figure 4.5.

Thefirst figure shows how the received symbol is transformed from its ideal position by the
errorvector The second figure shows the | and Q components of the Euclidean distance
betweerthe received symbol position and the decision region boundary
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n  *Al ey

- __ e

Figure 4.5 + §pe | Decision region

The probability of error for thetth symbol in a type | region is given by :

P(EY QA1 &) Qb1 e 4.1

where theQ+function Q(x) is given by:

Q(x) L exp 2 dz
2 (4.2)

NI~

and where | and o were defined in Section 3.5.
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The type Il decision regions are shown in figure 4.6

Type IIA NoA Type 1IB NoA
| | The AT e |
| o—| > ' ¢ >
: BUS. n,
I n A1 &) I I n A1 &)
| | n Al e) |
| | |
| | |
| | |
L | _ - | _
Ng Al ey ng Al ey

Figure 4.6 + ¥pe Il Decision region

Thefirst figureshows a type IIA region, which has two decision boundaries perpendicular
to the laxis. The probability of error for theth symbol in a §pe IlA region is given by:

PWE) Q41 e Q2@ &) Qfa e 43)

The second figure shows a type IIB region which has two decision boundaries
perpendiculato the Q axis. The probability of error for ike¢h symbol in a ffpe 11B region
is given by:

Pi(E), Q IA(]- €) Q % 1 ey Q % 1 ey (4 4)
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The type Il decision region is shown in figure 4.7.

nQA

ng Al ey

o |

| >—| >

I I n
n o A1l e) : : n Al e)

| |

| |

| |

| |

L |

ng *Al ey

Figure 4.7 + ¥pe IIl Decision region

The probability of error for thetth symbol in a Jpe Il region is shown belaw

PuEl Q21 e QA @) QB @) Qf1 e 4.5)

TheType IVA region is shown in figuré.8. The probability of error for theth symbolin a
Type IVA region is shown below

PE)N Q1 &) Q1 et Q@ e

Q 1 ey %cos arctan—(‘3 (1 e”)licos arctan —-

(4.6)

Notethat for a pe IVB region the probability f symbol error can be given by (4.6) but
with I andQ subscripts interchanged.
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Translated /
Symbol M nQ//
Position /
/
my;, Mg; //

Figure 4.8 + §pe IV Decision Region

The overall BER expression fotzary QAM schemes may then be determined from the
decision region error probabilities. The probability of error for each symbol is taken into
accounwhen assessing the probability of error for the constellation as will be shown later

4.5 MzPSK Signal Constellations

PSKis a form of digital modulation in which the baseband syminalg onto a number of
discretephases of a carrier signal. Some typical PSK constellations are shown in figure 4.9
[8, p.260].

Fora signal constellation witll symbols the phase values, that are impressed onto the
carrierare shown below

4.7)
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QPSK 8+PSK 16+PSK

Figure 4.9 + §pical PSK Constellations

4.6 Symbol Error Probability for PSK Decision Regions

Unlike QAM the optimum decision regions for the PSK constellations shown above form
sectorsof a circle about each symbol in the constellation and so there is only ordd type
decision region. The general PSK decision region is shown in figure 4.10

// n, ntan ,)

// m;, Mgy
Received Symbol Position

Figure 4.10 £ PSK Decision Region for théh Symbol
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wherethe angles are given by:

1 Zm(i 1) (4.8)
2 m@ D (4.9)
3 M@ Doy (4.10)
o W (4.11)

The probability of error for thetth PSK symbol is given by:

P(E), 1 exp i% az  b?

1
M

Lo

% exp %(asin bcos )* (acos bsin ) [1 Q(acos bsin )] d

Ly (4.12)
where
L [ 2
; arctan — tan V(I 1)
Q (4.13)
L, arctan — tanzvi
Q (4.14)
a Ae-cos—(Zi 1) e,
| ATTTM ' (4.15)
A . .
b —eysin—=(2 1) e
o Mo ) (4.16)
2 2
€ cos , g sin ,  eg 4.17)
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sin , ey
€ arctan———=——2 5

A full derivationis given in Appendix D. An exponential function approximation to the
Qzfunction in the expression given above was used to enable the integration to be
evaluated.This forms an upper bound to th@zfunction [13, p83] and is showin
Appendix D to give < 10% error foR+function values of < 0.001. Thepproximate
expressiorof the probability of error for thecth PSK symbol is given by:

P(E);, QbecosL; asinL, QasinL, bcosL,

(4.19)
Note that for the ideal cas@ ; 0, ey, | o 1 equation (4.19) becomes:
A .
P(E) 2Q =sin —
M (4.20)

which is in the same form as published elsewhere [8, p.265][9, p.452].

4.6.1 A Note about the Rotational Invariance of the Noise PDF

Furtherexplanation is needed here to explatmny the PSK integration region had to be in
anarbitrary position around the circle. When deriving the symbol error probabilitlyefor
idealcase, the integration can be simplified by rotating the decision region so that either the
symbol position lies along thé or Q axis [14, p.82], or that one of the decision region
boundariedies along the | or Q axis [14, p.78]. It is valid to do thezause the | and Q
noisecomponents are statistically independent, and with equal | and Q variances. A contour
plot of the bivariate PDF is circular in shape, and is rotationally invariant.

However inthis case it is not possible to do this. From figure 3.7 the contour plots of the
bivariatePDF are elliptical with the major and minor axes aligned along the | and Q axes.
ForanM+PSK decision region the orientation of the elliptical PDF changes with respect to
the position of the region in the constellation as you move around the circle from symbol
symbol. Hence the bivariate PDF of the | and Q noise components is not rotationally
invariant.
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4.7 BER Expressions foM+QAM and M+PSK

Herethe BER for various QAM constellations is determined with thecesf of nonideal
frequencyconversion accounted forherelationship between th@tfunction agument
usedin the symbol error probability expressions and the SNR is given pB§F+368]:

A 2 Ey

(4.21)

where is the number of bits per symbdl, is the endagy per bit,N, is the noisgower
spectraldensity related to the noise variance by:

No

2 (4.22)

2

and 2 is the average symbol variance given by:
2 1 M
a M ai  ay
i1 (4.23)
for the set baseband symbols representex} by jag; where baseband QAM symbols are
partof the set defined by:

a ., ag { 1, 3.} (4.24)

andwhere baseband PSK symbols are such Tﬁei.s equal to unityThe use of ideal
matchediltering is also assumed [9, p368].

An expression for BERPg(E), is derived by adding the symbol error probabilifiers
everysymbol and dividing by the number of symbols in the constellation. The expression
for BER is given as:

M

Pe(E) i P(E)

i1 (4.25)

whereP(E); is the probability of error for thieth symbol in the constellation and will be
equalto one of the expressions given in section 4.4 in the cageQAM, or equako
equation(4.19) forM£PSK. This also assumes that Gray coding is used so that only single
bit symbol errors occur
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4.7.1 Special Considerations for the Summation of Symbol Esr Contributions

To compute the overall BER using equation (4.25) the eoatribution of every symbol in
theconstellation must be computed. As the overall translafieach symbol position can
be made up of linear transformations plugset translations, it is impossible to take
advantagef symmetry between symbols inféifent quadrants of the constellation.

An error vector with | and Q components is computed for every symbol in the constellation
usingequation (3.16). In the case of QAM decision regtbed and Q components of this
areused to alter the limits of integration of the | and Q noise BOFare has to be taken
whenconsidering the integration limits for symbols in the 2nd, 3rd and 4th quativants
ensurehat the polarity ofhe | and Q coordinate space is accountedrfmreach symbol in

the constellation there are up to four possible limits of integration thatfacteat by the |

or Q component of the error vectalepending on the type of decision region. These are
summarisedelow for all four quadrants.

1st Quadrant :

1 g 1 eg
1 g 1 eg
2nd Quadrant :
1 g 1 eg
1 g 1 eq
3rd Quadrant :
1 g 1 eg
1 g 1 eg
4th Quadrant :
1 g 1 eg
1 g 1 eg
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In the case of PSK decision regions an error vector with | and Q components is computed
for every symboln the constellation. This is used in equation (4.18) to determine a phase
error componeng ; for every symbol. The arctan function is used in (4.18) and this has a

rangey given by:

s Y 3 (4.26)

which only covers the 1sind 4th quadrants of the constellation. For symbols in the 2nd
guadranthe arctan function would give an angle in the 4th quadrant, and for symbols in the
3rd quadrant the arctan function would give the equivalent angle ihsthguadrant. A
factorof radians is used for 2nd quadrant and 3rd quadrant symbols so that the correct
value of phase error component is given. This is summarised.below

1st Quadrant :

sin €oi
2
e arctan— 2@ 5
COS , €
2nd Quadrant :
sin ,  eg
e arctan—2>—2 2
COS , €
3rd Quadrant :
sin eoi
2
e arctan— 2@ 5
COS , €
4th Quadrant :
sin €
2 i
e arctan—2 2 2
CoS , €

4.8 Conclusions

Analytical expressions for the BER ®i+tQAM andM+PSK, taking into account the
effectsof nonideal quadrature hybrid up and down converters were developed. This was

46



doneby buildingon the analysis performed in Chapters 2 and 3. These expressions will be
modified further in Chapter 5 to accommodate thieas of phaséitter variance. The
resultswill be presented in Chapter 6.
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5 Analysis ofM+QAM and M+PSK Modulation

Schemes with Local Oscillator Phase Noise

5.1 Intr oduction

Degradationof BER performance due to phase noise is an important issue in coherent
communicationsystems. The #&fcts of phase noismay be eliminated through good
engineeringlesign of LO sources in the system. However good frequency synthesiser and
oscillatordesigns may come at the expense of increased complexity and cogthasee
noiserequirements for LO sources are over specified. The purpose of this chapter is to
describeand analys#he efects of BER degradation caused by phase noise for a number of
M+PSKandM+QAM schemes. This will give the system designer an indication of the
requiredphase noise performance of I90urces within the system. Where reference is
madeto a Carrier Recovery Loop (CRL) in this chaptée type of loop will not be
specified.lt will be assumed that the CRL is able to remove phase jitter within the loop
bandwidthand that the bandwidth is small compared to the data rate so tha¢ plvasees
derivedby the CRL are constant over the symbol period.

5.2 Phase Noise and Fequency Stability

Phasenoise is related to the broader terrfreduencystability, which is the degree to which
asignal sourceroduces the same frequency value throughout a specified interval of time.
Frequencytability can be qualified as long term or short teromg term stabilitys caused

by frequencyfluctuations that occur over intervals of greater than a few seconds. This is
alsoreferred to affequencydrift and can be related to the aging of components used in the
oscillator design. Short term stability may have both deterministic and random
componentsThese are frequency fluctuations occurring over intervals of less than a
second.This can be power supply fluctuations or mechanical vibration and will give
deterministicfrequency components in the spectrum of the oscillator output. The LO
containsvarious sources of noise. These contribute the random components téishort
frequencystability. All of the random components contribute to the phase noise of a
frequencysource.These short term, random components can be characterised using
statisticalmethods.
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5.3 Time Domain Representation of Phase Noise

The output of a frequency source may be given by:
V()  A(t)sin[ (1)] (5.1)

whereV(t) is the instantaneous output voltage as a function of thg,is an amplitude
modulationfunction, and (t) is the total phase of the signal with the instantaneous
frequency,f(t) given below

£(t) 1d(®

2 dt (5.2)
An ideal oscillator has a constant amplitude functidt) V, and a constant
instantaneousfrequency f(t) f,. All nonideal signals have unwantedndom
fluctuationsin amplitude, frequency and phasevarying degrees, and may be represented
by:

Aty Vo (O (5.3)

f(t) f > dr (5.4)

where (t) represents random instantaneous amplitude fluctuations(8nepresents the
randomphase noise process. Both the amplitude and phase fluctuations can be thought of as
low modulation index amplitude amdhase modulation components which can consist of
infinitely many modulating signals varying slowly compared to the signal source. In many
frequencysources theandom amplitude modulating component is made to be negligible
andso will not be discussed further in detail [15, p.70].

The frequency andohase representations have some equivalence due to the integral
relationshipbetween the two quantities but are both used becausésvédtfphase noise
measuringechniques [16, Chapi]l
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5.4 Frequency Domain Repesentation of Phase Noise

Phasenoise is represented by the random phase fluctuations. These appear in the frequency
domainas phase modulation sidebands centrethersignal frequencyrhis is shown in
figure 5.1.

Ideal Signal Nonideal Signal
A
I
|
fo fo

Figure 5.1 + Ideal and Nonideal Oscillator Spectral Densities

Theform of the power spectral density function is arrivelayatonsidering a carrier signal
with a frequency, thatis frequency or phase modulated by a modulating sigftal This
is given by (5.1) and (5.3) with(t) Oand (t) given by:

(t)y 2 f(t) dt

2 ft (1) 55)

If the modulating signal is a sinusoid with a peak phase deviatjpras shown below
(t) pSin2 fmyt (5.6)
Then after substituting for (5.5) and (5.6), (5.1) becomes:

V(t) Vosin2 fgt pSIN(2 ft)

Vosin2 fgt cos psin(2 ft)  cos2 fgt sin psin(2 i) (5.7)

If p 1 this can be simplified to [15, p.71]:
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V() Vosin2 fgt pSiN(2 fnt) cos2 fit

2 sin2 f, fut sin2 f, fnt

Vo sin2 fyt 5
(5.8)

This shows that for a small peak phase deviation approximately all the phase modulation
powerfrom a single sinusoidal modulating signal is contained in one sideband above and
belowthe carrier frequency he ratio of phase modulation power in a single sideband to the
carrierpower is given by:

P sss _%
P. 4
_fms
2 (5.9)

where nsis the RMS level of the modulating signal in (5.6). The above result is important
asit gives a simple relationship for thetio of phase modulation power to carrier power for

a single modulating signal. This may be extended to phase noise which consists of many
modulating signals to derive the phase noise power spectral density function by
representinghe ratio of SSB phase noise powecaorier power in a 1Hz bandwidth. The

total power or variance contributed by a random noise process with a PSD fuSgjios
givenby:

2 gf) df
0 (5.10)

Notethat the convention used hés¢o define the PSD for positive frequencies ohlys is
referredto as a one sided PSD. This Contrasts with the use of a two sided PSD uefined
includenegativefrequencies as well. Inconsistent use in analysis can result in errors by a
factor of two. One sided PSD wille used throughout this chapt€he PSD for AVGN,

Si(f), is a constant valued function of frequency as shown below

SYOR Watts Hz (5.11)
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Thetotal AVGN variance in a bandwidBicentred at a frequendy is shown below after
substituting(5.11) into (5.10).

f, 2
2 S(f) df
f, 2

NyB Watts (5.12)

TheAWGN variance 2 has units of poweHowever when theWGN power is considered
relativeto the carrier poweC, then the resulting variance considered as a functigmas
the units ofrads?

fy

N|m

SN
|
o
—h
R,
o
@K

f, 2 (5.13)

Thisis also known as the phase jitter variance. The phase noisé&SR{D defined as the

meansquared power in a 1Hz bandwidth in both phase sidebands tgetn of ; from the
carrier,is given by:

S (fa) @ rads’> Hz (5.14)
where  Z.4f2) is the RMS phase deviation, measured in a bandBidthother measure
thatis used is the SSB spectral density functiai), which is defined as the power in one
phasemodulation side band peiz of bandwidth with respect to the carrier pawdéris is
essentiallyhe same relationshgs that given in (5.9) but gives the power ratio as a function
of the ofset frequencyf, from the carrier

2
(f) o
Zns
(f) 1S (f)
5 (5.15)
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Notethat the approximation is valid only if the peak phase deviatioh. The factor of
twois required a$ (f.) is defined as a double sideband (DSB) function &(fiylis defined

asa single sideband (SSB) function.

Thefunction (f) is commonly used to specify the ratio of phase noise power to carrier
poweras it can be easily measuregnactice using a spectrum analyddany spectrum
analyserallow for direct noise measurement in a 1Hz bandwidth. The measures of phase
noisepower spectral density shown above are usually presented in logarithmic units as
powerin dB below the carrier power per 1Hz of bandwidth, or dBc/Hz.

5.5 The CRL Phase Estimate Eror Variance

In a coherent communications system demodulation is performed by correlating the phase
of the received signal with the phase of a reference signal which is adjusted under feedback
by aCarrier Recovery Loop (CRL). The phase noise of the LO signals is transferred to the
modulatedsignal by the frequency conversion process. Téosnpbined with AVGN,
causeshe phase estimatd the CRL to change. There is a finite amount of error between
the phase of the received signal and the CRL phase estimate in the form of pha&s jitter

the phase jitter is caused by random processes, the amount of phase error is quantified by
taking the variance of the phase estimate efr®the amount of phase noise anti@GN
increasesso too does the phase error variaii¢e efect on the demodulation process can
beseen using the received signal constellation. The random phase jitter causes each pointin
the signal constellation to have a radial component of movement. This is shown in figure
5.2.

V\

Figure5.2 + Coherence Phase Error on a Received Constellation

Therandom phase jitter canove the symbols close to or over the decision threshold and
addto the BER caused byWAGN alone. The CRL will behave as a lowpass fiftar
thermalnoise and as a high pass filter for phase noise components.
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Thetotal phase jitter variance? is made up of a thermal noise componegnand a phase

noisecomponent, 2 as shown below

2 2 2
n (5.16)

Assuminga representation of the equivaléoiv pass frequency response for the CRL,
H(j2 f), then 3 may be found by integration as:

N
AL 2 HG2 D df
0 (5.17)

A loss factorl needs to be included in (5.18), which takes into account the type of CRL.
Therewill be some increase in thariance of the phase estimate on top of the SNR. An
exampleof this is the well published loss factor is known as the "Squaring beseciated

with the Squaring Lool@RL used for BPSK demodulation [8, pl131If the loop noise

bandwidth,B, is known, then 3 can be found by:
2 No
— LB
"o Cc Tt (5.18)

If a representation of the equivalent high pass transfer function in the frequency domain,
1 H(j2 f). exists for the CRL, then? may be found by integration as:

fs
2.2 (|1 HG2 f)P df

0 (5.19)
Thesymbol ratefsis usually taken to be the upper limit of integration [17, p.255]. However

in many systems the phase estimates are derived in the receiver at a point after the received
datahas been Nyquist filtered. If this is the case then the upper limit could be taken as:

Upper Limit f—5(1 )

2 (5.20)

where is the excess bandwidth factor for the Nyquist filtAr more accurate
representatioms given below:
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2 2 (1 HG2 HP HG2 ) df
0 (5.21)

whereH,(j2 f) is the Nyquist frequency response.

5.6 Phase Noise Numerical Integration @chnique

Whenapplying quantitative analysis to the phase neffeets described in the previous
sectionsintegration involving the SSB phase noise PSD function has to be done over a
certainfrequency bandwidth. The phase jitt@riance is related to the integral of the SSB
phase noise power spectral density function over a certain frequency et éom the
carrieras shown belowFrom (5.15);

fo
2 2 () df
f, (5.22)

Oftenthe exact function (f) is not known and some approximation is used along with a
numerical integration technique to compute the phasése variance over a certain
bandwidth.The easiest way to perform this integral is to assume th&Sbefunction is
madeup of a series of power law segments. This is done by either reading a finite number of
pointsfrom a spectrum analyser or by using a simple phase noise mask that lies above the
SSBresponse seen on the spectrum analpsginase noise mask will usually only consist

of 4 or 5 discrete points. data file obtained under GPIB control of a spectrum analyser plot
may consist of several hundred points. Each point contains the (X, y) coordiriBes (

from the phase noise PSD plot and in either case the method used to obtairathes

valueis the same.

Thepower law model is often used to represent the phase noise PSD. Itis given by (5.23).
The general equation for a straight line is realised by taking logs of thiaimequation
(5.24)wherex is the gradient an@ is related to the y+axis intercept point.

S(f) CfX (5.23)
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logf f)] xlog[ f] log[ C] (5.24)

The constants andC can be found fronany pair of consecutive points, ,dBg, and

f, 1, dBg 1, from the phase noise PSD, and are given by:

dBg, , + dBg,
X 10 — 10
log ’]ll
. (5.25)
C 10 (5.26)
dBa,
10 Xlodlfnl (5.27)

In general the phase noise variance is found using equation (5.22)cidref two is used

to convert the SSB variance to a DSB. If the exact function(6f is known then the
integrationis performed between the limits of interest. If the SSB phase noise plot is made
up of a finite number of points then a variance value may be calculated for each pair of
points.This is seen in equation (5.28) after substituting (5.23) into (5.22).

2C
1 fkirfet . x #1
2Clog fkf—l , X #1
k (5.28)

The total variance is given by the sum of these individual variances. This is shown in
equation(5.29) for g £ pointdata file containing (x, y) coordinates for a SSB phase noise
PSDplot.
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kK 1 (5.29)

Theintegration is carried out over the expected noise bandwidtieafarrier recovery
loop. The PSD values corresponding to these frequency limits can be found by
interpolationbetween pair of points that lie to either sidéheffrequency limit value using
equations (5.24), (5.25), and (5.26there are many points in the data file then the closest
to the limit can be chosen and the total variance is then the sum of all the individual
variancesetween these two points.

5.7 BER Expression in Brms of SNR and Phase Jitter ®riance

Thegeneral expression for BERg(E) in terms of SNR and phase jitter variance is shown
below[18, p. 269]:

Pg(E) PeE p()d
+ (5.30)

whereE is the SNR, is the random variable representing pirase error estimate of the
CRL with a PDF ofp( ), and Pg E s the conditional probability of a bit error on

BER expressions developed later for QAM and PSK modulation schemes will be based on
this general equation. The maiififerencefor each modulation scheme will be the form of

Pg E . This may be determined using analysis techniques from previous chapters. The
errorvector can be used as a function dfecause the phase estimate is assumed static
acrosseach symbol period. The choice of PIoF p( ) is not as immediately obvious.
Howeverthe Tikhonov PDF and Gaussian PDF have been widely used in phase locked loop
(PLL) and CRL analysis. Each will be discussed in turn.

5.7.1 The Tkhonov PDF

The Tikhonov PDF is given by:

exd coq )]

A 2 14( ) (5.31)

I+
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where is the SNRinside the loop bandwidth dgd ) is the zerotlorder modified Bessel
function. The Tkhonov PDF arose from PLL analysis witilM&GN and describes tipdase
erroroutput ofa first order PLL with a zero detuning, ie. the loop is frequency locked. Many
carrierrecovery schemes are analysed as second order loops aidhtr®V distribution

is a good approximation if the loop SNR is high enough [19,1p]. 1The general
expressiorior the variance 2 of a zero mean random variablevith a PDFp( ) is given

by [8, p.17]:

2 p( ) d
. (5.32)

Substitutingthe Tikhonov distribution forp( ) in (5.32) results in an intractable integral.
Howeverthe exponential functionin (5.31) may be represented as a Fsenigs as shown
below[19, p.92].

exd co )] () 2 Iy( )codn )
no1 (5.33)

After substituting (5.33) and (5.31) into (5.32) and solving the integral, the variance of the
phaseestimate is found as a function of the CRL SNR[19, p.92].

2 1 2
27,0) lo( ) 2n lIn( Jcogn ) d

+

2 2, (M)

2
3 nlnlo()

(5.34)

A widely used approximation for (5.34) used liaggh values of CRL SNR is given by [8,
p310]:

2 1
o (5.35)

Figure5.3 shows exact and approximate expressions for the CRL SNR using (5.34) and
(5.35).
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Figure 5.3 + Relationship between Phase Jitieiavice and CRL SNR

Figure5.4 shows thahe percentage error between the exact expression for the phase jitter
variance.The approximation is within 5% for SNRlues greater than 10dB and less than
1% for CRL SNR values of greater than 20dB.

% Error

40F

4\
20 \\
JEAN

N

\

-
oL ,
0 5 10 15 20
CRL SNR (dB)

Figure 5.4 £ % Error between the Exact and Approximate Phase aitizndé

The Tikhonov PDF appeared in a number of papers from the 4860 197® that dealt

with the efect of noisy phase references on lower order digital modulation schemes, such
as BPSK [20, 21, 22]. These papersgky ignored the écts of phase noise but
concentratedn AWGN as the primary cause of phase jit&es a result it iard to see
wherethe phase noise component of the total phase jitter may be accommodated in the
Tikhonov PDFE From the approximation given in (5.35), tio¢al phase jitter variance is
relatedto the CRL SNR. This is reasonable to expect iGN because the CRL behaves

59



asa lowpass filterHowever the CRIacts as a high pass filter on the phase noise component
of phase jitter and so the amount of phase niseshould be independent of SNR inside
the CRL bandwidth.

5.7.2 Gaussian Appoximation to the Tikhonov PDF

For high CRL SNR values the zeroth order Bessel function can be given by:

1o ) e )
2 (5.36)

where isthe CRLSNR. For high values of, the phase variance may become low enough
for the following approximation:

2

cs 1 = (5.37)

where is the CRL phase error estimate. After substituting (5.36) and (5.37) into (5.31),
theresulting PDF approximates to a Gaussian PDF for high values of CRL SNR.

2

exp 5

P (5.38)

The Gaussian approximation to thi&Ronov PDF is justified in many references for high
valuesof loop SNR but there is often little quantitative justification of what a high value of
loop SNR is apart from some mention of “under SNR conditions that are always met in
practice'[23]. Itis worth trying taquantify this as the numerical integration of the Gaussian
PDF when used in (5.30) can be made computationally mdireeet than when a
Tikhonov PDF is used[23]. A plot of the percentage emwensus CRL SNR between the
exactform of the Bessel function and the approximation from (5.36) is given in Figure 5.5.
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% Error

Loop SNR (dB)

Figure5.5 = % Error for the Bessel Function Approximation

This shows that for loop SNR values approaching 20dB and gréageapproximation
gives less than 1% error A plot of the percentage error versudor the exact and
approximateCosine function in (5.37) is given in Figure 5.6.

% Error

(Degree}

Figure 5.6 + % Error for the Cosine Function Approximation

It can be seen that less than 1% error results for phase angles apprd@Ehifgm
equation(5.35), a loopSNR of 20dB equates to a RMS integrated phase noise jitter
varianceof 0.1 radians ob.7°. Higher loop SNR values result in jitter values lower than
this. For a Gaussian distribution the integrated jitter in degrees is the value of standard
deviation for the distribution and 99.7% of the area of the PDF is contained witt8n

of the zero mean value[24, p.677] whicjuist overl 7° for a SNR of 20dB. This shows that

loop SNR values of 20dB or greater do allow the afstae Gaussian PDF approximation.
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Anotherjustification forthe Gaussian PDF is the central limit theorem [8, p.44] in which it

is known that the PDF of the sum of many independent PDFs tends towards a Gaussian
PDF.A large number of PDFs is the result of several phase noise contributionsina LO [15,
p.71]. This number grows when the contribution of every LO in a communicatystesm

is considered.

5.7.3 Conditional Piobability of Err or for MtQAM

In this section the conditional probability of a bit eylBg E , is derived forQAM
schemesThe phase error estimate is assumed to be slowly varying with respect to the
symbol rate and is taken to be constant across the symbol period. The rotational
transformation for theixth symbol in the constellation is given by:

s r ; r; Rs (5.39)

wheres; is the transmitted symbol given by (3.4;)js the received symbol given by (3.2),
andR is the rotation matrix:

cos +sin

R .
sin COS (5.40)

Thetransformation of the received symbol from the nominal point in the constellation is
representetly an error vectagwith orthogonatomponents that lie along the | and Q axes.
Thisis shown in Figure 5.7.

Theerror vector and components are given below as a function pti&se estimate error

& Rs 5§ (5.41)
e( ) s;(cos 1) sgisin (5.42)
eQ( )i sQi(cos 1) s;sin (5.43)
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Figure5.7 £ AM+QAM symbol with a Phase Estimate Error

An error vector is determinddr every received symbol in the constellation. The general
expressiorfor the conditional probability of a bit error for Mtary QAM schemes with
bits/symbol is given by:

1
— PE
i1 (5.44)

Pg E

whereP E  is the conditional probability of a symbol error for théh symbol. These
canbe derived from expressions ferk ; given in Appendix B by substituting( ); for
e, and o( ); for eg;, where:

)i & () (5.45)

ol )i eqi el ) (5.46)

This will give a probability of error conditional on and will also include the fefcts of
quadraturéhybrid imperfections.
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5.7.4 Conditional probability of Err or for M£PSK

In this section the conditional probability of errBg E  is derived foM+PSK. Thisis
shownin Figure 5.8.

/
/ fa(n)
/

Figure 5.8 £+ AM£PSK Symbol with a Phase Estimate Error

Againthe rotational transform is used to represent the phase etropolar coordinates

this can be shown directly as The conditional probability of error is given by (5.44). As
with QAM schemes the conditional error probabilities can be derived from the expression
for P E ; given in Appendix D by substituting( ); for e ; where:

)i ey (5.47)

whichwill give a probability of error conditional onand will also include the fcts of
guadraturéhybrid imperfections.

The expression for BPSK can be derived from this as well remembering that only the
channeis demodulated. This is a special case of Figure 5.8 in that the decisionwaligon
are180 degrees apart and steefively form a single line. This is shown in Figure 5.9.

The conditional bit error probability for BPSK is given below

2E,
PE Q N—cos
0 (5.48)
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Figure 5.9 £ Phase Estimate Error for a BPSK Symbol

5.8 Conclusions

Phasenoise was described and a method to determine phase rfeisds &bm circuit
measurementsas discussed. The validity of a number of commonly used approximations
wastested. For the Gaussian approximafmnthe Tikhonov PDF it was found that CRL
SNRvalues greater than 20dB produced negligible error

Analytical expressions for the BER ®1+tQAM andM+PSK, taking into account the
effectsof both nonideal quadrature hybrid frequency conversion and phase jitter were
developed The results will be presented in Chapter 6.
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6 BER and Implementation Loss Results

6.1 Intr oduction

Theresults presented in this chapter are derived from analytical closed form expressions
developedn the previous chapters. The aim of the results is to quantify fieetgfof
guadraturénhybrid errors, that can occur as part of the frequency conversion progess,
variousM+QAM andM+PSK modulation schemes. The quadrature hybrid errors are in the
form of parameters such as quadrature phase error and amplitude imbalance on the up
converterand the down convertddC offset on the down converigrhase dset between
theupconverter and down converter Ll<{Local Oscillators). The fefct of phase jitter on
thereceived signal is also investigated. There are three main parts to this,ehidipeach
partquantifying the déct on the modulation schemes in datiént way

The first part presents graphs of BER curves ag&psi, for each modulatioscheme
showingthe BER for ideal frequency conversion and the B&R4 standard cases of
combinedquadrature hybridrrors. Also shown is a set of constellation diagrams, one for
eachstandard case, showing how the combined errors act to translate each received symbol
positionrelative to its ideal position in the constellation.

The second part presents a set of implementation loss graphs, takeBE& af 10%°,
againstach of the parameters described above. This allofesadif modulatioschemes
to be compared directly on the same graph. Also fieetedf each parameterisolated as
all of the other parameters are made to be ideal.

Thethird part presents a setiofplementation loss graphs as in the second part. However
thegraphs are plotted agairiet, M, where each modulation scheme contbrsymbols.
Eachgraph is plotted for a specific value of eachhe parameters described above and
eachgraph has a curve foMzPSK andM+QAM. These graphs allow for a general
comparisorbetween the sensitivity of QAM and PSK modulation schemes against each
errorparameterparticularly the relative performance of higher order modulation schemes.

This chapter presents a systemmatically generated set of results for nine modulation
schemeseach with seven parameter variations. This forms a very comprehensive set of
results,covering most typical system scenarmsg extending those previously published.
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6.2 BER Graphs for Combined Error Parameters

BER graphs and constellation diagrams are presented in the following pages for 8tQAM,
16+QAM, 32+QAM, 64+QAM, QPSK, 8+PSK, 16tPSK, 32+PSK, and 64+PSK. From
thesethe efects on each scheme by the four cases of combined error can be assessed. The
four standard cases of combined error parameters are shown below

Up Converter Down Converter

Quadrature Amplitude Im- Carrier Quadrature Amplitude Im- Carrier
Error balance Suppression Error balance Suppression Case
(Deg) (dB) (dBc) (Deg) (dB) (dBo)
0.5 0.1 30.0 0.5 0.1 30.0 ‘a'
0.5 0.1 Infinite 0.5 0.1 Infinite b’
1.0 0.3 Infinite 1.0 0.3 Infinite c'
3.0 0.5 Infinite 3.0 0.5 Infinite d'

Table6.1 + Combined Error Parameterles used in the BER results

Theparametevalues for the combinedfetts were chosen to give an idea of how well the
guadraturéhybrid circuits would have to be designed to use them with higher order PSK
andQAM schemes. Case "b' has parameters which are probably better than that which may
beachieved with the best possible analogue design. Casdha’'same as "b' but without
ideal,or infinite carrier suppressio@ase "c' has parameters which are achievable from a
gooddesign and case "d' would be typical of an average design.
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Figure 6.1 + BER for 8tQAM with Combined Errors

Modulation Up Converter Down Converter
Type Quadrature | Amplitude Carrier Quadrature | Amplitude Carrier
Error Imbalance Suppression Error Imbalance Suppression Figure
(Deg) (dB) (dBc) (Deg) (dB) (dBo)
8+QAM 0.5 0.1 30.0 0.5 0.1 30.0 6.1a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.1b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.1c
3.0 0.5 Infinite 3.0 0.5 Infinite 6.1d

Table6.2 + Parameterdlues for the 8+QAM BER Curves
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a) b)
c) d)
d)
Ideal
c)
/
a
) — _—9)
Figure 6.2 £ BER for 16:QAM with Combined Errors
Modulation Up Converter Down Converter
Type Quadrature | Amplitude Carrier Quadrature | Amplitude Carrier
Error Imbalance Suppression Error Imbalance Suppression Figure
(Deg) (dB) (dBc) (Deg) (dB) (dBo)
16+QAM 0.5 0.1 30.0 0.5 0.1 30.0 6.2a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.2b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.2c
3.0 0.5 Infinite 3.0 0.5 Infinite 6.2d

Table6.3 + Parameteralues for the 16:QAM BER Curves
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a) b)
c) d)
d)
c)
Ideal
/ &
/3
Figure 6.3 £ BER for 32+tQAM with Combined Errors
Modulation Up Converter Down Converter
Type Quadrature | Amplitude Carrier Quadrature | Amplitude Carrier
Error Imbalance Suppression Error Imbalance Suppression Figure
(Deg) (dB) (dBc) (Deg) (dB) (dBo)
32+QAM 0.5 0.1 30.0 0.5 0.1 30.0 6.3a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.3b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.3¢C
3.0 0.5 Infinite 3.0 0.5 Infinite 6.3d

Table6.4 + Parameteralues for the 32+tQAM BER Curves
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b)
d
d)
Ideal
c)
b)”  a)

Figure 6.4 £ BER for 64+QAM with Combined Errors

Modulation Up Converter Down Converter
Type Quadrature | Amplitude Carrier Quadrature | Amplitude Carrier
Error Imbalance Suppression Error Imbalance Suppression Figure
(Deg) (dB) (dBc) (Deg) (dB) (dBo)
64+QAM 0.5 0.1 30.0 0.5 0.1 30.0 6.4a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.4b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.4c
3.0 0.5 Infinite 2.0 0.5 Infinite 6.4d

Table6.5 + Parameter values for the 64+QAM BER Curves
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b)

d)

Ideal

Figure 6.5 £ BER for QPSK with Combined Errors

MO?ulation Up Converter Down Converter

e

P Quadrature| Amplitude Carrier Quadrature] Amplitude Carrier .
Error Imbalance | Suppression Error Imbalance | Suppression Flgure
(Deg) (dB) (dBo) (Deg) (dB) (dBc)

QPSK 0.5 0.1 30.0 0.5 0.1 30.0 6.5a

0.5 0.1 Infinite 0.5 0.1 Infinite 6.5b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.5c
3.0 0.5 Infinite 2.0 0.5 Infinite 6.5d

Table 6.6 £ ParameteaMes for the QPSK BER Curves
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b)

d)

Ideal

Figure 6.6 £ BER for 8tPSK with Combined Errors

MO?ulaﬂon Up Converter Down Converter

e

P Quadrature| Amplitude Carrier Quadrature] Amplitude Carrier .
Error Imbalance | Suppression Error Imbalance | Suppression Flgure
(Deg) (dB) (dBo) (Deg) (dB) (dBc)

8xPSK 0.5 0.1 30.0 0.5 0.1 30.0 6.6a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.6 Db
1.0 0.3 Infinite 1.0 0.3 Infinite 6.6 C
3.0 0.5 Infinite 2.0 0.5 Infinite 6.6d

Table 6.7 + ParametenMes for the 8+PSK BER Curves
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b)

d)

d)

Ideal

b)

Figure 6.7 + BER for 16:PSK with Combined Errors

MO?ulation Up Converter Down Converter
ype Quadrature| Amplitude Carrier Quadrature|] Amplitude Carrier
Error Imbalance | Suppression Error Imbalance | Suppression Figure
(Deg) (dB) (dBo) (Deg) (dB) (dBc)
16£PSK] 0.5 0.1 30.0 0.5 0.1 30.0 6.7a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.7b
1.0 0.3 Infinite 1.0 0.3 Infinite 6.7cC
3.0 0.5 Infinite 2.0 0.5 Infinite 6.7d

Table 6.8 + ParametenNes for the 16xPSK BER Curves
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Ideal

b)

Figure 6.8 + BER for 32+PSK with Combined Errors

MO?ulation Up Converter Down Converter
ype Quadrature| Amplitude Carrier Quadrature|] Amplitude Carrier
Error Imbalance | Suppression Error Imbalance | Suppression Figure
(Deg) (dB) (dBo) (Deg) (dB) (dBc)
32+PSK| 0.5 0.1 30.0 0.5 0.1 30.0 6.8a
0.5 0.1 Infinite 0.5 0.1 Infinite 6.8Db
1.0 0.3 Infinite 1.0 0.3 Infinite 6.8 ¢
3.0 0.5 Infinite 2.0 0.5 Infinite 6.8d

Table 6.9 + ParametenNes for the 32+PSK BER Curves
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Ideal

b)

Figure 6.9 + BER for 64+PSK with Combined Errors

MO?ulation Up Converter Down Converter
ype Quadrature| Amplitude Carrier Quadrature|] Amplitude Carrier
Error Imbalance | Suppression Error Imbalance | Suppression Figure
(Deg) (dB) (dBo) (Deg) (dB) (dBc)
64+PSK| 0.5 0.1 30.0 0.5 0.1 30.0 6.9a
0.5 0.1 Infinite 0.5 0.1 Infinite 69D
1.0 0.3 Infinite 1.0 0.3 Infinite 6.9c
3.0 0.5 Infinite 2.0 0.5 Infinite 6.9d

Table 6.10 + ParameteaMes for the 64+PSK BER Curves
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6.2.1 BER Results Discussion

It was found overall that the higher order modulation schemes had the worst BER
performancdor all four cases, particularly 32+PSK and 64+PSK which could not be used
in a communications system with up converters and down converters having the
specificationsset by cases "a’, 'c¢', and "d'. Inspection of the accompanying 32+PSK and
64+PSKconstellation diagrams for these cases showthaly symbols were translated to

be very close to the decision region boundanyd in some cases into the neighbouring
decisionregion. These symbols would always be in error unless added noise components
could translate them to the correct region. The higher order QAM schemes performed
betterwith case "d' producing significant BER degradation on 16:QAM and 32:QAM. A
64+QAM communications system would not be recommended with up converters and
downconverters being specified to case 'd..

It can be observed from the 16:QAM, 32+QAMd 64+QAM constellation diagrams that
theerror vectors are more pronounced for symbols that lie along the outermost edges of the
constellation.From thigt would seem that these symbols would dominate the overall BER.

A consistent result across all the modulasohemes was the order of BER degradation
caused by the four cases of combined error parameters. Therotelens of increasing

BER degradation wafound to be case 'b', followed by "a’, ‘c', and "d". This is not an
unusualresult since case "b' is the same as case "a', but without the dattacéffinite
carriersuppression. Also, case "d' should be worse than case "c' due t@tre/iEues of
guadratureghase error and amplitud@®balance. There is no correspondinguament to
suggestvhy case ‘¢’ should be worse than "a'. Case "¢’ has higher levels of quadrature
phaseand amplitude imbalance, but théeet of case "a’' is dominated by the finite level of
carriersuppression.

TheBER performance of cases "a' and "¢’ was almost identical for all the PSK modulation
schemesln the case of the QAM schemes case ¢' showed increasingly BitiRe
degradatiorthan case "a' as the order of the modulation scheme incrdasedld be
deducedrom this that QAM schemes ameore intolerant to finite carrier suppression, and
henceDC offset efects than are PSK modulation schemes.

It can be seen from figures 6.2 to 6.4 that a very good design is required for the quadrature
hybrid circuits if 16:QAM and higher order QAM schemes are to be used. The best results

arefrom case "b', which shows less than a 0.4dB loss at a BEBYtfor 16:QAM but
almostdouble that for 64=QAM.
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The BER results would seem to show that unless sbnmementation Loss is to be
allowed then an analogue implementation of the quadrature hybrid circuit would be
becoming unsuitable for 64+QAM with higher order QAM schemes being impossible to
realisewithout significant loss.

Also it can be seen from figures 6.5 to 6.9 that a very good design is required for the
guadraturéhybrid circuitsif 8tPSK and higher order PSK modulation schemes are to be
used.The best results are from case Which shows less than a 0.4dB loss at a BER of

10*10 for QPSK and 8+PSK but is 1.8dB for 32+P&i approaching 4dB for 64+PSK.

6.3 Implementation Loss Graphs

Graphsof implementation loss against erparameter are presented in the following pages
for various PSK and QAMschemes. The error parameters investigated are quadrature
phasesrror and amplitude imbalance on the up convertettendown converteDC ofset

on the down convertephaseoffset between the up converter and down convertes LO'
(Local Oscillators). The ééct of phase jitter on the received signal is also investigated.

In the case of amplitude imbalance and quadrature phase different results were
observedor up converteand down converteir hese are distinguished by = UC' to signify
anupconverter parameter and *_DC' to signify a down converter paramateiis taken
onestep further in the case of amplitude imbalance for 8+QAM & elilt results were
observediepending if the amplitude gain was greater on the | or Q channel. In this case the
conventionused is ©_UCN'and ~_DCN' to signify that the amplitude imbalance in dB is
negative with respect to the Q channel.

In all cases the implementation loss is for a BER@F.
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6.3.1 General Performance of Modulation Schemes with Implementation Loss

As with the BER results, the implementation loss curves showthieahigher order

modulationschemesare more sensitive to the error parameters. The discussion in this

section will serve to identify the modulation schemes that have less than 1dB of
implementatiorloss for value of erroparameter that is achievable by practical designs.
Discussiorfocussing on possible causessome of the results will come in later sections.

Where reference is made to a ‘worst cgsaformance’ it means that there was an
appreciablalifferencebetween the up converter and down converter implementation loss

for a particular error parameter atite worst case result will be quoted for the sake of

brevity.

85



6.3.1.1 Amplitude Imbalance

Of the QAM schemes 16:QAM shows the best overall performance with less than 1dB
implementatioross for amplitude imbalances of arodrtB. The performance of 8+QAM

is not quite as good and thesea variation dependant on wether the | or Q channel has the
greateigain. 32+QAM needs less than 0.75dB imbalance, and 64:QAM needs less than 0.4
dB imbalance to achieve less than 1dB implementation loss.

QPSKwasrelatively intolerant to amplitude imbalance, requiring more than 2.25dB on the
up converter for a loss of more than 1dB. There was no implementation loss for an
imbalancen the down converter for QPSK. There was gdasariation in the performance

of 8tPSK depending on wether the imbalance was in the up converter or the down
converterAt the worst case the amplitude imbalance would have to be better than 0.6dB to
achievea loss of less than 1dB and the higher order PSK schemes would neethaetter
0.3dBimbalance.

6.3.1.2 Quadratue Phase Eror

The worst case performance 8tQAM and 16£QAM are similar and were comparatively
intolerantof quadrature phase erra6+QAM had a 1dB losg arouncB.6° with 64+QAM
achievingthe same for arountl. 2°.

QPSKwas the schenmaost intolerant to quadrature phase errors with a loss of 1dB at less
than9.5°. Thesame loss was achieved with 8+PSK for less #hath 16:PSK was similar

in performance to 64+QAM with the higher order PSK schemes needing bettdPthan

6.3.1.3 DC Offset

Lessthan 7.5% DC déet wasrequired to achieve less than 1dB of loss for 8+QAM. The
QAM schemes were evenly spaced apart with 16:QAM needing less than 6%, 32+tQAM
less than 4% and 64+QAM less than 3%.

Themodulation scheme that showed thest tolerance to DC fsiet was QPSK with over
16%required for a 1dB loss. The performance of 8tPSK was in between that of 8tQAM
and 16:QAM at around 7%. Less than 3.5% was required by 16:PSK2&BSKand
64+PSKrequiring less than 2% and 1% respectively
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6.3.1.4 Carrier Phase Offset

Lessthan 3.6° for 8+QAM, 3° for 16:QAM, 2.2° for 32+QAM, and less thah.7° were
neededo achieve less than 1dB of loss.

Around 7.5° of carrier phase tfet was needed by QPSK to give 1dB of loss. The
performancef 8tPSK was similar to 16£QAM, 16+PSK was similar to 32£QAM, and the
higherorder PSK schemes could not tolerate more ttfan

6.3.1.5 Phase Jitter

Theperformance of 8+tQAM and 16:QAM were similar with less th&A of phase jitter
requiredfor 16:QAM. Less thard.5° is required for 32+QAM and 64+QAM needs less
than 1.1°.

Forthe sake of completeness, BPSK was included here for comparison to illustraggethe lar
difference in performance between BPSK and QPSK, and between QPSK and 8+PSK. Less
than 14° is required for BPSK,5° for QPSK, and2.6° for 8+tPSK. The performance of
16xPSKagainst phase jitter is nganally worse than 64+QAM, with the higher order PSK
schemesequiring less thai® of phase jitter to achieve less than 1dB of loss.

6.3.2 General Tends in the Quadrature and Amplitude Imbalance Results

Therewere diferences in the results for quadrature and amplitude imbalance on the up
converterand down convertelrhis is summarised in table 6.1

Error Parameter |Implementation Loss Greatgimplementation Loss Greatpr
on Up Converter on Down Converter
Amplitude Imbalance 16£QAM, 32+QAM, 8+QAM, 8+PSK, 16+PSK,
64+QAM, QPSK 32+PSK, 64+PSK
Quadrature Phase Errgr  16:QAM, 32+QAM, 8xQAM, 16+PSK, 32+PSK,,
64+QAM, QPSK, 8+PSK 64+PSK

Table 6.1 + Implementation Loss Summary for Quadrature and Amplitude Imbalance
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Thegeneral trend for the quadrature and amplitude imbalance parameters is that the QAM
scheme$iave more implementation loss for up converter error parameters while the PSK
modulation schemes have greater implementatioss for down converter error
parametersHowever there areome exceptions to the general trend that require further
discussion.

Of the QAM schemes 8+tQAM was the only one that showed a higher level of
implementatioross for quadrature phase error on the down convéittre PSK schemes
QPSK and 8+PSK went against the trend for PSK schemes having a higher level of
implementatiodoss for quadrature phase error on the up converter

6.3.2.1 QPSK Amplitude Imbalance

Therewas no insertion loss observed for QPSK with down converter amplitude imbalance.
The QPSK decision regions are identical to type | QAM decision regions, and hence the
performanceof QPSK would be identical to 4+QAM ideal filtering is assumed.
Amplitudeimbalance in the down convertiwes not introduce any correlation between the

I and Q noise components. Correlation fe@kd by quadrature phase ert@s seen by
(3.37).However the | and Q noise variances are scaled by the same amount as the | and Q
component®f the symbols after down conversion as shown in figure 6.17.

OO OO
olfe O | O

Figure 6.17 £ Amplitude Imbalance in a QPSK constellation

It can be seen thatthough the Q channel Euclidean distance to the decision boundary is
decreasedhe Q channel noise variance is decreased as well. Correspondingly the | channel
Euclideandistance has increased along with an increase in the | channeVao&see.
Howeverthis is not necessarily true for higher order PSK decision regions and for QAM
decision regions with more than two finite boundaries.
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6.3.2.2 8tQAM Amplitude Imbalance
An example of this is seen in figure 6.18 for a 8tQAM constellation.

Up Converter Down Converter
Amplitude Imbalance Amplitude Imbalance

Ol O
O O

O lololo OO
OO TOolo O

| Channel Gain > Q Channel Gain

ol 0|0 |0 0 0|0 O
Ol OO |O OO0 10

Q Channel Gain > | Channel Gain

Figure 6.18 £+ 8+QAM with Amplitude Imbalance in a 8tQAM constellation

Forthe up converter an increased error rate results from having a symbol tracisiseed

to a decision region, and this happens dymteer normalisation being used in the analysis

to keep the noise power constant. The implementation loss is greater when the | channel
gainis greater because there is more decision region boundaries that cross the | axis.

In thecase of the down converter the sanfieatis seen on the symbol positions. However
now the | andQ channel noise variances have been scaled by the amount of imbalance. It
canbe seen that there is a | channel Euclidean distance component whildtiessed.

Note that unlike the case dPPSK, the type | regions at the corner of the 8tQAM
constellatiordo have an &ct on thesymbol error probabilities. This is because the corner
symbolsare further from the centre of the constellation than in the case of QPSK and as
such the | channel magnitude of the error vector components ager léhanthe
correspondinghange in the | channel noise variance.
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In the case of 8tQAM with@down converter | channel gain being more than the Q channel
gain, the corner symbols would have a decreased error probability because the | channel
errorcomponent has increased the distance to the decision bountenyis lager than

the increased | channel variance. However the type Il regions have an increased error
probabilitybecause of the decreased | channel Euclidean distancebtmutiggary and the
increasedl channel noise variance. This is shown in the results for 8tQAM as the
implementatiorioss is greater when the | channel gain is greéager the Q channel gain.

6.4 Implementation Loss Graphs to Compae PSK and QAM Schemes

In this section implementation loss graphs are presented on the following pages for a
particular value of error parameter and are plotted agéogstM for QAM and PSK
modulationschemes wittM symbols. This allows the best overall comparison between
PSKand QAM schemes with extrapolation of the curves to predict the behaviour of higher
orderschemes being possible as well.
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6.4.1 Overall Comparison of PSK QAM Sensitivity to Eror Parameters

A consistent result for all of the error parametettas 32+PSK and 64+PSK are far more
sensitiveto implementation loss compared to the rest of the modulation schemes. In all
casesthe PSK schemes show higher levels of implementation loss compared to QAM
schemeswvith the same number of symbols.

Thereis appreciable diérence for the PSK schemes between the up converter and down
converteramplitude imbalance where the down convea®plitude imbalance causes
muchhigher implementation loss values. By comparison the QAM schemes generally have
worse performance with up converter amplitude imbalance but tliereiifce is not as
dramatic.

The performance of 8+tPSK is very similar to 16£QAM except for down converter
amplitudeimbalance where 8+PSK is appreciably worse. Likewise the performance of
16£PSKand64+QAM is similar except for amplitude imbalance and for quadrature phase
errorsin the up converter where the performance of 64+QAM is worse.

6.5 Comparison with Other Published Results

Theonly source of results for quadrature hybrid imperfections was a paper by Cavers [6].
The results were presented as graphs of average symbol error rate &gahgt for
16+QAM.Thequadrature hybrid imperfections were all on the down convé@itere was
aseparate graph for 3% amplitude imbalar¥ejuadrature phase ery8f6 DC ofset, and

a graph for the combined errors. The results obtained with the model developed in this
thesisfor 16:QAM showed almost perfect agreement for the same setpaffections.

This is to be expected since the mathematical models and the method usietlialig
identical. The main diference is that Cavers does not appear to take into account the non
zerocorrelation codicient that can result after transformation of the noise by the down
converterlt may well be valid to do this for small amounts of quadrature phase error and
amplitudeimbalance, as the correlation dogént may only reach aegligible value, and
showa small amount of correlation between th@d Q channel noise components. In any
casethe two sets of results seem to agree very closely

Therewere a number of papers that gave results for feetedf phase reference jitter on
BPSKand QPSK, but only one was found thave implementation loss results for a range
of higher order QAM and PSK modulation schemes. This was a paper by Kucar and Feher
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[25]. The method adopted in this paper is greatly simplified compared to the method
adoptedn this thesis. Standard error rate expressiong#)AM andM+PSK as given in
Proakis[8] are used. The amount of phase noise jitter variance is converted to a signal to
phasenoise ratio by the relationship given in equation (5.35). The overall SNR that is used
in theerror rate expressions is taken as the sum oM@ and phase noise contributions,

with the signal to phase noise ratio being madeariable. Every modulation scheme
analysedn this thesis except for 8+QAM and 32+QAM is representdtidrpaperA
comparisorof the results is given in table 6.12.

Modulation ImplementatiorLoss = 1dB Implementation Loss = 2dB
Scheme Kucar Woijtiuk Kucar Woijtiuk
Signal to | Phase Jitter] Phase Jitter] Signalto | Phase Jitter] Phase Jitter
Phase Noisq (Deg.) (Deg.) Phase Noisd  (Deg.) (Deg.)
Ratio (dB) Ratio (dB)
16:QAM 28.08 2.26 2.1 25.77 2.95 2.6
64+QAM 34.2 1.12 11 31.92 1.45 1.3
BPSK 16.92 8.17 13.96 15.38 9.75 15.34
QPSK 20.77 5.24 5.00 18.46 6.84 6.38
8+PSK 27.31 2.47 2.26 25.00 3.22 3.04
16xPSK 31.54 1.52 1.13 30.00 1.81 1.5
32+PSK 38.85 0.65 0.56 35.77 0.93 0.76
64+PSK 45.38 0.31 0.26 41.54 0.48 0.37

Table6.12 + Comparison Using Ku¢adimplementation Loss Results for Phase Jitter

Thereis generally a good agreement betweemvioesets of results suggesting a validation

of the simplified approach taken by Kucé#rshould benoted though that the method
followed in this thesis is more versati#s it is possible to present combined results of
quadraturehybrid imperfections plus phase jittéFhe one exception to the general
agreemenetween results is the case of BPSK. However the results generated for BPSK in
thisthesis use a well known expression for the conditional probability of error used as far
backas the paper by Lindsey in 1966 [20].

6.6 Conclusions

Theresults presented in this chapter have served to quantify somefétie of nonideal
frequency conversion on various PSK and QAM modulation schemes. The results
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generallyshowthat low order schemes such as QPSK can be used in a communications
systemwith up converters and down converters built to physically realisable performance
specificationswithout appreciable BER degradation. The design specifications start to
becomdighter for8xPSK and 16:QAM if negligible implementation loss is required. Itis
quite likely that a practical frequency converter designs for 64+QAM and higher QAM
schemesystem would start to introduce significant errors. Analog frequency converter
specificationsfor 32+PSK and higher PSK schemes would seetretaot physically
realisableunless some implementation loss could be accepted.

For high order modulation schemes these results present a good case for the use of digital
radio architectures that havihe analog / digital interface already at an intermediate
frequency,with the quadraturdwybrid frequency conversion to baseband being done
digitally.

Wherepossible the results have been compared with those published elsewhere, and have
beerfound for the most part to begood agreement. It is believed that the results presented
hereare the most comprehensive and accurate such set published at the time of submission
of this thesis.
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7 Conclusions

7.1 Concluding Remarks

Thework described in this thesis has involved the investigatimhanalysis of several IF
imperfectionsin a frequency conversiagubsystem, and thefett of these on the BER
performanceof MtQAM andM+PSK modulation schemes.

Chapter2 described imperfections that can occur in the analog implementation of
guadraturenybrid circuits, namely quadrature phase eraonplitude imbalance, carrier
leakthrough,DC offset, and static phasefeét between the up converter and down
converterocal oscillators (LG3s). It was found that if the imperfections are assumed to be
linear and the modulatindgpandwidth is small compared to the Fomplex envelope
notationcan be used to incorporate the IF imperfections intcs#imee expression that
describeshe complex baseband modulating signal. Expressions were presented separately
for up converter and down converter imperfections.

Theexpressions developeddhapter 2 laid the foundation for the development of a linear
model in chapter 3. This represents theadrature hybrid imperfections as matrix
operationsthat act to translatéhe position of each symbol in the constellation. The
differencein Euclidean distance between the ideal symbol position anttahslated
symbol position after up conversion and down conversion frequency is called the error
vector.This is calculated for each symbol in the constellation, and can be represented by |
channeland Q channel components. As well as translation of the modulating symbols, the
down converter acts to translate the | anah@)se components, which are assumed to be
statisticallyindependent, zero mean, and equal variance random variables, described by a
bivariate Gaussian PDHFt was found that quadrature phase error causes correlation
betweerthe | and Q channaloise components, amplitude imbalandecéd the 1 and Q
noisevariances and DC fsiet and carrier leakthrough couldesttt the mean position of the

I and Q noisecomponents. A further transformation was presented in the analysis to
removethe correlation in the bivariate PDF and allow the | @ntbise components to be
consideredy separate one dimensional Gaussian BDF'

BER expressions were developed in chapter 4 for 8tQAM, 16:Q3240QAM,
64+QAM,QPSK, 8tPSK, 16+PSR2+PSK, and 64+PSK. These incorporated fleetsf
of quadrature hybrid imperfections by using the error developethipter 3. Expressions
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for the symbol error rate of every symbol in the constellation were derived for every
modulationscheme. The BER for each modulation scheme was determined by finding the
averagesymbol rate and dividing by the number of bits per symbol.

Localoscillatorphase noise was described in chapter 5. Both phase noise and additive white
Gaussiannoise (AWGN) contribute to an error variance, or phase jitter in the phase
estimateof the demodulator carrier recovery loop (CRL). This decreasésvief phase
coherencéhat is required for successtigmodulation oM+QAM andV+PSK and results

in an implementation loss. As in chapter 4 BER expressions were derived to shdecthe ef

of phase jitter The expressions themselvegere similar in that the symbol error
probabilitieswere determined for every symbol. However slyenbol error probability
becamea probability of error conditional on the phase estimate random variable. A
Gaussiardistributionwas used for the phase estimate random variable and reasons were
given for this choice. The ikhonov distribution wasalso mentioned as many earlier
publicationshad used it in their analysis. The Gaussian distribution was found to be a good
approximationto the Tkhonov distributions if the signal to noise ratio in the CRL was
20dBor greater

All BER andimplementation loss results are contained in chapter 6. These results were
derivedfrom the BER expressions developed in chapters 4 and 5, and were generated using
MathematicaThe results were compared where possible with similar rgzuittéshed
elsewherd6, 25, 20] with good agreement between them.

It should be noted that the convention throughout this thesis was to derive results by
analysisWhere the analysis resulted in an expressiatwas either intractable or that was
consideredo be computationally intensil®y numerical methods, a substitution was used
usedo reduce the expression to a tractable form. This was usually backed up by extra work
to validate the substitution. Where the integration of decision regions is concerned
expressionsvhere simplified with a view to making use of f&function, as it is a well
defined efficient numerical routine. When this was used the error rate equation was always
shownas arapproximation. In all cases the exact expression is shown asevellalliate
theexact expression involves a numerical integration diitreaiate Gaussian distribution.

This was done for low order schemes such as QPSK for comparison purposes and was
foundto be in good agreement
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7.2 Assumptions Made in Using the Analytical Model

Two of the underlying assumptions behind this work is that the quadrature hybrid
imperfectionsare linear and that the modulation signal bandwidth is small compared to the
carrierfrequency [5]. This allowed for both complex baseband expressions to be developed
andfor the use of matrix methods to describe a static translation of each transmitted symbol
position.

Anotherassumption is thadeal matched filtering has been employed with perfect symbol
timing recoveryThissimplifies the analysis in that there is no intersymbol interference and
signalsmay be treated as constants in the analysis.

Forall of the phase noise analysis it was assumed that theftadiof the carrier recovery
loop in the presence of noise was to introdugieter variance on the phase estimate, and
hencehe phase of the receiver local oscillaidre efects of cycle slips, frequencyfeéts,
andacquisition range, among others were neglected.

7.3 Suggestions for Further Work

A more complicated model would have to be developed for the case of wide bandwidth
transmissionThis is not so mucthe case that the modulating bandwidth is close to the IF
but that quadrature hybrid imperfections such as quadrphase error etc. have values
thatcan vary across the modulating signal bandwidth. For example itis possible for systems
of 100MHz, or greater bandwidths that the quadrature errors can vary by as mud@? as
andgreateras shown in Appendix F

Thereare many other potential causes of implementation loss in freqeenggrsion
stageghat were not tackled in this work. Potential areas for investigation arde¢beaf

filter group delay and bandwidth, and amplifier nonlinearities, on higher order modulation
schemes.

A proposed extension of this would be to devise a simulation model that would be able to
handlethe combined é&cts of all of these imperfections with a view to providing a
thoroughsystem design.

All of the results were obtained assuming a statilGAl channel. Further work could
analysdhe efects of a time varying and/or fading channel. This could be incorporated into
anoverall system simulation model.
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A further extension to this may be to deriveirmulation model of LO phase noise. This
would be beneficial to include iI€RL simulations. For this work all of the modulation
schemesre uncoded. Future work with simulation models could involve comparison of
differentcoding schemes as well.

Finally it should be noted that at the start of this work it was originally proposed to not only
analysethe efects of quadrature hybrid errors, but devise some form of adaptive
compensationsing baseband DSP techniques to overcome them, as described in the paper
by Cavers [6]. However this was not pursued furtmainly due to the auth@rexperience

with DSP based modems in which the quadrature frequency converslonesn the

digital domain. This does seem to be the way of the future, and as processing rates increase,
frequencyconversion in the digital domain will be able to be done with higher data rates. It
would seem that baseband adaptive compenstmmiques may not always be the best
solutionin the future, as the extra processing overhead required for adaptive compensation
may be similar to that required to implement a digital frequency conversion scheme.
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APPENDIX A : Complex Envelope
Representation of a Modulated Signal After

Frequency Conversion

A.1 Up Conversion

A model of a direct conversion up converter with imperfections described in Section 2.2 is
shownin figure A.1.

a; s/(t) 1
: hyr(t) I ® | L™
cosT I (0
Y1)
090° g Ve % _
yQ(t)
— @ T
ag; so(t)
i LSC] e Y [ o]

Figure A.1 £ Direct Conversion Up Converter with Imperfections

The | channel baseband signal is mixed with the LO sigosl whereT is given by:
T 4 1 (A1)
T 2f; (A.2)

wheref;is the up converter L@equency The mixer has a carrier leakthrough component
thatis attenuated by 1, and has a random phase componentdded to the LO. The
outputof the mixer is shown below

)  mscosT g qcosT

( Tl SI (t) T TI Cos TI ) cosT T Tl sin Tl sinT (A3)
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The Q channel baseband signal is mixed with a quadrature shiftetl Si@T 1E)
where g represents the the quadrature phase.€éfhar carrier leakthrough component
is attenuated by 1o and has a random phase componegt. The random phase

componentakes into account thH@0° phase shift plus the quadrature phase shift andr
socan be written in terms of the cosine function. The output of the mixer is scaled by the
amplitudeimbalance factor 1. The output of the mixer is shown by:

Yol) £ 1oSo(t)sin T TE 1o TQCOS T 10
t oSN 1gSo(t) TQ TQCOS T COST

1QCOS 1¢ So(t) 1o TQSIN Tg SINT
(A.4)

Thel and Q signals are combined together to form the modulated sigtalat the up
convertedrequency This is represented by:

ym(®)  vi(®) o)

S oSN 1ESo(t) T T COS TQ TQCOS T0l COST

1QC0S T1ESQ() 1@ TSN @ T mSin g sinT

(A.5)
Equation (A.5) can be recast into (A.6), a form identical to (2.2).
Ym(t)  fi(t)cosT fo(t)sinT (A.6)
where
fi SO st &S 7 mcos g 7COS 1q (A7)
and
fo®  1C0s S  m msin 1o TSN T (A.8)
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It follows from (2.9) that the modulated output signal can also be represented as shown
below.

ym(t)  Ref(t)e’ (A.9)

fity fi(t) ifo) (A.10)

Equation(A.9) gives the complex envelope representaioihe up converted modulated
signal. Equation (A.10) gives the baseband complex envelope. Substituting (A.7) and
(A.8) into (A.10) gives the baseband complex envelope taking into account imperfections
thatoccur at the transmission frequency

A.2 Down Conversion

A model of a direct conversion down converter with imperfections is shown in figure A.2.

X|(t) M

|I RI I ® hR|(t)
RI» R
cosR
Xm(t) ~_ / C
= N
#0900
RQ' RQ|T |
Xo(t) r
|| RQ|I ® < hra(t) 2

FigureA.2 + Direct Conversion Down Converter with Imperfections

Thel channel input signal consists &f,(t) plus a leakthrough component of the receiver
LO attenuated by g, with arandom phas# . The output of the | channel mixer is given

by:
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X (1) Rl Xm(t) rICOSR ri COSR

r fi(tycosTcosR  fo(t)sinTcosR g cosR rl COSR

ri fo()
2

rifi (0)
2

co§T R) codT R) [siNfT R) sin(T R)

RL_Rlcos2R 5 cos g

2 (A.11)

The | channel receiver filter removes any unwanted high frequency compoméets.
outputof the filter is given by:

ri fo(t)

n) - coqT R) sifT R) "L Rlcos

fi(t)
2

2 2
Re R|2f(t) el Tk R Re R|2 Rl o g
(A.12)
Equivalently
) Re —R'Zf(t)ei( ') Re Sy Rdnw
(A.13)
where
T R (A.14)
T R (A.15)

The Q channel input signas mixed with a quadrature phase shifted version of the LO
sinTg  1p) where ¢ represents the thguadrature phase errdihe input to the

mixerconsists ok(t) plus a leakthrough component of the receiver LO attenuategby

and a random phase of,, The random phase component takes into accoufbthghase

shift plus the quadrature phase shift error and so can be written in @étimes cosine
function. The output of the mixer is shown below
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Xq (t) rRQ Xm(t) rRQCOS R rRg ISiNR RE
rofi (t)cosTsin R RE rofo(t)sinTsin R RE

RQ RQCOS R ro SN R RE

rofi (1)

> sinT R re SINT R RE

fo(t)

RQ RQ _. .
—5 — Sin gg rRe Sin 2R RQ RE (A.16)

The Q channel receiver filter removes any unwanted high frequency components. The
outputof the filter is given by:

ro( %I(t)sinT R ge %Q(DCOST R ge
%R’Qsin RQ RE
Im RQ;(t) el ! RE Im %ej RQ  RE
Im %ﬂt)e I reell t ) Im RQZ RQal o ke

(A.17)

Thel and Q channels are combined to give the complex baseband signal phils&C
termson each channel and this is shown below

) n®  pa i) peod

RQ € JREf(t)ej( ¢ )

Re L(t)el( t ) J|m 5

2

Re RI2 Rlgi m jim %Rer RQ  RE pci ] DcQ

(A.18)
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APPENDIX B : Symbol Error Probability for

QAM Decision Regions

Eachregion is discussed below assuming that the additive noise has a Gaussien PDF
uncorrelateetweerthe | and Q channels, is zero mean and has equal | and Q variances.
Considera QAM symbol with additive noise componemtsandng in a type | region as

shown in figure B.1.

S S Ng_ *A_

Figure B.1 £ ype | Decision region

Theconstellation space for the following analysis will be such that any point can be defined

ashaving Cartesian coordinates;, n, . The two decision region boundaries are defined

by straight lines with equations shown below

n A (B.1)

Ng *A (B.2)

108



The probability of no erroiP, E ,for the type A region is shown below

PE P n A nq A
Pn A P ng A
2
Pn| A (83)

since n; and ny are equivalently distributed. The probability associated with

Pn, A is found by integrating the PDF of, p n, which is of the same form as
shownin (3.32). This is given by:

A (B.4)

Using the symmetry of the Gaussian distribution, this can be expressed as:

Pn, *A 1 QA

(B.5)
where theQxfunctionQ(x), is defined by:
QX —=  exp %22 dz
2 (B.6)

Substituting B.4) into (B.3) gives the probability of no error in terms of@adunction and
thisis shown below

>
H
O

|>

PE 1 Q

(B.7)
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The resulting probability of errpP|(E), is given by:

P(E) 208 @24

(B.8)
where the approximation holds providedA 1.

An alternative way of analysinthe error probability is to recognize the well known
equationfrom probability theory shown below[12, p.138]:

P[A B] P[A] P[B] P[A B]

P[A] P[B] P[A] P[B] (B.9)

wherethe term on the LHS can represent the total probability of efrtie | and Q
channels.

The probability of error for the type | region can be represented by:

P(E) P n A nq A P n A nq A

(B.10)
where again the approximation holds provid@(ﬁ‘ 1.
Theterm involving the square of ti@@tfunction comes from the probability of both the |

andQ decisions being in error and so the approximation is equivalent to taking the union
bound[8, p251].
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Theapproximation is validated because as the SNR increas@sotiability of only the |
or Q decision being in error imuch greater than the probability of both decisions being
erroneousAlso the symbol error probabilities farcommunications system are usually

muchless than 1%. In many systems the required error rate is in the rediof of less.

B.1 Type | Region

Thegeneral type A region is shown in figure B.2:

n | n
Q Q
A | A
I I
I . I . >
| Transformed Symbol Position | Transformed
| Ag; | Symbol Position
AT |
|
| |
AeQ- |
I |
| n _____=______53__i'il__e‘?_'
} L |
: Ideal Symbol Position |
s S S |
: no A In +A1 ¢)

Figure B.2 £ ¥pe | Decision region

for theixth symbol that has beeransformed by the frequency conversion process as
discussedh Chapters 2 and 3, and with an error veetpogivenby (3.3). The probability of

errorfor theixth symbol in the type | region is given by:
P(E), Q I_A(l €i) Q 1l ey Q A(1 &) Q % 1 ey

A .
Q | (l ell) Q (Bll)
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B.2 Type Il Region

Thegeneral type Il region is shown in figure B.3 for a symbol that hastzeestated by the
errorvectore,.

n AL e)

Figure B.3 £ ype Il Decision region

The probability of error for the type Il region is shown below:

Pi(E); Q % 1 ey Q IA(]- € Q I_A(l &)

Q ' ! ' ! ' (B.12)

Notethat it is possible to have the regimtated 90 degrees so that there are two decision
regionboundaries on th® axis and one on the | axis. In this case the error probability is
givenby:
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PE), QB0 e QE1 & Qf1 g

A A A
Q-1 &) Q-+1 e Q-1 e (B.13)

The error probabilities for these regions will be referredsdype IlA and type IIB with
error probabilitiesP, 5(E); and P,g(E); respectively

B.3 Type Il Region

Thegeneral type Il region is shown in figure B.4 for a synthat has been translated by
the error vectore,.

n
Q
| A |
ng Al eQi_{ i
| |
| |
f ® f »
| | n,
| |
n  *A1 eli): :
| | n Al &)
| |
| |
——————— —t——————————-r—————
ng Al ey | :

Figure B.4 £ Ype Il Decision region
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The probability of error for the type 1l region is shown below

Pu(E); Q % 1 ey Q IA(l € Q IA(]- €)

(B.14)

B.4 Type IV Region

Thegeneral ¥pe IVA region is shown in figure B.5 for a symbol that has been translated by
the error vectore,.

no AL &) Region | Region Il
Translate /
Position /
/
my;, Mg; 7

|
|
|
|
|
d n n
Symbol : L 74
|
|
|
|
|
|
|
|
|

Figure B.5 £ Jpe IV Decision Region
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Thedecisiorregion boundary inclined at % the 1 and Q axes is defined by an equation of

a line which is dependant on two variables. This ided#ént to other QAM decision
boundariesvhich are defined by line equations of aragiable only This means that the |

andQ components of the Euclidean distance between the symbol position and the decision
boundaryare in terms of two variables as well.

As with the other decision regions the probability of a symbol asraletermined by
integratingthe Gaussian PDF over the decision region in question. In this case the
integrationis simplified by dividing the region further into Region | and Region Il as shown
above.The origin is placed at the boundary and the mean positigrsid mg; are given

m; Al g (B.15)

(B.16)

An expression for the symbol error probability is shown in the follovpages and is
shownin (B.17).
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2
1 1 nm Ng Mo
P(E), 1 PR exp 5 5
0 #2A
Nq
2
1 1 AL Ng Mg
PR exp *5 | .
00
Region | Substitution:
p ™ an S e M
I | Q
Region Il Substitution:
n
n| ﬂ dn| % y nQ _Q an
| | Q
m
o
P(E), 1 1 exp 1n2 n2 dndn
i 2 2 | Q | Q
i& 2A m,
Q I
o
2
) Mo;
L exp 1 n b ng —
2 |
00
I’ﬂi . .
PE), 1 1 QT2 oM XM
o
2
1 1 My Mo
5 exp 5 N | e —
00
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let

ﬂ , b & , c 2A m"
I Q |
and take the polar substitution
n  rcos , nNg rsin , dn dng rdrd
PEE); 1 [1 QbIQ@ Q)]
arctan -
Q
1 1 2 . 2
5 rexpi§ (rcos a) (rsin b drd
0 o0
arctan -
Q
1 [1 QbQG@ Q)] Zi expi%[asin bcos ]° d
0
rexp i%[r (acos  bsin )]* dr
0
Apply the substitution
r r (acos bsin ) dr dr
arctan —
Q
P(E), 1 [1 QMDIQE@ Q(c)] zi expi%[asin bcos ]2 d
0
r (acos bsin ) exp r_22 dr
acos bsin
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PE) 1 [1 QIQ@ Q)]

arctan —-
Q
1 P 2 r2
5 expii[asm bcos ]° d rexp & dr
0 acos bsin
arctan —-
Q
zi exp t%[asin bcos ]° (asin  bcos ) d exp r_22 dr
0 acos bsin
arctan —
Q
1 1. 2
1 1 Q@ Q)] 3 expt5a’ b’ d
0
arctan—-
Q
% exp i%[asin bcos ]° (asin bcos ) [1 Q(asin bcos )]d
0
1 [1 QONQE) Q) exprzal b arctan-t
arctan—-
Q
% exp i%[asin bcos ]° (asin bcos ) [1 Q(asin bcos )]d
0 (B.17)

The complicated BER expression shown above iBcdit to evaluate numerically and
impossibleto simplify further due to the integraariable , appearing as angument in
theQzfunction. An upper bound to tigg:function [13, p83] cahe used to further simplify
theintegrand in (B.17). This is shown below:

QW ——exp X . x 0
X 2 2 (B.18)
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A plot of theQzfunction and the approximation in (B.18) is shown in figure B.6.

0.001

0.00001 ¢

Figure B.6 £ Plot of th®zfunction and the exponential approximation function

A plot of the % error between tlRefunction and the approximation is shown in figBreé.

20

175 ¢

15}

125

10

75 |

25 1

FigureB.7 + % Error for the exponential approximation function
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Theapproximation has < 10% error for x > 3. The value ofxhfinction is< 0.001 for x <
3 and so the approximation would be suitable at practical vallBsRf After substituting
the approximation given in (B.18), (B.17) becomes:

PE), 1 [1 QMIQGE) Q) Ziexp i% a b arctan-t

arctan —
Q

o v

exp i%[asin bcos ]° (asin bcos ) d

arctan —
Q

I\)||_\

exp t% (asin  bcos )*> (asin  bcos )* d

1 [1 Q@ Q)]

arctan -
Q

NS

exp i%[asin bcos ]1° (asin  bcos ) d

Apply the substitution

u asin bcos du (asin bcos ) d

L
PE); 1 [1 QbIl@ Q) % exp u72 du
b

where

L asin arctan —'Q bcos arctan —('3

PE) 1 [1 QbIQ@ Qe 1 Qb) QL)
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P(E); Q(b) QL) Q@ Q) Q@Q(b)
Q) QL) Q@ Qo)
Ql a Q(b) Q) QC L)

where
a 1 g IA
A
b 1 eQi ?
c 1 g TA
L asin arctan —- bcos arctan —-
Q Q

Notethat for Region IVB in figure 4.4 the probability of a symbol error can be given by

(B.19) but witha, b, andc given by:

A
a 1 eQi T
b 1 g TA
A
C 1 eQi ?
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APPENDIX C : BER Expressions forlMzary
QAM

The BER is found by finding the probability of error for each symbol, summing these
togetherand dividing by the number of symbols in the constellation and the number of bits
persymbol. This is shown in the BER expressions using the approximated ssmdool
wheree;; and ey; are the error vector components forittta symbol in the constellation

and | and  are factors used to represent the values of the the | and Q channel noise
varianceswith respect to unityThese factors are actually equal to the eigenvalutse of
noisecovariance matrix after transformation by the doanverter as discussed in Chapter

3.

C.1 8+QAM

The 8:tQAM constellation is shown in figure C.1.

Figure C.1 + 8£tQAM Constellation

The complex baseband symbols are representeg| by jay; where:

a { 1, 3 (C.1)
and
ag { 1 (C.2)
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Thereare 4type | decision regions and 4 type IIA decision regions. For the 8tQAM

constellatiordiscussed here, = 3 and 2 = 6. The BER is given by:

1 E E
PuE) 22 Q@ &) —g Q1 e —

(C.3)

whereeg; and ey; are the error vector components forittth symbol in the constellation
andassuming that symbols numbered from 1 to 4 are type | and 5 to 8 are type IIA.

For the ideal case of zero error vectarsd equal | and Q channel noise variances the
probability of error is given by (C.4).

PE) S0 2 Lo D
© N
(C.4)
C.2 16+QAM

The 16:QAM constellation is shown in figure C.2.

Figure C.2 + 16:QAM Constellation
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The complex baseband symbols are represented &y jag where

a; andagy; { 1, 3}. There are 4 type | decision regions, 4 type IIA, 4 type |I1B
decisionregions, and 4 type ltlecision regions. For the 16:QAM constellation discussed
here, =4 and~2=10. The BER is given by:

4

1 4Eb 4Eb
Pe(E) &2 1 e) 1 e
® 64, Q 5N, © Y 5o N,
8
1 4E, 4E, 4E,
= 1 &) 1 &) =—= 1 e
64 Q s, © osN, © ? 5N,
1 4E, 4E, 4E,

B4 Q (1 &)

(C.5)

wheree; and ey; are the error vector components forittta symbol in the constellation
andassuming that symbols numbered from 1 to 4 arelfyfp® 8 are type IIA, 9 to 12 are

typellB, and 13 to 16 are type lll. For the ideal case of zero error vectors and equal | and Q
channelnoise variances the probability of error is given below

8 4E, 12 4E, 8 4E, 12 4E,
Po(E)  &2Q 5N, 642 5N, 542 5N, 649 5N,

3, 45

2% BN,

(C.6)
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C.3 32+QAM

The 32+QAM constellation is shown in figure C.3.

Figure C.3 + 32+tQAM Constellation

The complex baseband symbols are represented &y jaQi where
a; anday; { 1, 3, 5}. Thereare 4type A 4 type IVB decision regions, 4
typellA, 4 type IIB decision regions, and 16 type Ill decision regions. FOB2R€QAM

constellation discussed here= 5 and~2 = 20. The BER is given by:

125



1 E, E, E,
PB(E) 160| . Q (1 eII) 2 |No Q 1 eQI 2 QNO Q (1 eII) 2 |No
Q (1 e isin arctan — 1 e E, cos arctan —
t 2 Ng Q a2 oNo Q
8
1 = Ey Ep
o, 1 _ 1 A 1 .
160| ] Q te 2 QNo Q ( eIl) 2 |No Q te 2 QNo
Q 1 ey Es sin arctan —- 1 e icos arctan —-
Qi 2 QNO Q i 2 INO Q
12
1 Ep Ep =
160| . Q (1 eIi) 2 INo Q (1 eIi) 2 INO Q 1 te 2 QNo

(C.7)

whereeg; and ey; are the error vector components forittth symbol in the constellation

andassuming that symbols numbered from 1 to 4 are tyfpe3Y6 8 are type IVB, 9to 12
aretype 1A, 13 to 16 are type IIB, and 17 to 32 are type lll.

For the ideal case of zero error vectarsd equal | and Q channel noise variances the
probability of error is given below

24 B, 24 E, 64 E,
Pe®  160° 2N,  160° 3N, 160° 3N,

75 B

10° 2N,

(C.8)
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C.4 64+QAM

The 64+QAM constellation is shown in figure C.4.

Figure C.4 + 64:QAM Constellation

The complex baseband symbols are represented &y jaQi where
a anday; { 1, 3, 5 7} Thereare4type | decision regions, 12 type IIA,
12 type 1IB decision regions, and 36 type Il decision regions. For6deQAM

constellationdiscussed here, = 6 and~2 = 42. The BER is given by:
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2E 2E
PfE) 353 Q@ &) - Q1 e -
i1 1 No olNo
l 16 (1 ) 2Eb (1 ) 2Eb 1 2Eb
384 Q & 7N @ & 7N @ TN,

384 QU e 7 No Q1 & 7 oNo Q1 & 7 oNo

A T R P A T

(C.9)

wheree;; and ey; are the error vector components forittt symbol in the constellation

andassuming that symbols numbered frotn 4 are type |, 5to 16 are type IIA, 17 to 28 are
typellB, and 29 to 64 are type Ill. For the ideal case of zero error vectors and equal | and Q
channelnoise variances the probability of error is given below

7N, 384 7N, 384 7N, 384 7N,

PoE)  594Q

2E,
129 7N,

(C.10)
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APPENDIX D : Symbol Error Probability for the

PSK Decision Region

Unlike QAM the optimum decision regions for the PSK constellations shown above form
sectorsof a circle about each symbol in the constellation and so there is only orcf type
decision region. The general PSK decision region is shown in figure D.1

/n

/" Mo ntan( )

m;, Mg;
Received Symbol Position

Figure D.1 + PSK Decision Region for tit¢h Symbol

where the angles are given by:

A (D.1)
2 m@ D (D.2)
s m@ D e (D.3)
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2

4 M (D.4)

The received symbol position is shown for tigh symbol in the constellation. It is
assumedhat this symbol has undgme a translation by an error veciine | and Q noise
variablesn, and ng, are used to form a coordinate space for the analysis. Each has a

GaussiarPDF, with the means of the | and Q distributions being at the received symbol

position, m;, mgy; , given by:

m;  Agycosip(2 1) e

. (D.5)
Mo Agyisin M(Zi 1) e (D.6)
wheree,; ande ; are given by:

2 : 2
N Cos , € sSin 2 &g (D.7)
e; arctan ; arctan , (D.8)

Theprobability of a symbol error within a decision region is one minus the area of the circle
sectortaken up by the decision region. This is derived in the following pates shown

in (D.9). The following analysis assumes that the Gaussian distributed noise covariance
matrix has beediagonalised and the | and Q noise variances have a relationship as defined
in Section 3.5.
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ntan ,

2 2
1 1 n m Ng Mg
P(E), 1 PR exp 5 ; 5 dn, dn,
0 ntan ,
Apply the substitution
n dn, n dn,
n — tan ,
P(E), 1 e ex 1, ﬂz n Ez dng dn
i 2 p > | | Q 5 o dny
n —('? tan
Take the polar transformation
n rcos , nNg frsin , dndng rdrd
I-2
1 1 2 . 2
P(E), 1 5 rexp z(rcos a) (rsin b d dr
0L
L,
1 zi r exp %rz 2r(acos bsin ) a> b?> d dr
0L
where
m,
a g . b TQ , L, arctan —('g tan( ;) , L, arctan —('g tan( ,)
After completing the square
I-2
1 1 . 2 1 . 2
P(E), 1 5 rexp E[r (acos bsin )] E[asm bcos 1° d dr
0 L
L2
1 L rexp 2 bsin )]* d lrasin  bcos 12 d
5 p 2[r (acos sin )]" dr exp 2[asm cos ]
0
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Apply the substitution

r r (acos bsin ) , dr dr
LZ
P(E), 1 ZL exp %(asin bcos )? d
I-l
r (acos bsin ) exp r_22 dr
+acos bsin
L2
1 zi exp %(asin bcos )* d r exp r_22 dr
L, +acos bsin
L2
1 1 . 2 . r2
5~ exp i(asm bcos )” (acos bsin ) d exp & dr
L, +acos bsin
I-2
1 Zi exp %(asin bcos )? %(acos bsin )° d
Ll
L2
% exp %(asin bcos )’ (acos bsin )[1 Q(acos bsin )] d
I-1
I-2
1 zi expi%a2 b2 d
Ll
I-2
% exp %(asin bcos )Z(acos bsin )[1 Q(acos bsin )] d

Ly

132



% exp %(asin bcos )2 (acos bsin )[1 Q(acos bsin )] d
L, (D.9)

The integral shown above is intractable due to the integral variabéppearing as an
argumenin theQ+function. However an upper bound to @&function [13, p83] can be
usedto further simplify the integrand in (D.9). This is shown below:

QW —ioexp X . x 0

X 2 2 (D.10)
A plot of theQ+function and the approximation in (D.10) is shown in figure B.6 gtota
of the % error between tligtfunction and the approximation is shown in figure B.7.

Theapproximation has < 10% error for x > 3. The value ofthieinction is< 0.001 for x <
3 and so the approximation would be suitable at practical vallBsRf After substituting
the approximation given in (D.10), (D.9) becomes:

P(E), 1 ﬁexpi a? b?

NI

% exp %(asin bcos )* (acos bsin ) d

I-l
I-2
1 1 : 2 . 2
5~ exp E(asm bcos ) (asin bcos ) d
Ll
I-2
1 1l 1 1.
1 M EXP £5 @ b 5 exp 5 & b d
Ll
I-2

% exp %(asin bcos )2 (acos bsin ) d
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Apply the substitution

P(E) 1
1
1
Q[
where
Ls
Ly
and so

u asin bcos du acos

1 1. 1 1., 2 1
Mexpiza b Mexpt a> b >

{QlLs]  QIL.J}

QL] QIL4]

L QIL4

asinL,] bcodL,]

asinL,] bcodL,]

P(E), Q{bcodL,] asinlL,} Q{asinL,] bcodL,l}

where

a IAeAicos—(Zi 1) e,

M

b %eAisin—(Zi 1) e,

L, arctan

L, arctan

M

I 2 .
_Q tan V(I 1)

' tan 2.1
QtanM
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Note that for the ideal cas@ ; 0, ey, | o 1 equation (D.1) becomes:
A . 2 . . .2 .
P(E)), Q = sin M(ZI 1) cosvo 1) cosm(2| 1) sin V(I 1)

A : c 20 : ' 2
Q= cosm(2| 1) sin S sin M(ZI 1) €os 4~

A .
20 & —
Q =N (D.16)

which is in the same form as published elsewhere [8, p.265][9, p.452].
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APPENDIX E : BER Expressions forMzary PSK

The BER is found by finding the probability of error for each symbol, summing these
togetherand dividing by the number of symbols in the constellation and the number of bits
persymbol. This is shown in the BER expressions using the approximated sgmrdyol
wheree; and ey; are the error vector components forittth symbol in the constellation

and | and  are factors used to represent the values of the the | and Q channel noise
varianceswith respect to unityThese factors are equal to the eigenvalues ohdise
covariancematrix after transformation by the down convederdiscussed in Chapter 3.

The general expression for the probability of a PSK symbol error is given by:

P(E); Q{bcodL, asinL]} QfasinlL,] bcodL,]} (E.1)

and the BER is given by:

P(E),
P (E.2)

Py(E)

for a constellation d¥1 symbols and bits persymbol. Expressions far; b,L; andL, are

givenbelow for QPSK, 8+PSK, 16+PSK, 32+PSK, and 64+PSK.

E.1 QPSK

QPSKhasM = 4 symbols with = 2.

4By o os— (2 _
a |NoeA' cos 4(2| 1) e, E3)
T .
b meAi sin Z(Z' 1) e, (E.2)
L, arctan — tan=(i 1)
Q 2 (E.5)
L, arctan —- tan—
’ Qe 2 (E.6)
For the case of ideal transmission the BER is given by:
PE) 1@
° (E.7)
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E.2 8+tPSK

8+PSKhasM = 8 symbols with = 3.

6Eb -
a ——escos5z(2 1) e
No ™78 (E.8)
6E,
b exsings (20 1) e,
oo T8 (E.9)

L g
L, arctan S tan 4(| 1)

(E.10)
I i
L, arctan > tanz (E.ll)
For the case of ideal transmission the BER is given by:
P«E) 75Q %sin 3
° (E.12)
E.3 16£PSK
16tPSKhasM = 16 symbols with = 4.
8E,
a N —"€,,C0S 16( 1) e, (E.13)
8E,
b N, €, Sin 16(2 1) e, (E.14)
| .
L, arctan - tan §(| 1) (E.15)
L tan b
L, arctan o tan 8 (E16)
For the case of ideal transmission the bit error probability is given by:
1 8E,
PB(E) 3—2Q N Sln 1_6 (E 17)
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E.4 32+PSK

32+PSKhasM = 32 symbols with = 5.

a 1?,5 €, COS 32( 1) e,
10E, .
b No —=2g,;Sin 32(2| 1) e,
L .
L, arctan S tan 16(| 1)

I i
L, arctan 5 tan 16

For the case of ideal transmission the bit error probability is given by:

1 10E,
Ps(E) %Q N, S|n3—2

E.5 64+PSK

64+PSKhasM = 64 symbols with = 6.

12§,

a N, eAlcose4(2 1) e,
12E
b QNbeA,sm 64(2 1) e,
L, arctan tan—(l 1)
I i
L, arctan > tan3—2

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)

(E.25)

(E.26)



For the case of ideal transmission the bit error probability is given by:

12E, .
P(E) 1o Ebgin
192 N, °" &4 (E.27)
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APPENDIX F: MultitRate Earth Resources

Satellite Demodulator

Hereis a brief description of hardware designed within the ITR dtltheersity of South
Australia. A high speed digital demodulator was developed which included a a direct
conversion down converter from a 720MHz IF input. Tosvn converter included a
quadraturehybrid circuit of the type discussed in this thesis. Measurements of the
guadratureand amplitude imbalance are included here to give an idea of the imperfections
thatare present in a practical system.

F.1 General Description

TheMultitRate EartiResources Satellite Demodulator can be configured to accept signals
from the following earth resources satellites.

ERSz1 at 52.5Msym/s QPSK

ERS*1 at 8.75MSym/s BPSK
JERS+1  at 30.0MSym/s QPSK
SPOT at 24.6MSym/s QPSK

LANDSAT 6 at 84.9MSym/s BPSK
Systemcontrol is via a PC, which hosts an easy to use interactive menu driven user
interface. This also provides a real time indication of signal strength, signal quality
demodulatorperformance and frequencyfsdt. The software features a built in fault
isolation tool which ensures a minimal fault down time. Provision is made for remote
controland monitoring via IEEE+488 or RS232 interfaces.

Thehardware features the use of DSP throughout wiibval approach to accurate clock
and carrier phase recoveryhe doppler track facility uses an advanced look ahead
algorithmwhich minimises signal acquisition time and data loss due to signal disturbances.

A more detailed overview of the demodulator can be found in [26].
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F.2 System Block Diagram

A block diagram for the system is shown below in Figute F

IF
Input 720MHz I Sampling, Terrestrial
| Down Rx Filtering Phase and Interface:
Converter Q Q Clock (Serial or
Assembly Recovery Parallel
options)
AFC and AGC Signals

Figure F1 £ System Block Diagram

F.3 Measured Quadrature Phase and Amplitude Imbalance

Plotsof the down converter quadrature phase error and amplitude imbalance are given in
figuresk.2 and B3. The quadrature phase is shown to vary by as muclakegrees and
theampltiude imbalance by as much as 2dB over a 50MHz | and Q baseband bandwidth.
Thesemeasurementsere taken using a vector voltmeter to record the | and Q baseband
guadratur@hase and amplitude frequency responses. The results show how the quadrature
phaseerror and the amplitude imbalance can vary over the baseband frequency bandwidth.
Note also in this case hotihe AGC level can &ct the quadrature phase values and the
amplitudeimbalance. This is thought to be due to a change in impedance of the PIN diode
attenuatothrough the gain control range.
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Quadrature
Phase (Deg)

Figure F2 + Measured Quadrature Phase Error
Amplitude
Imbalance(dB)

FigureF.3 £ Measured Quadrature Amplitude Imbalance
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F.4 Measured BER Performance

A plot of typical BER performance for the demodulator is given in figute F

© JERS*1
+ LANDSAT+6

Figure F4 £ Measured BER

It can be seen that the QPSK modulation from JERSalimost 1dB worse at a BER of

10%6 than the BPSK modulation from LANDSAG. It is important to note that the
implementationloss is due to many factors other than imperfectionthe quadrature
hybrid circuit of the down converteHowever from the measured values of quadrature
phaseand amplitude imbalance and the results from chapter 6 for QPSK, one can see that
for a quadrature phase eradr 4 degrees and an amplitude imbalance of up to 2dB, the
implementatiodoss would form a significant part of that seen in figude F
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