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viii Abstract

This thesis investigates the performance characteristics of the newly introduced weighted

\3

quadrature amplitude modulation (WQAM) family and its corresponding new receivers.

A WQAM signal format consists ol two quadrature components of the carriers thal have
g,cncmlly uncqual powers, /And are modulated with independent data’ streams of diflererit
rates and diffcrent pulse shapes — composed of the rectangular and cosine waveforms, in
general.  Modulation schemes such as quadrature phase shift keying (QPSK), staggered
QPSK (SQPSK), minimum shift keying (MSK), staggered quadrature overlapped raised
cosine (SQORC), unbalanced QPSK, and M-ary QAM (MQAM) arc all members of the
WQAM family.

In order to rediree-thic adjacent channel interference, by using the gradient search technique,
- a few new pulse shapes giving a narrow.mainlobe and minimal sidelobe levels are found.
The performance of 4-state W(QAM schemes is evaluated in the adjacent ¢hannel interference
lincar and nonlincar channel environments. The results indicate that one of the new staggered

WQAM schemes outperforms other known members of the WQAM family, i.e. (S‘QPSI\
MSK and (S)QORC in almast all practical situations.

The impact of amplitude and group delay distortions on MQAM schemes with more than
4 states is evaluated. Staggered QAM schemes perform better in the presence of lincar
group delay impairments, but nonstaggered schemes are less sensitive Lo lincar amplitude
gain impairments. .

The correct detection of WQAM signals requires accurate carrier phase and symbol titing
at the recciver. Therefore, a composite phase and timing estimation and data detection of
WQAM signal sets is analyzed. By using a maximum likelihood approach, four new joint
phase and timing estimators, for balanced and unbalanced WQAM schemes, are derived.
At high signal-to-noise ratios, phase estimator and détector schemes merge into the classical
decision feedback carrier recovery loop (DFCRL). The performance of this loop, employing
an integrate-and-sample device in cach quadrature arm (active loop), is evaluated in the
presence of both carrier uncertainty ¢ and timing uncertainty A.

The performance of overlapped schemes is degraded if classical carrier recovery schemes are
emploved, e.g. by 1.09 dB if SQORC is used. The theoretical results are experimentally
verificd on our Intersydnbol-Jitter-Frde (LIF) 64 kb/s modem. New cqualized DFCRL which
employs a simple 3-tap transversal equalizer in cach quadrature arm is proposed for the
carticr recovery and the detection of overlapped schemes. Our new loop does not exhibit the
performance degradation associated with classical schemes.

P

Using a maximum-a posteriori probability approach and knowledge of the phase uncertainty

&, timing nncertainty A, fnd nonlinearity surface of the loop A(¢, A) — accumulated over
corresponding observatiofl intervals — improved loops, i.c. crosstalk cancellation DFFCIL,

tiining intersymbol interference cancellation DFCRIL, and FEEDLOOP, arc introduced and
analvzed. The theoretical results are verified by the Monte Carlo simulation. These loops

- }
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peeform ahinost as well as a continuous wave {pilot tone) carrier recovery loop, do not exhibit

‘quadrant ambiguitics, and might be employed for phase and timing estimation and the

* detectson of balanced and unbalanced WQAM schiemes. Theﬁdvantagés of the new loops

over the classical one become greater at lower probabilities of ecror and when higher state

schemes are employed. For example at P, = 107% and in the presence of a normalized loop

detuning of 0.7, the crosstalk cancellation loop (and FEEDLOOP}) outperforms the classical

one by 2.4 dB, assuming QPSK modulationyjs employed. :

The impact of phase noise on the performance of MQAM, M-ary phase shift keying and M-

ary quadrature partial response systems in a Gaussian noise environment is computed. or

all casgs the degradation due to phase noise is found to be less than 1 dB il a carrier-to-phasc

noisc ratio in a double-sided Nyquist bandwidth (C/N), is more than 10 dB higher than

the carrier-to-thermal noise ratio (C/N)g required for the probability of error performance '
P, = 1076, Performance graphs aré presented which enable a fast first order approximation
of the phase noise requirements of a system to be estimated. Our engineering rulc—o[-tl_uhnb
approximations are in a close agreement with the results of measurements.
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2 Clmplcr L: Introductlon

1.1 DEMAND FOR POWER—BANDWIDTH EFFICIENCY

-

The available radio frequency spectrum is a limited natural resource, which demands that
cflicient_transmission of information be done. In a satellite system the maximum avail-
able power utilization is of primary concern, which requires a power eflicient modulation
schemes to be employed [B1]-[B11]. An efficient power utilization requirés a spacecraft trav-,
cling wave tube amplifier (TWTA), or solid-state power amplifier (SSPA), and possibly an
carth station high-power amplifier (HPA) to be operated in a nonlinear mode, which causcs
intermodulation, AM/AM and AM/PM transfer, and spectrum regeneration. To avoid a
spectrum spillover into the neighboring channels — which will cause adjacent channel in-
terference (ACI) — a careful design of the signal shaping filters in the modem, the output
filter which follows the HPA, transponder input and output multiplex filters, and possibly
linearization of the HPA and TWTA needs to be done. Hovever, tight filtering might cause
increased intersymbol interference (ISI). Multipath propagation within adjacent transpon-
ders on the spacecraft and reuse of frequency by other satellite or terrestrial links will cause
a further degradation of the system performance. In thissenvironment, nearly constant cn-

velope modulation schemes with 4 or 8 states and-a spectral efficiency of about 1 bit/s/Hz
arc used. ¢ '

In cable, telephone line, and terrestrial radio systems (except a mobile radio) the bandwidth
cfliciency is of primary concern, which leads to the use of high-level modulation schemes [S4],
[SG]. 256 state schemes with'a spectral efficiency in the range of 6 bit/s/Hz are the field lead-
ers. Such schemes are sensitive to amplitude and group delay imperfections associated with
practical (analog) filters, selective fading channels, ACI and cochannel interference (CCI),
and phase and timing uncertainties. ‘

During the past years,a tremendous amount of effort has been devoted to this subject. This
imcludes novel modulation schemes,which perform well in a complex ACI and CCI environ-
ment [S1], [$3], [S5]; power cfficient coding but at the expense of bandwidth efficiency (B19];
Ungerbock trellis coding in which an increased power efficiency is achieved without sacrifice
of the bandwidth efficiency, but at the expense of the increased number of signal stales and
- therelore jncreased sensitivity to carrier and timing uncertainties [P111], [S6]; combinations
of modulation and coding, different linearization techniques to improve performance of a
modulator-power amplifier combination [B10], [S3] —all these at the transmitter — and
different carrier and timing recovery schemes with and without equalization at the receiver
[133), [S7]-{S8].
Many investigations into new modulation schemes (pulse shapes) have been based on trial-
and-crror methods. After a "new” pulse shape (modulation scheme) has bgen found, heuyis-
ticatly, the analysis — usually supported by computer simulation — followed. The procedure



Chapter 1 : Introduction 3

was iterated until the "best” resultg were achieved. However, an optimal pulse shape for non-
lincarly amplified systems has not been déscribed in the literature. Chapter 2 of this Lhesis
deals with this problem in a different way. The idea and details are presented in the thesis
outline and Chapter 2, respectively. :

The bandwidth efficient modulation schemes usually operate in a linear channel environment,
and the practical constraints differ significantly from those systems which operate in a power
limnited environment. Some of the typical problems, i.e. group delay and amplitude linearity
impairments, estimation of the carrier phasc and timing and detection, and degradation due

to phase noise of the frequency sources are tackled in Chapter 3, Chapter 4 and Chapter 5,
respectively.

T
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1.2 DEMAND FOR. ACCURATE CARRIER PHASE
AND TIMING ESTIMATION, AND DETECTION

The correct detection of WQAM signals requires accurate carrier phase and symbol timing.
It is desired to estimate these parameters directly from measurements on the received data
. signal. Since WQAM schemes are of the suppressed carrier type, a nonlinear operation
an the receiver data is necessary. When the number of states or the imbalance increases,
cstimation becomes more complex and a higher sensitivity to any phase uncertainty ¢ and
timing uncertainty A might be expected. Some bandwidth and power efficient modulation
schemes criploy pulse weighting and overlapping to improve performance in nonlmcar ACI
and CCI environments, which impose addltlonal constraints on the receiver.

Numcrous techniques for carrier and tlmmg (clock) information recovery, based on a maxi-
mim likelihood (ML) or a maximum a posteriori (MAP) probability approach, have been an-
alyzed. Among others, references [B3], [S7]-[S8)] excellently summarize these efforts. Carrier
recovery {CR) loops for an unbalanced QPSK scheme are analyzed in [P127]-[P130]. New
CR loops for overlapped schemes are proposed in [P115]-[P116].However, studies (P131]-
[P136] show the superiority of a joint estimation of phase and timing, to which attention
is devoted in Chapter 4 of this contribution. Kobayashi [P131] proposed a joint estimator
and detector for QAM and SSB schemes which employs a decision-directed feedback. The
proposed ML receiver is a recursive type which minimizes the probability of error of an entire
data sequence and estimates phase and timing. Gaussian and generally unknown channels
which invoke an adaptive receiver are analyzed. Falconer and Salz [P132] showed that the
receiver of [P131] does not necessarily produce minimum symbol error probability. An ML
receiver is proposed where phase and timing estimates are updated on a sysnbol-per-symbol
basis,rather than by an average taken over an entire data sequence. Mengali [P133] analyzed
two different recursive methods for carrier phase and timing acquisition. The coupling be-
tween phase and timing is discussed in view of its effects upon the stability and convergence
ratc of the synchronization algorithm. Franks [P134], and Meyers and Franks [P135] exam-
ined a joint carrier phase and symbol timing estimation in SSB and MQAM schemes. The
importance of cyclostationarity for CR and timing recovery (TR) is highlighted and new
joint CR+TR ML based estimators are suggested. Poklemba [P136] presented a similar,
although different, practical realization of a joint estimator-detector for the QPSK signal

. Kam [P83] pointed out some of the shortcomings of prcv1ous approaches and suggested
a new ML recciver.

Most of the previous approaches dealt with optimization of phase and timing eghimators

and eventually the conditional probability of error for small uncertainties ¢ and M. Howe

cver, in praclice, an average probability of error P, = [, [y Plelz,y) p(z,y) dz dy is more
||nportanl Optimization of the system performance corresponds to the minimization of
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the :wcragc probability of error P, which is equivalent to the minimization of the product
P(el#, ) p(4, A). Herein, the product of this conditional probability of etror P(e|4, A) times
the probability density function p(¢, A) of a joint estimator shall be minimized over the cntire
range of ¢ and A. The probability density function p(¢, A) of the decision feedback loop is
difficult to obtain in a closed form. Therefore, we describe p(¢, A) by the nonlinearity surface
of the loop A(#,A), the importance and meaning of which is explained further, later. By

knowing P(e|¢,A) and h($,A) we are able to minimize P, and therefore improve the overall
system performance. '
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1.3 THESIS OUTLINE

The flowchart of the thesis is presented in Fig.1.1. In Chapter 2 the WQAM family is in-
troduced. First, attention is focused on the pulse shaping and overlapping at the transmitter
to keep the spectral density main lobe as narrow as possible while at the same time minimiz- -
ing the sidelobe level within the prescribed bandwidth. Although coding might be combincd
with the WQAM schemes to improve their performance even further, coding analysis is out-
side the scope of this contribution. Our signal shape consists of weighted rectangular and
cosine functions only, which allows an easy practical implementation of the modem even at
the highest data rates. We use the gradient scarch technique to minimize sidelobe levels
within an cquivalent baseband |[f7T,] = 0 to 5 (this corresponds to 1 to 2 adjacent channcls
in practicc). The results of this minimization are the values of the weighting coeflicients
in the WQAM modulator, the meaning of which will be further explained, later. It might
be expected that such a modulation scheme with low sidelobes will perform well in an ACI
cnvironment. Results which follow show that this hypothesis is correct. A comparison of
4 state WQAM schemes — new and known - is given, including signal shapes, power spec-
tral densities, and performance in the linear and nonlincar ACI environments — typical for
satellite systems.
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8 Chapter 1 : Introduclion

WQAM schemes with more than 4 states might combine different signal shapes at!different
signal levels to improve the performance in a particular environment. As an example of a
possible application of high level WQAM schemes, in Chapter 3, a bricf feasibility study
of the transmission of North American T1 (DSI) 1544 kb/s or CCITT 2048 kb/s data’
stream over the analog 240 kHz wide CCITT supergroup is performed. The performance
of the simplest, rectangular window, 256 and 1024 state, staggered and nonstaggered ) AM
schemes is analyzed in the presence of amplitude and group delay imperfections — typically
associated \with the supergroup filters.

In Chapter 2 and Chapter 3 a perfect knowledge of the carrier phase and symbol timing
was assumed. However, this information is not available at the receiver in advance. Before
any decision has to be made, the receiver must establish the correct phase and timing reler-
ence. This problem is considered in Chapter 4. First, by using a ML approach, four new
joint phase and timing estimators are derived. Then, based on the knowledge of ¢, A, and
estimator-detector behavior accumulated over the obscrvation mterval( ), MAP detectors
arc derived. Since both phase and timing estimates depend on the probability of correct
decision, this improved decision leads to an improved estimation, etc. As a result, a few new
structures are suggested which cancel (or at least significantly attenuate) data-dependent
pattern jitter, i.e. these loops perform nearly as well as a continuous wave (CW) loop.

The performance of any coherent digital modulation system is degraded by an excessive
amount of phase noise. In this contribution the term phase noise is synonymous with
non-thermal random interfercnce such as phase noise of the frequency sources (local oscilla-
tors,up/down converters,voltage controlled oscillators), etc. In the past a considerable cffort
has been devoted by various authors to this subject [B3}, [B13], [B15], [B16], [B20]. However,
an cxact mathematical solution for modulation schemes with more than 4 states has not been -
published. In Chapfer 5 we adopt a practical approach, which yields useful performance
curves in which the degradation due to phase noise can be readily seen.

Chapter 6 summarizes the thesis results. In the Chapter 7 a bricl research proposal for
the future work is outlined. This contribution concludes with an extensive list of references,
and a printout of the computer programs.
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A Dric{ outline of the chapter follows. In Section 2.1 the WQAM system is introduced. A
family of weighted cosine pulse shapes is defined. The gencral expressions for power spectral
density are given. The new modulation schemes termed IM- AM- HM- and BLQAM arc
introduced. In Section 2.2 the performance of the WQAM schemes is evaluated in linear
and hardlimited channels and in the presence of ACI by means of a computer simulation. A
comparison of new and known modulation schemes is %ivcn in the table and graphs.
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2.1. SYSTEM DESCRIPTION AND
SPECTRUM OPTIMIZATION

A weighted quadrature a.rﬁplit.udc modulation signai s(t) with data rates R4 = 1/T4 and
Rp = 1/Tp, where A and B represent the in-phase and quadrature channels respectively,
Fig.2.1.(a),is

s(t) = /P4 Za;w,‘(t — iT4) cos(2r f,t)
+ \/%Zﬁng[t - (Tp + 5)]sin(27rfc_t) . | (2.1)

The quantitics P4 and Pp are the signal powers, «; and. §; are independent binary (—_i:l)’/
random data sequences which could be obtained from an information sequence througl

a scrial-to-parallel converter, wu(t) and wpg(t) are the pulse shaping functions (weights, <
\vin(lowsj in channels A and B, defined in the interval (0,T4) and (0,Tg), respectively, f.

is the carrier [requency, and § is an arbitrary delay in the B channel. The present concept
might be appligd to multilevel, multistate systems, where, in general, different pulse shapes
might be employed on different "baseband levels. As an example, M-ary QAM schemes
employ oy, B; € {—(L—1),...,—1,+1,...,4(L — 1)} and rectangular signal shape on every
baschand signal level. By allowing P4 # Pp and R4 # Rp an (intentionally) unbalanced
system might be analyzed, or the effects of imbalance on the performance of balanced systems
might be estimated. Generally P4 # P and R4 # Rpji.c.,the QAM system is unbalanced.

In this chapter, we limit our attention to the 4-state balanced system with Py = Pg = P,
Ri=Rp=NR=1/2T = 1/Ts and wa(t) = wg(t) = w(t), particularly the nonstaggered
scliemes with § = 0 and the staggered schemes with § = T = Ts/2. The equivalent bascland
power spectral density of the WQAM signal s(t) is [B15,p.120]

—
S
o

—

Sy(f) = T%IW(I)I"’

where W(f) is the Fourier transform of the bégcband signal pulse shape w(t).



12

"1aA1993Y (q

sy w A
‘rojpiwsuel], (e :waisds uolje|npout apniyijdwe arnjerpenb vm,_;m_.mﬁ YL 'T'Z 21Nl

(q)

Chapter 2 : {-state WQAM schemes

d/5

wvaep

josseo0xd (eubys=ds



Chapter 2 ; i-stale WQAM schemes 13

We define the weighted cosine pulse shape as

w',;(t)d.éf { Yo cos(ﬂL{ll for |t] < Li/2, -(2.30)

0, for |t| > Li/2,

where

Ki=0, Y gi=1 (2.30)

The quantity g; is the weighting factor (90 = aj0r gi = birefers to the A or B channel,
respectively), R is the frequency parameter, L; is the overlapping factor normalized Lo the

symbol duration T and n is the class of the mgnal pulse shape. The Fourier transform of
the weighted cosine sxgnal 5

-

L./2
wun = el (=m0

-1 Za,L,{W,o (= B8y e WL + 200 (24)

where )
sin Tz

Wio =

= sine(mz) . (2.5)

The right choice of g¢;, K; and L; parameters depends on the desirable goal. Here, our
primary concern is the spectral density with narrow mainlobe and minimal sidelobe levels
within | fT5| = 0 to 5. Since the signal with larger overlapping factor L; posseses the narrower
spectrum,L = K; could be one of additional practical constraints. On the other hand, the
signal with large I causes intersymbol interference at the sampling point.A further increase
in L leads to a multilevel signal.The signal wy(t) with a smooth transitions from maximum
to zero and a good compromise between the mainlobe width and the sidelobe levels suggests
the K; to be an even integer. As an example,assume the overlapping factor L; = L,and

n = 3. The Fourier transform W3(f) of the class 3 signals, n =3 in (2.4),/%5 W
_rsin(wfL[2)1 reos(xfL/2)
Ws(f) = [ (=/L2) [ (JLy =1 ] L y <
QPSI\ llke MSI\ like ( )

day — (Bay —4(12+03)(fL)2 +{ay —az + ag)(fL)* '
x L T (2.6)

The spectral density consists of a QPSK-like factor, a MSK-like factor,@nd a third factor
which can be optimized to obtain a better spectral perlormance. Our results, reported in
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Scction 2.2,indicate that the signals obtained for the lincar channel also have a good pet-
formance in non-linearly amplified (hardlimited) systems. The performance of modulation
schemes is summarized in Table 2.1, The pulse shape which gives minimum sidelobes within
the |fTs| =0 to 5 frequency band is termed as the minimum. The choice of a pulse duration
L will depend on an expected amount of ACI, frequency scparation,and filter strategy. The
subclass of windows termed as minimum, with L = Tg is also known as the Blackman-
Harris family [P63]. If L > T the consecutive pulses will overlap, and the new clementary
waveshape within the interval (—Ts/2,Ts/2) will generally be asymmetric about the planc

t = 0.The + and — pulses will also be asymmetric. However,the symmetry is maintained in
average.

Thc QPSK, BPSK, and MQAM schemes analyzed in Chapter 3, are using rectangular signal
shape (Dirichlet window). The MSK consists of Hann 1 signal in each of two quadrature’
channels,and the B channel is additionally staggered by Ts/2 to maintain a constant enve-
lope of the signal s(¢),Fig.2.1. However,all other modulation schemes employ overlapping
techniques (overla.ppmg factor L > 1) to obtain a narrower spectrum. The envelope of Slgna]
s(t) is not constant in gencral. But spectrum sidelobes of schemes with the nonconstant
cnvelope are far below the spectrum sidelobes of schemes with the constant envelope. They
remain low even after hardlimiting, Fig.2.3. The QORC scheme employs the Hann 2 signal
window with the overlapping factor L = 2Ts.Further reduction of sidelobes level is achicved
by employing the Hamming weighting and overlapping,i.e. the HMQAM. _
In [P56] the MMSK signal family was introduced and the particular scheme with parameter
A=0.8 was found to be the best,based on a trial-and-error method. However,the BLQAM
which is equwa.lent to.the MMSK scheme with A=0.84 seems to be the best.

The sidelobe level of the SMQAM scheme is 12.7 dB lower than the BLQAM’s and far bclou
the QORC’s.Additional sidelobe level reduction could be achieved at the expense of a wider
mainlobe,i.c., by employing the AMQAM.

The signal sha.pcs wn (1 ) and the corresponding power spectral densities are gwcn in Fig.2.2.
and F'ig.2.3, respectively. - *

The 3MQAM outperfWSK in the whole frequency band,as well the QPSK, cxcept
around the first zero of the QPSK at fTs = 1. From fTs = 1.17 up,the sidelobes of

IMQAM are %clow the QORC. The 3MQAM represents a good compromise betyveen the
maiulobe width™and the sidelobes level.

'“ S
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Figure 2.3. The power spectral densities of WQAM schemes. Ordinata in dB.
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2.2 RFORMANCE IN ACI ENVIRONM}@NT
13

To etaluate the performance of WQAM schemes in ACI environmeng Lhe‘ computer simula-
tion procedure with the following assumptions is used. The WQAM receiver is illustrated
in Fig.2.1(b).. Here ideal carricr recovery (CR) and symbol timing recovery (STR) are as-
sumed. The simulation model of a system is given in Fig.24. A 5th order phase equalized
(constant group delay) Butterworth filter with single-sided bandwidth B;Ts = 0.55 is as-
sumed in every channel. The interferer’s phases and symbol timings are randomized over
the interval (0,27) and (0, Ts) respectively.

2.2.1 Linear channel

In the linear channel system model the hardlimiter in Fig.2.4 is by-passcd. The performance
of the WQAM systems vs. the normalized channel spacing frequency in the presence of two _
ACIs with the power level I} = I, = 0 dBr, equal to the power of the main charinel,is summa-
rized in Fig.2.5.(a). The performance of WQAM systems vs. the ACI interference level,i.e.
the relative fading depth,is given in Fig.2.5.(b). The staggered SIMQAM using simple
Butterworth filter is performing well even in the presence of strong ACI and outperforms

QPSK,SQPSK,SQORC(SIIF) [BS],[P52],and MMSK [P56].
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2.2.2 Hardlimited channel

The power spectral density of the signal s(¢),Point 1 after the hardlimiter in Fig.2.4,is given
in Fig.2.3. The sidelobes of SSMQAM scheme are about 10 dB below those of the SQORC
and far below QPSK and MSK. In the present filtering strategy configuration,the constant
envelope signals (QPSK,SQPSK and MSK) perform in exactly the same way .as in the casc
of linear channel. The performance of the WQAM systems vs. the normalized channel space
frequency and in the presence of two ACIs with the power level Iy = Iy = 0 dBr, equal
to the level of the main channel, is summarized in Fig.2.6.(a). The performance of the
WQAM system vs. the ACI interference level,i.c. a relative flat fading depth,is iilustrated
in Fig.2.6.(b). -

The SIMQAM outperforms all competitors if a normalized space frequency of adjacent
channels is larger than 1.35 fTs. As the fade depth increases the advantage of the SSMQAM
becomes more obvious. As an example, at the fade d:’zpth of 12 dB, S3IMQAM outperforms
SQORC (IJF) modulation scheme by more than 1 dB, Fig.2.6b.

Single channel per carrier (SCPC) satellite systems above 10 GHz, and terrestrial and satellite
systems for mobile, maritime, and aeronautical services, are some of the typical examples
where these schemes might lind an application. In practice, observed —main— channel might
be faded due to the rain (above 10 GHz satellite SCPC systems) or due to the shadowing
(mobile radio), while neighboring channels do not experience either fading or shadowing.
Under this circumstances the main channel is experiencing an attenuation of the signal level,
and in addition it must cope with an increased ACI. As it is shown, our new S3MQAM
scheme outperforms its competitors under these practical conditions.
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2.3 CONCLUSION

In this chapter the weighted quadrature amplitude modulation (WQAM) was introduced.
By using the gradient search technique, a family of pulse shapes with a narrow mainlobe
and minimal sidelobe levels within an equivalent baseband |fT5| =0 to 5 (this corresponds
to 1 to 2 adjacent channels in practice) was found. The performance of 4-state WQAM
‘schemes was evaluated in the ACI linear and nonlinear channel environments, with the chan-
nel spacing and fading depth (signal attenuation) as parameters, by means of the computer
simulation. One of the new staggered WQAM schemes, termed SSMQAM, outperforms
other known members of the WQAM family, i.e. (S)QPSK, MSK and (S)QORC in almost
all practical situations. By using the SSMQAM scheme more compact spacing —more
efficient transmission, i.e. more b/s/Hz— than before might be possible.

<
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The WQAM family was introduced in the previous chapter. The performance of 4 state
WQAM schemes was evaluated in the presence of ACL. In this chapter the performance of
the 256 and the 1024QAM schemes, which employ rectan‘ghlar window {pulse shape) at cach
symbol level, is evaluated in the presence of amplitude and group delay impairments. These
are the typical impairments associated with the practical (analog) filters employed in the
radio and cable systems. .

An outline of the chapter follows. In Section 3.1 an overview of system considerations is

given. The computer simulation model is presented in Section 3.2. The chapter concludes
with the results of the computer simulation.
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3.1 SYSTEM CONSIDERATIONS

. To transmit 1544 (2048) kb/s over a 240 kHz wide CCITT supergroup, a digital modulation

scheme with a spectral efficiency better than 1544(2048)/240=6.43 (8.53) b/s is required. To
achicve this, (S)256QAM and (5)1024QAM schemes, with a theoretically maximum spectral
cfficiency of 8 b/s/Hz and 10 b/s/Hz respectively,are considered in this chapter. Forward
error correcting (FEC) coding might be employed,which will bring the corresponding channel
rate to the 1.6 Mb/s (2.1 Mb/s). Throughout this chapter the information rate of 1544 (2048)
kb/s is associated with a channel rate of 1.6 (2.1) Mb/s. The 1.6 Mb/s might be transmitted
by the 256QAM scheme, which will give the symbol rate of 0.2 MBaud and the spectral
efficiency of 6.67 b/s/Hz. Should 1024QAM scheme be used,the symbol rate will be 0.16
MBaud, Table 3.1. In this case the less steep cosine filter with a = 0.5 would be sufficient
(e = 0.2 if 256QAM is employed). The 2.1 Mb/s bit rate requires the 1024QAM to be
employed,which gives the symbol rate of 0.21 MBaud,noise bandwidth of 210 kHz,channel
spectral efficiency of 8.75 b/s/Hz and « = 0.14 filters,Table 3.1.

Table 1. The 256 aiid the 1624QAM system considerations. -
256QAM . 1024QAM
Mb)s MBaud - a b/s/Hz MBaud o b/s/Hz
1.6 01‘20 0.20 6.67 0.16 0.50 6.67
2.1 — — — 0.21 0.14 8.75
&




.

Chapter 3 : 256 and 1024QAM schemes 27
3.2 COMPUTER. SIMULATION MODEL |
g 4

Iri’f’pracl:icc, at the transmitter the 1.544 (2.048) Mb/s data stream might be interleaved and
FEC encoded to 1.6 (2.1) Mb/s and split into two streams by a serial-to-parallel converter

S/P. Each streamSnight be differentially and Gray encoded into the 16 (32) level signals
with the symbol rate of 200 (210) kBaud. These signals are fed into the & = 0.2 ( o = 0.14)
cosine filters and modulated by the in-phase and quadrature signals.

256QAM (1024QAM) signal is fed to the in-phase and quadrature recciver. The ih-phasc
signal is used to.extract the symbol timing clock. After demodulation,the baseband adaptive
transversal equalizer might be applied to equalize the impairments caused by the supergroup-
through-connect filters and other system impairments. After Gray and differential decod-
ing,the in-phase and quadrature signals are parallel-to-serial converted into a 1.6 (2.1) Mb/s
signal. This signal is de-interleaved and FEC decoded and-becomes the 1.544 (2.048) Mb/s
replica of the original signal.

To be able to simulate the influence of ainplitude and group delay impairments on the
256QAM and 1024QAM systems we adopted a simplified computer model without coding
and cqualization and with the following properties: the pseudo-random data has period of
231 — 1, a half million samples is used for every run, the carrier frequency is set to the
zero,an ideal carrier recovery is assumed,Gaussian noise is included analytically and the
timing recovery has the memory which is 256 symbols long, i.e. practically perfect timing
exists. {

The computer model of the M-ary quadrature amplitude modulation, MQAM ,system is given
in Fig.3.X. yThe input data stream d(t) with the data rate of 1.6 (2.1) Mb/s is split, by
using the serial-to-parallel converter §/P,into the two independent data streams A(t) and
B{t}respectively. The B(t) could be staggered by a time delay § = Ts/2,where Ts is the
time period of B(t). A(t) and B(t) are processed in the 2— L level converter, z/sinz and
Va cosine filter to give the corresponding signals a(t) and b(t), respectively. M = L x I,
and e is the roll-off factor of the cosine filter. The corresponding parameters are given in
Table 3.1. The channel is represented by the filter H{f) and the whitec Gaussian noise. In
the practice,the cascade of supergroup (SG)-through-connect filters might have a significant
impact on the performance of transmission. At the receiver the in-phase and quadrature
channels are fed into the /o cosine filters. Assuming wide H(f),this filtering will satisfy

both Nyquisttand matched filter criteria,i.e. an optimum reception. If this is not the case,an

adaplive equalizer should be employed. The carrier recovery and timing recovery circuits
provide the cortect phase and timing instants to make a correct decision..Finally,by L —2

mapping and the parallel-to.serial conversion P/S an estimation of the original data, d(t), is

t The enrrier recovery and timing recavery schemes nre annlyzed in the Chapter 4.

)

_s'-
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available. ) _ ‘

The results previously achieved by this computer model were in a cloMgrécmcnt with the
measured results made on different hardware models with up to 256 states. Here,we present
the performance of 256QAM and 1024QAM modems in the presence of amplitude or group
delay imperfections similar to those associated with practical/SG-throwgh-connnect filters. =
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3.3. RESULTS N |

Three sets of results are presented. First, the pcrforrﬁance of the 1.6 Mb/s modems using
256QAM schemes and a symbol rate of 0.2 MBaud is compared with the 1.6 Mb/s modems
using 1024QAM schemes with a symbol rate of 0.16 MBaud.

quircdNo achieve the P. = 10~% performance when group delay or amplitude imper-
fectiops‘exist,and the (C/N) = 33 dB needed to achieve the same probability of crror
performance P, with the 256?AM scheme in an ideal Gaussian channel environment.

. The%rada.tion in dB is the difference between thé carrier-to-noise ratio (C/NY) re-

The performance of 256QAM ar}df 1024QAM systems in the presence of linear group delay
is summarized in Fig.3.2. } Staggered schemes seem to be less sensitive to the linear group
delay imperfections than their nonstaggered counterparts. In the presence of strong group
delay impairments the S1024QAM,with more relaxed filter o = 0.5,outperforms (S)256QAM
schemes with a = 0.2. In the Hermitian symmetric channel (parabolic group delay as given
in Fig.3.3 and parabolic amplitude gain as given in Fig.3.5) the staggered and nonstaggered
schemes perform equally. However,in the presence of the linear amplitude gain impairments
‘nonstaggered schemes outperform their staggered counterparts, Fig.3.4, i.e. 256QAM gives
the best performance and it is followed by $S256QAM,1024QAM and S1024QAM. Usually

amplitude distortions are less difficult to be equalized,which might prefere staggered schemcs
O

to be employed. /

(

{ The definition of group delay and amplitude gain corresponds to that given in (13, p.14s].
LU higher implementalion margin for the 1024QAM schemes is masumed in figures which follow.
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1.544 Mb/s @ 240 kHz SG

Linear group delayus/240 kHz
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_ / S10240AM  , 7“(
" . — , /,
:/'T\/ _——-A -_ - = I’
_ N~ 016 MBA.0=0.5 7 |
S256QAM .
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15
Linear group delay,us/MHz

Figure 3.2. The performance degradation of the 256 and 1024QAM (1.544/1.6) Mb/s

systems versus the linear group delay impairments. The degradation in dB is the

difference between the C/N necessary to achieve the P, = 10~® performance when

impairments are present, and the C/N=33 dB giving P, = 107% without impairments.
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1.544 Mb/s @ 240 kHz SG
Parabolic group delay,us/240 kHz
15 0 ‘ 0.5?76 o 1.1152 ' 1.7128 . 2.:?04 ___2.88C
| 256QAM '
0.2 MBd,a=0.2
y
10 F = . |
1024QAM
| 0.16 MBd.a=0.5 _
G
5 -
O N el 1 . 1 - L | i . | 1 1 1
0 10 20 30 40 50
Parabolic group delay,us/MHz
Figure 3.3. The performance degradation of the 256 and 1024QAM (1.544/1.6) Mb/s
systems versus the parabolic group delay impairments. The degradation in dB is the
difference between the C/N necessary to achieve the P, = 10~ performance when
impairments are present, and the C/N~33 dB giving P, = 107% without impairments. -
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1.544 J:lfb/\g:s @ 240 kHz SG
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5 ? R 3@48_ - 072 L 096 | 6 120
" S1024QAM / 1024QAM :
- o E
| . / |

10 - /S - S256QAM _
) & R |
;- Mﬂ/ — - } '/ -
: ::_-/ \ o . //
c K 0.16 MBd,x=0.5 s )

5 — '\_.q": /’ —‘
: o 256QAM

-

N~ 0.2 MBd,a=0.2

. B e TSy U IO PR
0 1 2 3 4 5

“Linear gain,dB/MHz

Figure 3.4. The performance degradation of the 256 a.nd‘)1024QAM (1.544/1.6) Mb/s

gain impairments. The degradation in dB

ary to achieve the P =108

Systems versus the linear amplitude

is the
difference betw=en the C/N necess

performance when
!Mpalrments are present, and the C/N=~33 dB giving Pe = 107° without impairments,
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1.544 Mb/s @ 240 kHz SG

' I Parabolic gain,dB/240 kHz :
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Figure 3.5. The performance degradation of the 256 and 1024QAM (1.544/1.6) Mb/s

Systems versus the parabolic amplitude gain impairments. The degradation in dB is

the difference between the C/N necessary to achieve the P, = 107® performance when

impairments are present, and the C/N=33 dB giving P, = 10™® without impairments.
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Second,the performance of the 2.1 Mb/s modems using the 1\024QAM schemes is given.

¢ The degradation in dB is the difference between the (C/N) required to achieve the

P, = 10~% performance when group delay or amplitude imperfections exist, and the
(C/N) = 39 dB nceded to achieve the same P, performance with the 1024 QAM system
in an ideal Gaussian noise channel. '

The staggered schemes seem to be less sensitive to the linear group delay while there is no
difference in the performance in the presence of parabolic distortions, Fig.3.6. However,the
nonstaggered schemes perform better in the presence of linear amplitude gain distortion,
Fig.3.7. "

Third, the computer generated eye diagram of the 256QAM system in the presence of
1.5 ps/MHz group delay is given in Fig.3.8 (a). The central cycs are quite open,while
the timing eyes are smeared, i.e.timing jitter exists. The eye diagram of the same system
but without group delay distortion is given in Fig.3.8 (b). In the S1024QAM system with
the 0.5 ps/MHz linear group delay and a = 0.14 cosine filter middle eyes are much nar-
rower,intersymbol interference is present,while the small timing eyes are totally smeared,i.c.
a strong timing jitter exists, Fig.3.9. However,this will notbe the case in an ideal a = 1.0
Nyquist channel, i.e. both sampling and timing eyes are [ully open, Fig.3.10. Obviously,
high level modulation schemes are very sensitive to any timing recovery uncertainty.
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2.048 Mb/s @ 240 kHz SC

Parabolic group delay,us/MHz

Linear group delay,us/MHz

”(
F;AQ The performance degrac{atlon of 1024QAM (2.048/2.1) Mb/s systems ver-

sus the group delay impairments, The degradation in dB is the difference between the
C/N necessary to a.chleve the P, = 1078

performance when impairments are present,

and the C/N=39 dB giving P. = 10~® without impairments.

-
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2.048 Mb/s @ 240 kHz SG

" Parabolic gain,dB/MHz

B 8 10
5 0 ' 12 ' ? ' ] ' I T
s -6
0.21 MBd,a=0.14 10
4 | _
! [ ]
3 I ¥ -
- Linear gain A
5 | S1024QAM .
1024QAM Parabolic gain  ~
1 —
0 : ‘ ‘

Linear gain,dB/MHz

Figure 3.7. The performance degradation of the 1024QAM (2.04@2.’1' Mb/s systerns
versus the amplitude gain impairments. The degradation in dB is the difference be-
tween the C/N necessary to achieve the P, = 108 performance when impairments are

present, and tue C/N=~39 dB giving P, = 10™® without impairments,
&
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3.4. CONCLUSION

In this chapter the performance analysis of 256 and 1024QAM schemes is per-
formed in the presence of amplitude and group delay impairments. A brief feasibility study
of the transmission of North American T1 (DS1) 1544 kb/s or CCITT 2048 kb/s data stream
over the analog 240 kHz wide CCITT supergroup is given. Staggered QAM schemes perform

better in the presence of linear group delay impairments, but nonstaggered schemes are less
sensitive to linear amplitude gain impairments.

¢

- In this, and the previous chapter, it has been assuméd that the receiver is pro-
vided with a perfect knowledge of the carrier phase and the timing instants. However, in
practice, this information is not available in advance. Before any decision is to be made, the

receiver must establish, by itself, a proper pltase and timing. This topic is the concern of
our next chapter.
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In Chapter 2 the WQAM family has been introduced. Its performance has been analyzed
in the presence of different impairments such ‘as: ACI, hardlimiter nonlincarity (Chapter 2),
amplitude and group delay (Chapter 3) imperfections. An exact knowledge of the carrict
phase and symbol timing(s) has been assumed. However, in practice, this is not the case and
prior any decision has to be made, the proper carrier phase and symbol timing(s) need to be
established. In this chapter, we search for new (improved) receivers for composite phase and -
.aming estimation and detection of WQAM signals, and then, compare their performance
with the known (conventional) ones.
An outline of the chapter follows.- The WQAM signal has been defined in (2.1). However, {or
the purposes of this cliapter a more precise definition is necessary. This, and the Bayes-based
optimization strategy are given in the Section 4.1. Section 4.2 deals with ML-based classical-
and equalized DFCRL. The performance of these loops is presented in the form of an uncer-
tainty diagram (UD) and a nonlinearity surface. Finally, MAP-based crosstalk cancellation
DIF'CRL,timing intersymbol interference (ISI) cancellation DFCRL, and FEEDLOQOP are

presented in Section 4.3.
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4.1. SYSTEM DESCRIPTION AND .
OPTIMIZATION STRATEGY .

A weighted quadrature amplitude modulation signal s(t, e, §, €1, €2, 0) with data rates 4 =

1/Ty and Rp = 1/Tp in the in-phase and quadrature channels respectively, can be_repre-
sented by ' )

s(t,a, B,c1,€2,0) = _\/P_;; Zg;wA[t —iTq + el(t)]lcos[.?';rfct + 0(t))

I

+V/Pg Yy Bjwplt — (Tp + §) + e2(t)] sin[2 fet + 0(2)),
i v

) ie{I} (1)

Quantitics P4 and Pp are the signal powers, o and S are independent random data sc-
quences, wa(t) and wg(t) are the pulse shaping functions (weights,windows) in channels

A and B, defined on the interval (—T4/2,+T4/2) and (~Tg/2,+T5/2), respectively, f. is

the carrier frequency, and § is an arbitrary delay 'in the B channel. ¢ {t) and ez(t) are
random timing offsets assumed to be uniformly distributed on the interval (~7'4/2,+T1/2)
and (—Tp/2,4Tp/2), respectively— and.independent of each other in general, and 6(1) is
the random carrier phase assumed to be uniformly distributed on the interval (-, +7).
Summations over i,j extend over the set of all integers {7}. In the text which follows we
usc abbreviations € = ¢;(t), €2 = e2(t) and 8 = 0(¢). .

We would like to minimize the average probabilities of error P4, P.g,where

PcA=// Plelz,y)plz,y) dz dy . "(4.2q)
) -} .
PcB=// Pelz,y) p(z,y) dz dy (4.20)
¢ JA2

Quantities Pe|le = ¢,y = A;) and P(ejr = ¢,y = A2) are the conditional error ratcs —
where crrors arc cornmitted by the decision devices within the loop and are conditioned
on the phase uncertainty ¢ = 0 — 0 and the timing uncertainties Ay = €1 — € and My =
" ¢a — €2, respectively. 8,%1, and & arcsestimates of the phase and timings as provided by
-the corresponding loops. p{z = ¢,y = A1) and p(z = ¢,y = A3) are the corresponding
probability density functions. Typical P(el¢, A = 0) and p(¢, A = 0

) functions are given in
Fig.4.1. . -

-
]

{
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}
1

Figure 4.1. The typical conditional propability of error P(e|$), probability density
function p(¢), and and average probability of ercor P. curves of the MQAM scheme
employing: a) classical carrier recovery loop (e.g. classical decision feedback carrier
recovery loop DFCRL) with normalized loop detuning By = 0, b) classical DFCRL
with Sy = 0.2, and ¢) crosstalk cancellation DFCRL. '

The values of corresponding P(¢|¢) curves are enlarged for illustrative purposes. In
practice they are as low as 1072 at ¢ =~ 0, and approach to 1 as ¢ — 45° .
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The minimization of the P4, P.g is equaivalent to the minimization of the corresponding
products under the double integrals in (4.2a-b). Therefore, we would like to finimize these
products over the entire range of {¢, A}. Both, yet unknown, functions depctld on the known
WQAM signal constellation and, yet unknown, circuit design which we would like to find.
To achifeve this, a Bayes estimate is used with' tlie following cost functiohs: Cy; = 0 for a
cofrect decision and Ci; = 1, i # j for an erroneous decision {B22]. Although a similar
analysis might be found in mhny books related to communications,our approach has a fcw
dilterences whicli lead to new solutions.These differences are emphasized in the text which
follows, including analysis of a few new receivers. A few preliminaries fieed-to be established.
The received signal r{t} consists of the signal s(t) and the band-limited (— By /2 to + B; F/2)
white Gaussian noise with single sided spectral density N,, i.e.

r(t) = s(t) + n(t) (4.3)

where, for convenience, we liave dropped the dependance of s(t) and thus r(t) on «, 8, €1, €2, 0.
We assume that the receiving IF filier-H(f) is wide enough to cause no additional shaping
of the signal pulse,and narrow enough to allow a narrowband representation of the noise
n(t),l.e. ~ ’

n(t) = nc(t) cos(2r f.t + 0) + n,(-_t}) sin(2r fct + 0) (4.4)

Furthermore,we assume that H(f) is symimetric arousid f,i.e. vhe in-phase noise component

n(t) and quadrature component n,(t) are statistically independent. In pclt"?xct:ice, a tight
filtering might be imposed on both tlre transmitter and receiver side accompanied with
nonlincaritics,adjacent and cochannel interferences (ACI and CClI)selective fading, and other
impairments. However,taking into account all of these factors at the same tix@‘r\ leads to
extremely complex expressions which rema.jﬁ to be sol¥ed. We limit our attention tda mare
tractable situation,where the WQAM signal is immersed in white Gaussian noise only. A
responsibility of the receiver will be:based on'observation of #(t) as given in (4.3),decide which

of data pairs {«, B) are sent.However first, both phase coherence and timing synchronization

nced to be established. Composite phase and timing estimation and detection analysis is o
performed as follovs. We use the sampled data approach [B21]. r(t) is uniformly saynht'&-/ ~
on the interval {0, Ty) N times.The spacing between samples is Al = — {3y = 1/2Byp, ‘
which creates independent samples. Now, (4.3) might be written in the sampled form

’ F=3+1 (4.5)
Quantities 7 and § are the N-dimensional vectors of the. received and transmitied sig-
nal,respectively,and i is the N-dimensional noise vector, the components of which are statis-

tically independent zero-mean Gaussian random val\z;blcs with variances N, 3;p. Withoul
loss of generality, we assume that a decision on r‘(t‘.)/ ccurs ab { = ke, at the k-th data

!

L
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symbol. Carrier phase is observed on the interval [k —1 =T, k — 1] where,with very little loss
of generality,it-might be assumed that Ty = V4.Th. V4. is an integer such that V. > 1,where
the first subscript A refers to the A channel and the sccond subscript ¢ refers to the carrier
phase dstiination. We arbitrarily assume that Ty = T4 and £ > 1,i.c. symbol rate R, in
the A channel is equal to or higher than Rp. During the interval [k — 1 — T¢, & — 1] there
arec V. symbols (Ok-1-T¢,0k—Tc,---,ak—1) in the A channel if ¢ = 0, Vg, + 1 symbols (
the right most part of ¢t .o-., Ak—1-Ts - - - » @k—2, the left most part of ag_y) if ¢ < 0, and
Ve + 1 symbols ( the right most part of g1, @r-T0, . . -, k-1, the left most part of )
if ¢; > 0. The data stream in the B channel is generally not aligned to the stream in the
~A channel. Depending on the data rate ratio £ static offset §,and amount of random offscts
i and €3, different combinations exist. Generally,Vge + 1 = Vi./€ + 1 symbols in the I
channel belong to the observation interval [k — 1 — T, & — 1]. Timing epochs ¢; and ¢z arc
observed on the interval [k — 1 — Ty, k — 1] and [k — 1 — T + Ae, k — 1 + A respectively,
where Ae accounts for Lhe relative offset between ¢; and ¢o.

With these preliminaries,the Bayes estimate of €,€e2 and § might be derived as follows:
Choose ¢ = €, €2 = é3 and § = # such that the conditional density function of the
parameters a, 3, ¢], €2,0 given observation vector 7, i.e. f(e1,€2,0|7), is maximum.
Such an estimator is called nondata-aided (NDA),while a data-aided (DA) estimator employs
data estimates & and 3 instcad. We use Bayes formula [B22]

-

i

f(CI,f-Z, 0‘;-:) — (f(rla-a ﬁ) 511;2(;:)’)) f(éls €24 0) (4 G)

-

where < - > represents the statistical average on data «,. Since f(F) is independent
of ¢1,¢€2, and #,the Bayes estimate of €1,¢z, and 0 might be restated as follows: Choose
€ = &, €2 = &, and § = 8 such that the product < f(Flo, B, €1,¢€2,0) > -f(€1,¢2,0) is
maximum. Usually, f(e;,€2,0) is assumed to be uniformly distributed over the (el_,e2,0)
hyperplane,which leads to the following criterion: Choose ¢; = &, €2 = €, and § = 0 such
that < f(f"la,ﬁ,cl,ez,a)v> is maximum. We call this estimator maximum likelihood
(ML),since the ML estimate corresponds mathematically to the limiting case of 2 maximum’
a posteriori (MAP) estimate in which the a priori knowledge approaches zerojle. ¢, 2
and 0 are uniformly distributed,[B22,p.65). Note that many authors treat €;,¢2, and 0 as
decterministic but unknown quantities in their ML approaches. f(Fja, 8,€;,¢2,0) is an a
posteriori probability and very often such an estimator is (incorrectly) called MAP. Later,
we use the knowledge of €1, €2, and & accumulated over corresponding observation intervals
to develop improved estimator-detectors,which will be called MAP.
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4.2. MAXIMUM LIKELIHOOD (ML) APPROACH( -

We maximize the likelihood function

A(Fler, 2,0 = Inl{f(Fle v, e0, 0], - (47)

denote the corresponding €1, €2, and @ with &, &, and  ,and name the respective estimator
as ML. The analysis proceeds as follows: Conditioned on a, 8, ¢, €2, and @, the random
vecter T is N-dimensional Gaussian with mean value which i3 equal'to the vector §,i.c.

| o B expl=(1/2 F—)TKTUN)(F=3 ,
[l Bre1,c0,0) = 21 (/(QL(WIZPKH(N”(U?)( g) s

Quantity Kn(N) = I(N)N,B/r is the noise covariance matrix, I(N) is the N-dimensional
identity matrix,superscript T' denotes transpose, and dependstce of f(F|a,B,e1,¢€2,0) on
a,0,€1,€2, and @ occurs in the vector 5. A more complex chapnel might be represented by
a complex matrix J{(/N), while a corresponding equalizer will be represented by its invEtse
K~Y(N). However, analysis of such a system is out of the scope of this contribution. Since
the components of vector ¥ are mutually independent

N
s - 1
}fl f(T‘lC(, ﬂa €1, €2, 0) = (QWNOBIF) N2 €xp (—}V— Z Irklet)

o k=1

i - i N 9 N
2
X exp (—-N-— Z |sk|* At + A ercSkAt) (4.9)

% k=1 % k=1

where ri = r(t;) and s8¢ = s{tg). ¢ d(‘{es not depend on a, 3, €1, €2, and 0 and might be
absorbed within a constant. Very often,'s(t} has been assumed to be a constant envelope
process and a maximization of the terms in the last sum of (4.9) followed. This is valid
for a rather limited number of systems such as nonfiltered QPSK, MSK, and MPSK. Any
filtering of such a system introduces envelope fluctuations, which require an equalization to
be employed at the receiver end. Here,we do not consider problems related to the filtering and
equalization. However,an envelope fluctuation is inherited within the elementary structure
of the multilevel and overlapped schemes and this must be taken into consideration. We
explore this problem in Section 4.2.2. In this section a constant envelope process is assumed.
Using (4.9), the likelihood function A{F|¢y, €2, #) might be written as

A(Flene2,0) =Y InY e +C (4.10)
1’4 1,7
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where sununation over V denotes estimation on interval [k = (V + 2),k — 1], summation
over z,] denotes averaging over all possible data patterns {ai, 8;}, and T will be described
in (4.13), and C is a constant which includes the a priory probabilities of the sequencics «

and B. Necessary but not sufficient conditions that must be satisfied by ¢, €3, and 6 in order
to be an ML estimate are

i

OA(Fles, €2, 0)
—_— = 4.11
a0 9=a,c1=?|‘(z=_fz 0 ( a)
IA(Fler, €2,0)
—_— = 4.110
8ﬁ1 9=&,C1 ={), 2= 0 ( )
OA(Tler e, 0)) _ 0 (119
062 “l 8=8, ; =&, =1tz
In addition to (4.11a-c) the following conditions apply
N[00  B*A [
N f0c o ) /0¢ <0 (4.11d)
; O*AJ30°  8°A[DedO

A has a maximum if 82A/8¢® < 0 and 9?A/80° < 0 at (¢,,8,)-this corresponds to a stable

and correct (desirable) lock point of a recovery loop. A has a minimum if 8?A/8¢® > 0
&*A/80% > 0 at (¢, 0,)-this corresponds to a false lock point of a recovery loop. Here we
have tacitly assumed that the function A(Fley, €2,8) is differentiable over all {¢1, €2, 0},i-c.
the first and second derivatives with respect to the ¢j; €2, 8 exist. However,this might not be
‘true, in general, and any singularity must be taken into consideration. As an example:The
derivative of a rectangular pulse must be precisely defined for t = +T5/2 as (ag — ak+1)/2;
the derivative of + + {— —) sequence of MSK,(Hannl pulse) has a discontinuity in the

vicinity of t = T5/2, i.e. the step from -1 to +1 (+1 to -1), and must be defined as zero for
t = Ts/2 for both cases;etc. Then, (4.11a-c) become

r (0T 00) T -

aA(flfalﬁ; €2,0) _ S ZIJ(E‘ ./el' )¢ (4.124)
v W .

OA(Fler, €2,0) ¥; ;(0T/ dey) e”

Anad v Jz-jcf (4.126)
v i

OA(Fler, €2,0) 2500/ 0cy) el 0.

P
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[

By using (4.1 and 4.8), a nondata-aided approach gives
1 \ o |
A /[PAx"(V;Cl) + Ppy*(V, &2)] + [Paz? (Vi &1) — Ppy*(V; c2)] cos 2(2r fot + 0) dt

- Ixzr‘ f VPar(t)a(V,er) cos(2nfut +0) +/Por(y(V, ex)sin(2r fut+ Ot (4.13)

g_grirz !_\t'_ /[PAzz(V,CI) — ngz(V, cz)]sfn 2027 fol + 0) dt

-5 f [VPar(t)a(V. ) sin(2n st + 0) = /Ppr(t)y(Vs e2) cos(n [t 4 0)}

(4.14)
6_[‘ _ .PA a:r(V, El)
% -~ N, z(V, 6_1)—661 [T+ cos2(2x fct + 0)] dt
+ 2vPa /r(t)M cos(2r fet + 0)dt + Las + Lac (1.15)
No aﬁl '
ar _ Pp dy(V,e2)
3 = N, y(V, €2) 9es [1 = cos2(2r fct + 0)] dt
2" / aj(v <) sin(2r fot + 0)dt + Lgs + Lpc (4.16)

where the summation over & is approximated with an integral

N
Y r{t) w(t —iT, + ) ::(27:' fot+0) AL =
k=1
+1. /2+4+iT,—<T. /2 cos .
[ r{te) w(t + ¢€) Sin(wacf+0) dt,, S=A,B (4.17)

~T,/2+iT, =T, /2 -

" and for convenience the integral limits are omitted. Lais,Lac,Lps, Lpe are terms due Lo
Leibniz’ rule given as

2\/ TA

Lis= r(t) cos(2x fct + 0)
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[2(iTp —Ta/2 — eaTa[7) = 2(iTp + Ta/2 — e Ta/7)| pa " (4.18q)

P . :
Lac= —A [52(1TA —Tal2 = aTa/7) = (iTa + Ta/2 — e1Ta/7)|pa  (4.18D)

- —=r(t) sin{2m f! + )
[w(iTs - Tp/2 - &Tp/x) - y(§Tp + Tp/2 — Tp/x)] Ps (4.19a)

P , .
Lpc = *N£ W*(iTo — Tp/2 — @Tp/x) — y*(jTs + Tp/2 — e2Tp/x)|pp  (4.100)

where p4 and pp are the probabilities of symbol transitions in the A and B channel, re-
spectively.  Note that for ¢ > 0, two symbols, the k-th and (k — 1)-th,are involved in
(4.18a—4.19b).

Equations (4.12a-c) are highly nonlinear, and explicit solutions for €, ez, and # seem to be,
at least, very complex if not impossible. Therefore, an ML estimator might not be practically
realizable in general. Furthermore, these equations are not independent,which suggests that
a joint carrier and timing(s) solution might offer better results than separate solutions. In
the following, we concentrate on some simplifications, which might lead to easier praclical
rcalizations. The integrals in (4.14-4.16) which contain double frequency terms equal zero
if the carrier frequency f; is an integer multiple of data rates R4, Rg. They arc negligible if
fe > R4, Rp and will be ignored in our analysis. Usually, the signal set in cach quadrature
channel is symmetric. Then, (4.12a-c) might be written as

9A(Fer, e2,0) "“1’62’ ) 0= Z D £ (4.200)

OA(Fler, 2, 8) N(e)
—_—l L 0= 200
361 ; Do (4 20 )

0A(F|61,62,0 N(Cg)

— . =0= .20
Jea 0 %: D, (4.20c)
-3

D, = er (‘1.2.[(!)
= Z Wi cosh(C ) W; cosh(S,) (4.210)

In (4.21a), t,7 € {7}, and the T term is given in (4.13). However,duc to symmetry of
the signal set,summations over £,j in (4.21b) and the equations which [ollow extend over
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“nonnegative intcgers only.

_42[ —8; sinh(C;) cosh(S,) + Cy cosh(Cy) sinh(S,)] (4.22)

_ N(el) =4 Z ( f \ El)—%ﬂ dt + b o] Wi cosh(Cx) W; co;h(S'y)

Nk NP" f axa‘:’ U (1) con(2m fet + 0) dt + L) Wi sin(Co) W, cosh(5y))
0 3 :
(1.23)

(&2 —42 f (V,e )6y( <2) dt + L ¢} W; cosh(Cy) W; cosh( y)

‘2\/1’73— f oy(V. 60) r(t) cos(2m fct + 0) dt + Lpg) W; cosh(C; ) W; sinh(S, ))

(4.24)
where
Pail \ .
W; = N, z2(V, € di] (4.25a)
. _ 2 " 250
W; on | V(e dl] (4.250)

are weighting factors proportional to the negative exponent of the signal-to-noise ratio (SNRR)
in the corresponding baseband levels,and

C, = 2 Af:*”' / r(D)2(V, ¢1) cos(2 ot + 0) dt (4.26a)
Cy = 2—5',@ jr(t)y(V, ep) cos(2m fot + 0)dt (4.260)
S, = ng /r(t):r(V,q)sin(?wfct + 0) dt (4.26+)
Sy = NA_/I:_BJ / (y(V, e2) sin(2nfet + 0) dt (4.264)

Leibnitz’s terms and derivatives are now related to the nonnegative i, Then, (4.20a-¢) sug-
gest a closed-loop structure for the joint carrier phase estimate ¢ and timing estimates ¢, ¢2
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given in Fig.4.2. In this and following figures, tlmmg information paths to thc integrals and
deloy elements necessary for a proper operation of the loops are omitted for the reason of
clarity. Note that the timing loop consists of two essential parts: the first one which repre-
sents the first continuous part in (4.15-4.16) and the second one which represents Leibniz’s
transitional parts (4.18a-4.19b). The transitional part only is the cssence of a digital data
transntlo%trackmfg loop (DTTE) [B16]. The probability of no transition of MQAM schemes
eeals 1/L,where L is the number of baseband levels,which suggests that this part might
be essential for a TR device for multilevel schemes. The transitional part of rectangular

schemes is independent of e,whercas it increases as e increases for MSK, an example of a
nohrectangular scheme.
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By approximating the continuous derivative by a finite difference, i.e.,
OA(Fler,€2,0) . Alc+ Ae/2) — Ale — Ac/2)
) B Ac
In"; sexp(+Ae) —In ), cexp(—Ac
_ Z n Z|.J c P(+ E)A n EHJ c p( ) (427(1)
v €
In3; s cosh(+A¢) — In 2i; cosh(—Ae)
=Y Ve D

Vv

whcrcN{:tAe} correspond to I'(e£A¢/2) respectively, an carly-late gate loop [B3] is suggested.
The summations in (4.27a) assume that ¢,7 € {I } while the summations in (4.27b) assume
nonnegative.z, 7. ' .
The structufe given in Fig.4.2 seems to be complex, and the hyperbolic sine and hyper-
bolic cosine functions might not be practical to realize. The approximations sinh(z) =
z, cosh(z) = 1 + £%/2 for small z (low SNR) and cosh(z) = sign(z) sinh(z) for large z (high
SNR) might be employed to simplify the loop. However,we proceed in a different way. For
4-state 2x2 baseband levels schemes, (4.20a-c) reduce to

) 0_1\{%5_2,_91 =0= ;[—SI tanh(C;) + C, tanh(Sy)] | (4.280)
aA(Flﬁl,ﬁg, 0) A & E)z(V, E';)
o —o- ;(— 2 [t =2 a

N [Qf / 3:!:5;261)7,(0 cos(2m fut + 0) dt + L as] tanh(C,;))

(4.280)
dA(rley, €2, )

_n_ s __}_)13_ ay(V,Cz)
dea _0_%‘( N, /y(V,eg) O¢ea dt

+ [z\fvﬁ- / 8y(8“:;62)r(t) sin(27 fet + 0) dt + Ls) taﬁﬁ@'m

y (1.25¢)

(1.28a-c) suggest a device as given in Fig.4.3. Without the TR part (i.c. 4.28b and 1.28¢)
and for rectangular signal shapes, this becomes a CR loop as given in [P127).



Chapter 4 : On Composite Phase and Timing Estimation and Detection

56

"3x33 9y} Ul (o-v gZ'F) '8ba 0y spuodealrod YoIYm ‘saTmadT WY OM
{(9Ad] puRqaFeq ZXZ 23839 ¥ JoJ Jojewnse Buiuwyy pue aseyd juiof ayg, 'g'F exndig

S

&

*

[
._:.,_w

®

N/14p?
N/ESrE

U

@5

qlwr 73

A\
ol Y2
3]

hot
I

d - | ¥0L UM)
- I
L 4  J
A x+ “w/%rz —
Py .W, 0JA
¥
N 7AY .
- -~ ‘ : i
val <._. I@ ) 4¢m uu>
. +
el Q- &>
NPT
/E%rz




Chapter § : On Composite Pltase and Timing Estimation and Detection

(5]

. We will not pprsuc unbalanced schemes further. However,note that QAM schemes with
+ mote than fﬁ:tcs are balanced only on average i.e. the average power in the A channcl

is equal to the average power in the B channel,but they are not balanced on a per-symbol-
basis. As an example,a 256QAM scheme exhibits the maximum imbalance of 15/1 when a
bascband level of 1 in the A channel is accompanied with the level of 15 in the B channel and
vice versa. Similarities between unbalanced schemes and MQAM schemes may be observed
on the corresponding nonlinearity curves for unbalanced schemes [P127]-{P130] and MQAM
schemes [P122]-[P125)]. For 4 state balanced schemes with Py = Pg, Ry = Rg = I/TS, =
Cy, Sz = Sy and rectangular signal shapes, (4.28a-c) reduce to

. aA(Flel y €2, 0)

%0 =0= E [— Sz tanh(C;) + C: tanh(S;)] (4.20a)
OA(F | 0} — ) \J
Fler, €2; .
_———.——-‘ ale 2 = PA/ dt \_,/

+ tanh(Cz) / ?—I-(—K'—Qr(t) cos(2w ft + 0) dt

! . 4+ tanh( / 9ylV,€) r(t sin(27 f t —i— #)dt
| + Lastanh(C.) + Lps tanh(S;)) (4.290)

which suggests the device given in Fig.4.4. The nonlincarity tanh(z) might be approxi-
mated by z — z¥/3! 4 ... for low SNRs and by sign(x) for high'SNRs. The high SNR loop
approximation without the timing part is called a DFCRL since decisions on ¢, 8,1.e. &, B
arc uscd to (partly) wipe off the data. This type of loop is often called data-aided. However,

a DA approach is not used here and this solution is, therefore, not necessary optimal in a DA
sense. The DA approach calls for data estimates & and 3 in (4.6-4.7). Both & and 3 depend
on ¢, €2, in a yel unknown way and a strict DA approach scems to be rather diflicult. La.tc'r..f-_
we discuss this dependence and a few improved circuits are suggested.
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MSK is an example of schemes with a nonrectangular signal shape. By using {(4.26a-d) and
(1.28a-c) the phase and timing cstimation equatigns become

Ml;‘o’fz—’—ol =0= Z(— fcos(%,f +-c)r(t)sin(21rfct +0)dt

"
\/_

x‘ tanh| [ s(— + €)r(t) cos(2m fol + 0) di)
+ ,/Sin(T + e)r(t) cos(2m fct + ) dt

X tanh|

\1/\5_3 ‘/sin(T—[‘T£ + €)r(t) sin(27 [t + 0) d‘]) (4.30a)

aA(‘F‘G;,Ez,O) A . wt .
e = 0= LVJ(-—[/ sm(? + e)r(t) cos(2m f .t + 0) dt + LASL

\/_

X tanh[ + e)r(t) cos(2r fet + 0) d]
+ [/ cos(? + €)r(t) sin(2r fet + 0) dt + Lps] - } .
. . . 4 \ . ; )
3 : ;

C X tanh[2 NIB ]sin(%_,E + €)r(t) sin{2n f ¢ +0)ﬁdi]> { w {4.300) Y

‘The corresponding joint estimator is given in ¥ig.4.5. Note the similarity of our estimator -
with that given in [P138,Fig.3]. Our scheme uses additional transition detectors TDA and
C s TDB to improve timing performance by accounting for the Leibuiz terms. Since MSK is using
(-{ cos(z) and sin(z) pulsc shapes in A and B channels respectively,the derivatives suggested in
!l (4.28a-c) are realize«| by employing the respective crossarm signals. In a data-aided apprafich,

.at high SNR, tanh(z) = sign(z) is used. The extensiofif this concept to other WQAM
“schemes is straightforward.

L4 ?‘V
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Figure 4.5. The joint phase and timing estimator for MSK schemes, which corre_;ponds
ta eqs. (4.30 a-c) in the text, ' i '
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No'.\ we procced with the CR structures analysis. When schemes with more than 4 states
arc ecmployed, a term within the second sum in (4.9) suggests that a quantizer

kd, for (k = 1d <z < (k+1)d;
T Qu(z)=¢ (L=-1)d, for (L—-2)d <z < oo k=042,%4,... (L -3)
—(L—1)d, for —cp <z < —(L—2). '
~ (4.31)

be used as a decision device. This loop, Fig.4.6, which we call the classmal DFCRL,
serves as a reference to which all new schemes are compared. This type of loop with an
integrate-sample-and-dump (ISD) circuit (box noted with an integral) within the loop arms
is called active,while the other one, employing a lowpass filter instead, is called passive. We
analyge the former one only and note that an active loop performs better than a passive
one,at, least for ¢,A = 0. Usually, an active loop with ideal sampling is assumed. Since
-this mxght not be a practical case, we analyze the loop performance in the presence of both

Q[\l uncertainty ¢ and TR uncertainty A, which to the best of our knowledge has not been
b.hshed 1/‘the open literature, yet. N

>

R
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timing

nonstaggered:a=(m~1)T,b=mT
\\s\t/aggered:a= (m=0.3}T,b=(m+0.35)T

-

o
Figure 4.8. The classical decision feedback carrier recovery loop.
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4.2.1. CLASSICAL DECISION FEEDBACK CR LOOP -

The block diagram of the classical DFCRL is given in Fig.4.  Combining both CR ang.
. TR uncertainties, { signal z4(f) at the decision device input 1t

24(t) = amwute= (m — )T — €] cos ¢ + bwp[t — (n — 1)T — ¢]sing + vy (4.32)

where v4 is the sample of Gaussian noise in the A channel. The conditional probability of
crror of an MQAM scheme is

U($,A) = P(c|d,X) = Ple|$p, X am = m = —(L — 1))
+ Ple|g, Aam =m = +(L — 1)] + Plel$, A lam =m| < (L—-1)]  (4.33)

P[Cld), )\’am =m= ﬂ:(L - 1)’“"’1—1 =u, bﬂ =n, bp1 = 'U] =

QI{~(L —2) + (L — RAUA]) + uRA(L — [N)] cos 6 + [nRp(|IM]) + vRp(1 — [A)]sing}] .
(4.31)

Plel¢, A lam=mj < (L —1),am_1 = U,bn_= n,bpey = v] =

Qlri=(m — 1) + [mBA(M) + uRa(l — [M)]cos ¢ + [nRa(jM]) + vRp(1 — |\])]sin )]+

QIv{+(m + 1) —~ [mRA(|M) + uRa(l - |Al)] cos ¢ — [rRg(|A) + vRp(1 — |A])] sin ¢}]
(4.35)

The quantities P(ejz,v,...) are the conditional probabilities of error conditioned on z,y, .- .
respectively,Q[z] is the Gaussian probability function [B26,26.2.3],7 is the average signal-
to-noise ratio at the decision device input,and R4(z) and Rp(z) are the crosscorrelation
functions of reference signal and data in A and B channel res;pectively, in the corresponding
TR loops. To distinguish between different conditional probabilities,the conditional prob-
ability of error P(e|¢, ) is called the uncertainty diagram U(#,A), the meaning and
" importance of which will be explained further, later on. "The conditional probabili/t‘,ﬂ'of error
of staggered schemes is given by (4.33-4.35) if Rp(|A]) and Rp(1 — |A]) -are“replaced by
Rp(1/2 +|A]) and Rp(1/2 — |A|), respectively.
The conditional probability of error performance P(e|¢) of MQAM schemes, conditioned on
a CR uncertainty ¢ is summarized in Fig.4.7. For comparison purposes, a probability of

1 e nssume that the receiving filter H(fj is wide enough to cause no significant pulse reshaping,and narrow enough to wllow the
narrow-band representation of additive white Goussian noise of the channel. The loop bandwidth is much narrower than the data
bandwidth, The loop is initinliy locked. As n consequence,the phane process ¢ in the loop varies much more slowly than the signal
and the noise process correlation time in much lcaa than the length of the symbol interval,ie. the noise ia practically white,

——

Ve

-
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error of 10712 is assumed. This corresponds to a typical non- fa.ded value in terrestrial radio.
To emphasize threshold crossings,the absolute value of arguments within the Q(z) function,
i.e. Q(|z]), is used. The corresponding angles represent phase errors which cause threshold
boundary crossings,i.e. erroneous decisions.

We will attempt to relate these theoretically obtained curves to some practical cases as
follows. As an example, an absolute CR phase uncertainty of 2 degrees causes a minimal
degradation of the conditional probability of error, if BPSK is employed, see Fig.4.7. How-
ever, the same 2 degrees uncertainties causes the degradation from 10~ —10 t6 1073 if 256QAM
scheme is concerned. The corresponding average probability of error P, depends further on
the probability density function p(¢), which is dictated by the loop design. For this type
of loop and an MQAM signal constellation, an exact expression for p(4) is very difficult to
obtain, and — in our best knowledge — is not known. As a consequence, P, is not known
cither. Therefore, for the practical purposes we will give some examples. If p(4) is uniformly
distributed, a7recewer does not have the information about the carrier phase and coherent
dctectlon.«ls:,/uot possible. If p(¢).= 8(#), where & is the delta function, the conditional
probability of error P(e|¢) equals the average P, and the ordinate in Fig.4.7 reads as F..
This occurs when the impairment dynamic is faster than the loop bandwidth, but slower
than the data bandwidth, i.e. the phase error is virtually constant over a number of data
symbols. A practical loop emphasizes the angles close to zero degrees. Thecefore, Pe results
better than those given in Fig.4.7 might be expected. Fig.4.7 gives an estimate of maxi-
mum tolerable imperfections of the loop components, such as phase detector, amplifier and
filter responses, d.c. wandering, etc. Obviously, as the number of levels (states) increascs,
these imperfections cause an increased degradation in the P, performance. In Section 4.3
we search for loops which are less prone to these effects. There, the P performance of the
classical DFCRL is given and compared with new improved loops.

The L-ary pulse amplitude modulation,LPAM (M=LxL),conditional probability of error
performance P(e|)) is summarized in Fig.4.8. To emphasize threshold crossings the absolute
value of arguments within the Q(z) function, i.e. Q(|z|), is used. The corresponding fractions
represent timing errors,normalized to the symbol duration,which cause erroneous decisions.
A timing uncertainty of 1/30 of the symbol duration causes a performance degradation in
probability of error from 107! to 107%"in atwo level baseband signal modulation scheme
(BPSK,QPSK),but an erfonequs dec15101 in a 16 (256QAM) or higher level scheme.

The meaning of this figure is s that of Fig.4.7.
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Figure 4.7. The P(e|¢) performance of MQAM schemes. The performance of 10~19
is taken as the reference, To emphasize threshold crossings, the absolute value of a.rguments
within the Q(z) function, i.e. Q(|z|), is used.
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Figure 4.8. The P(e|) performance of the LPAM schemes. The performance of 10719 is
taken as the reference. To emphasize threshold crossings, the absolute value
of arguments within the Q(z) function, i.e. Q(|z|), is used.
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The combined effect of the phase and timing uncertainties on the system performance is given
by (4.33-4.35). To get a hetter understanding of the nature of (4.33-4.35), we plotted them
using two different forms:the uncertainty diagram (UD) U(¢, A) and,the equal probability
of error or the isoper curves. To emphasize threshold crossings, @(z) is sometimes replaced
by Q(|z])- U(4, A) exhibits a periodicity of 27 radians, while U(j¢, A|) of the BPSK and QAM
schemes have periods of m and #/2, respectively. The UD and isoper curves of the 256QAM
scheme are given as an example in Fig.4.9a-b. These figures show a high sensitivity to
any phasc and timing uncertainty assuming that a classical DFCRL is used.« The UD and
isoper curves of the BPSK, 4PAM,QPSK,SQPSK and 16QAM schemes are given in {P117].
Similar curves for four level modulation schemes are generated by Harris and Kristiansen
[P118] using a computer simulation technique. Further results are given in [P119]-[P121}\_
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More detailed analysis of the loop behavior including the probability density function, av-
crage probability of error,slipping rate, and acquisition properties is out of the scope of this
presentation. However,most of these quantities, including p{¢$, A) are functions of a nonlin-

carity surface which will be briefly assessed. The integro-differential equation of the loop
. ' (
is .

#(t) = B(t) ~ K, F(p) e P, ([—g1(¢, A)sin ¢ + g2(, A) cos ] + v/ Ne(, A)No) (4.36)

'_]>'whcrc Poy = 2(M —1)/3 is the average signal power, the dot represents the derivative with
" respect to the time variable i, F(p) is the transfer function of the loop filter, K, is the
equivalent loop gain, A is the delay within the loop,functions g1, g2 and N, are

91(6,A) =< ait + bb|¢, A > [ Pos (4.37)
g2($, A) =< ab — ba|g, A > [ Pay (4.38)
Ne($,2) =< & + (g, A > [ P, (4.39)

v is a Gaussian random variable,and < - > represents the time average. The function

- —'gl(qbs)\) 51n¢+92(¢$ ’\) COS¢
h($,A) = 2 AR (4.40)

is termed the normalized nonlinearity surface or (two dimensional) restoring force of
the CR loop,and becomes the nonlinearity S curve when A — 0. An integral of ~h(¢, A)
represents a potential function. The nonlinearity surface QPSK has period of #/2 radians,
Fig.4.10. However,the period of staggered QPSK is extended to = radians, Fig.4.11. The
nonlinearity surface of the SQPSK scheme has a favorable shape in a comparison with the
shape of the QPSK scheme, because of an extended linear region near the origin (¢ =0, A =
0) and the larger period. Therefore, SQPSK will perform better (will have lower £,) than
QPSK in the presence of phase uncertainties. Note that p(¢,\) depends on h(4, A),i.c.

ezp(— [ J, h($,}) dz dy]

p(¢, )= C N6 N IV, -—i- Ito terms (4.41)

p(¢,A)isa nonelementary function due to a nonclementary integral in its exponent. By using
(4.36-4.41),50lutions u: (4.2a-b) might be obtained, in principal, by a numerical integration.
However, for more than 4 state schemes,an excessive amount of computer time is required.
Nevertlieless, for comparison purposes, the nonlinearity surface 2(¢, A) and uncertainty dia-
gram U(¢, A) are better figures of merit than the corresponding average probability of crror
F.. An ideal U(¢, A) is independent of ¢ and A, while i(¢) = sin ¢ is a good choice.

4
-
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4.2.2. EQUALIZED DFCRL

Although an equalization within the loop might be employed in any narrowband system
to improve performance,here we analyze a wideband system employing an overlapped mod-
ulation scheme. Due to overlapping pulses extending beyond the (—T/2, +T'/2) interval,
Fig.2.2, IS is present at the receiver. We analyze this ISI,which might be reduced by
employing a simple cqualizer in each of the quadrature arms of the DFCRL. Our analysis
uses the SQORC (also known as Feher’s 1JF, [BS]) modulation scheme, Table 2.1,Fig.2.2,
¢qs.(2.1-2.3), as a wwdel which might be straightforwardly applied to any other overlapped
scheme. From (2.1-2.3), it is easy to show that SQORC does not have a constant envelope,i.c.
the factor within the second sum in (4.9) is not a constant. Therefore,a ML approach should
take this into consideration. By applying the previous, rather lengthy procedure, an ML-
based receiver might be derived. Instead,we use a more effective approach based on the
following logical reasoning: The aufocorrelation function of an overlapped scheme spans
more than a 2T second interval, Fig.4.12, i.e. neighboring pulses cause ISI at the sampling
point. We assume that an early-late gate loop, like a TR crosscorrelation device, is used to
establish a timing reference,[B3], and sampling is made every T seconds. The crosscorrela-
tion function of a presumably rectangular reference signal and input pulses (described by
cqs. 2.3a-b), rather than the autocorrelation function given in Fig.4.12, are used for our
purposes. A T seconds long pulse might have four different forms, Fig.4.13a, and an equal
number of forms with opposite signum. The signal power after the ISD device (denoted
with an integral in Fig.4.8), i.e. at the decision device input, varies from symbol to symbol
because of non-equal pulses. The probability of error performance is dictated by a pulse with
the lowest energy,i.e a degradation of 1.09 dB might be expected. This theoretical result is
experimentally verified on our IJF modem, Fig.4.13b. This translates into a conditional
probability of error degradation from 107!% to 107859, See the UD in Fig.4.14.
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Figure 4.13. a) The SQORC signal shapes. b) The average probaBility of error perfor-
mance measurements () of the [JF (SQORC) modem employing the classical carrier
recovery loop.
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. ¢ :

To smooth\he signal fluctuations of ovérla.plf)cd schemes at the decision device input a
simple 3-tap equalizer is placed between the ISD and the decision device inside the DFCRIL
in Fig.4.6, which gives a new loop called equalized DFC‘EK.L Fig.4.15. The noisc aftcr
the cqualxzer is-Gaussian but not white with vasiapge’ a:gg ;gc + 2¢2)N,,where ¢,,¢; are
tap coefficients. As a consequence,the performance of SQGRC—“ 1s imiproved to 107997 which
is a minor, ra.thu insignificant degradation (0.03 dB) from the 107!° reference. The UD of
SQORC using this transversal type of equalizer within the DFCRL is illustrated in Fig.4.16.

Although the pulse shape of QORC schemes extends over parts of three T intervals— the
right half of the (k —1)-th,all of the k-th, and the left half of the (k+1)-th interval, Fig.2.2,
the energy in the (k — 1)-th interval depends also on the pulse inthe (k — 2)-th interval, elc.
Total ISI cancellation requires an infinitive number of taps. However,a simple 3-tap equalizer
cancels IST almost completely. Tap coefficients actually depend on the data streams in both
quadrature channels,except for ¢ = 0. By employing a more complex feedforward and
decision feedback equalizer, we might be able to achieve a slightly better performance than
given in Fig.4.16. However, a detailed analysis of the canceller dptimizatidn is out of the
scope of this contribution. An ML-based device for SQORC (and other overlapped schemes)
might also be realized in a parallel form. Three pairs of in-phase and quadrature arms at
frequencies f; and fc+n/Ts will be followed by the ISD and decision devices plus a baseband
combiner. No equalizers will be needed.

We have concluded the analysis of the ML approach and proceed with the MAP approach
in which a search for new improved loops is pursued.
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4.3 MAXIMUM A POSTERIORI (MAP) APPROACH

St '
,_‘: T _/\

Previously,a uniform distribution of f(ey, €2,0) in (4.6) was assumed and ML optimization
followed. A structure with the tazh(z) nonlinearity was found, which was approximated with
sign(z) for high SNR and realized with a quantizer characteristic (4.31) for ‘schernes with
more than 2-baseband levels. The corresponding loop is called classical DFCRL, Fig.4.6. -
However,as shown by (4.31-4.39) and Figs.4.7-4.11, this loop seems to be optimal for ¢ =
A = 0 only. In genecral,we might use the knowledge of f (€15 €2, 0) accumulated over previous
Vp and V; symbols to improfe our decision on the k-th symbol. This value of f(e1,€;,0)
might be introduced in (4.6) and an MAP optimization procedure might follow. However,
f(€1,€2,0) and the related p(¢,)) are nonelementary functions, which are rather difficult
if not impessible to manipulate. Therefore,we use a more practical approach based on the
knowledge of ¢, X and h(¢, A) accumulated over previous V, and Vi symbols respectively,as
follows: According to (4.32—4.35),the phase uncertainty ¢ of the loop causes an attenuation
of the in-phase signal proportional to cos ¢ and a crosstalk proportional to sin ¢. The timing
uncertainty A causes an attenuation of the k-th pulse (on which the decision has to be
made) proportional to R(|A]) and an ISI of the (k — 1)-th or (k + 1)-th neighboring pulsc
proportional to B(1 — |A|). A model of these degradations is shown in Fig.4.17a. Since we
know the V; symbols long estimate of ¢,5ay ¢, the Vi symbols long estimate of A,say ),and
the (Ve, V) symbols long estimate of A(¢, A),say A(é, A),we might be able to compensate
for these degradations, Fig.4.17b. For the purpose of this contribution,we assume perfect
estimates of ¢,A and A(¢,X), ie. ¢ = ¢, A = X, and k($,A) = h(¢,)), which might
be reasonable since high SNRs within the loop bandwidth are assumed. A compensation
for the ¢-caused degradation is explained in Section 4.3.1, compensation for the A-caused

degradation is explained in Section 4.3.2, while a hybrid compensation scheme follows in .
Section 4.3.3. '

IEs
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4.3.1 Crosstalk Cancellation DFCR. Loop ' o

The following conclusions might be drawn from (4.31-4.40): The quantizer represented by
the characteristic in (4.31) is an optimum nonlinearity for ¢ = 0 only. However,to minimize
an average probability of error P, for any ¢, a device for which the decision is independent
of ¢ must be found. In addition to the already applied ML critebium, different criteria (con-
straints) might apply,e.g. minimum rtean square error,etc. We decide to minimize P(c|¢)
over the entire range of ¢, which, as shown later, corresponds to the cancellation of pattern.
jitter. Although an analysis might be quite complex regarding the difficulties of an exact
calculation of the noise statistics at the VCO input, we ignore this noise, which is reasonable
as long as the loop bandwidth is small in comparison with the data bandwidth. Then,a
new crosstalk cancellation (CC) DFCRL for M-ary quadrature amplitude modulation
(MQAM) signal sets is given in Fig.4.18. The loop employs two adders,two baseband am-
plifiers with gains equal to tan ¢, and two adaptive quantizers (or a pair of amplifier-fix
. quantizer combination), which are governed by a phase error ¢ of the loop, to cancel (or at
least attenuate) the crosstalk. As a result,the pattern dependent jitter is cancelled (at least
attenuated) and the loop performs as a continuous wave (CW) CR loop. Here,we optimize
the loop performance for A = 0, while a more genetal case ¢ # 0, A # 0 is analyzed in
Scction 4.3.3. If K4(¢) = Kp($) = tan é,a signal at the A decision device input is

A= (+amcosd + b,sing + v4)
—(—@msing + b, cos ¢ + vg)tan ¢

Om

" cos ¢

+ (v4 —vptan @) : » (4.42)

l.e. no crosstalk occurs and the signal-to-noise ratio remains constant,since both the desired
signal and noise powers are increased in the same proportion. A decision is independent of
CR uncertainties,i.e. the loop operates as a CW CR loop and the nonlinearity curves equal
sin ¢, Fig.4.19a (here an ideal timing is assumed). Note that the curve labeled A = 0.0
corresponds also to any MQAM scheme (within a constant factor), assuming CCDIFCRL
is employed. The nonlinearity curves (A = 0.0) of the MQAM schemes employing classical
DFCRL are summarized in Fig.4.19b. The advantage of our new crostalk cancellation loop
over the classical one is obvious.
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”

In our analysis of the CCDFCRL we have assumed an optimal estimation of b, ie. dp=¢=
(¢, A = 0)]~! where [A(¢, A = 0)]~" equals the inverse of h(¢, X = 0). A detailed analysis of
this estimator is out_of the scope of this presentation. However,a brief heuristic explanation
follows. Let’s assume that the loop is initially locked and ¢ = 0. As input symbols of data
are arriving into the loop arms, the phase uncertainty ¢() due to Gaussian noise fluctuatcs
slowly (relative to the symbol rate) and might take any value between (==, +7). For small
¢, h{¢) = ¢, i.e. ¢ is directly proportional to the voltage h(¢$). The shaded part of the
loop in Fig.4.18 feeds back this (presumably correct) information on ¢ accumulated over
the previous V; symbols and improves the decision at the &-th symbol,which is now virtually
independent of ¢. This improved-decision changes h(¢) from the complex form given in
equation (4.40) and Fig.4.19b tq h(¢) = sing, Fig.4.19a. As a final result,the pattern
jitter is cancelled (practically,it is attenuated by an amount proportional to the ratio of data
and loop bandwidths R, = SNR;r/SN Ry) and, more importantly,the quadrant ambiguitiecs
previously present due to the combination of signal constellation and fixed threshold decision
devices,have vanished. Similar improvement might be expected in the tracking of unbalanced
schemes while employing proper gains in the quadrature arms.

The average probability of error P, of the WQAM schemes employing CCDFCRL equals

+x
Po=P(eld) [ p()ds = Plp =) (4.43)
constant ‘l:fl———’ "'\

1.c. no degradation (pattern jitter) exists due to the presence of data, assuming P, < 1073,
At high P. (above 1072) the signal A(¢) which governs the loop is attenuated {by approx-
imatelly 0.175 dB at P, ~ 10! when;!lGQAM is conterned) since the decision principal is
employed within the loop. However, further analysis of these effects at high P, is out of the
scope of this presentation.

In order to compare the average probability of error P, performances of the WQAM schemes
employing the classical DFCRL and those schemes employing our new crosstalk cancellation
DFCRL the knowledge of the probability density function p(¢#) of the classical DFCRL is
necessary. This is rather difficult task, which requires a tedious mathematical procedure to
be employed in an attempt to solve the stochastic partial differential equation of the [Fokker-
Planck-Kolmogorov type, or a time consuming computer simulation needs to be done. On
the contrary, the probability density function p(¢) of the crosstalk cancellation DFCRL is
practically equivalent to that of the CW loop and is given by [B16], Fig.4.1,

p>10 _expp(cos ¢ + By )] 4 4
p¢) = C o7 To() (4.44)

p is the signal-to-noise ratio within the loop, C is the normalization constant, By = B/pis
Lhe normalized loop detuning, g is the absolute detuning, and Ip(p) is the modified Besscl
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function of zero order and argumentig—~We assume that the classical DFCRL has the same
probability density function p(¢) as the CW loop (and the crosstalk cancellation DFCRL)
— except for the factor four and the periodicity of 7 /2 radians. The true probability density
function ‘gf the classical DFCRL will have less desirable form. Therefore, our estimation
might be biased in favor of the classical loop.

We were able to perform the Monte.Carlp simulation of the performance of the QPSK
schemes — employing both classical and crosstalk cancellation loops — at P, > 10~* and
that of the 36QAM at P, ~ 10~2. We also generi.ted the theoretical performance curves of
QPSK and 16QAM schemes at p < 174 (22.4 dB). The results are summarized in Figs.20—

21. I Fig.20 the QPSK log,o P, performance versus the carrier-to-noise ratio C/N in 4B in

the double-sided Nyquist bandwidth and the normalized loop detuning (loop stress) Sy as
a parameter is presented. The ratio R, = p/SNR;r = 10 is assumed. This is the lower end
practical value, which allows us to generate these curves. Note that typical satellite systems
operate at SNR;p > 5dB,i.e. p > 15 dB. The typical terrestrial (and cable) systems operate
at even higher SNRyr (p >15 dB). An estimation error of 0.46 dB is assumed when the
crosstalk cancellation DFCRL is employ?:d. An ideal ambiguity resolution is assumed when
the classical DFCRL is employed — a bias in the favor of the classical loop. In practice,a
degradation of 0.3-0.5 dB might be expected due to the ambiguity resolution. A random
d.c. wandering within the loop, channel asymmetrs (e.g. during a selective fading event), or
any other dynamic impairment of such kind will cause a stress in the loop and consequently
a degradation of the P, pcrformari{:q.'The classical DIFCRL suffers significant degradation,
while our new loop is practically insensitive to these kind of impairments, Fig.4.1, Fig.4.20.
At P, = 10_g and Sy = 0.7 our new loop outperforms the classical one by 2.5 dB, assuming
QPSK is employed. Results in Fig.4.7, and Fig.4.21 indicate that at lower P, and for
higher state modulation schemes our new loop will outperform the classical one by even
higher margin.

e E.g., let’s brief the necessary performance of the K (¢) and Kp(4$) devices (amplifiers).

Let’s assume the symbol rate equals 10 Msymbols/s. Then, the necessary bandwidth of the.

K A($) and K p(¢) devices is in the range of the tens of MHz. Usually, the loop bandwidth
is a one hundred or more times narrower than the bandwidth of the data. Therefore, the
phase changes ¢ and the necessary dynamic changes of the K4(¢) and Kp(4) amplificrs
arc in the range of one hundred of kHz, or lower. The necessary gain is proportional to the
tan ¢. I || < 45°, K a(¢) and Kp(¢) perform as aﬁuators. If the maximal available gains
of K(¢), Kp(¢) equal 100, the tan ¢ function might be modeled for any ¢ except in the
1° wide strips around £90°. Therefore, the crosstalk cancellation DFCRL might be realized
with the practically available components.
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Figure 4.20. The QPSK log;, P, performance versus the carrier-to-noise ratio C/N
in dB in the double-sided Nyquist bandwidth and the normalized loop detuning (loop
stress) By as a parameter, employing classical or crosstalk cancellation {CC) decision

feedback carrier recovery loop (DFCRL). The ratio R, = SNRL/SNRyr = 10 is
assumed. '
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Figure 4.21. The 4 and 16QAM log;o P. performance versus the normalized loop
detuning (loop stress) Sy, employing classical or crosstalk cancellation (CC) decision

feedback carrier recovery loop (DFCRL). The ratio R, = SNRL/SNRrr = 10 is
assumed.
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4.3.2 Timing ISI Cancellation DFCR. Loop | —

By observing equation (4.34), it is easy to sce that a'timing uncertainty A causes complcx' ISI.
As an example, these negative effects might be partially overdome by employing a simple
3-tap equalizer,whosé ccntral tap gain is proportional to +1/R(]A]) and the gains of two
neighboring taps are ‘proportional to the product of —R(1 — |A|) and the corresponding step
function (c_1 = 0 for A > 0, while cgy = 0 forA < 0), Fig.4.17b. In a system employing
narrowband filtering,an equalizer with more taps will be necessary. The resultant CR loop is
“called timing ISI cancellation DFCRL,Fig.4.22. The loops in Fig.4.15 and Fig.4.22
are the same except for the different tap gains of the corresponding equalizers. Here we have
assumed perfect knowledge of A and have ignored crosstalk terms proportional to sin ¢. The
noise after the equalizer is Gaussian but not white with variance ¢ = [R™2(|A]) + R%(1 -
|A])]N,. However,SNR is proportional to

R
T RN RE(L— V) (4.45)

Timing ISI pattern jitter is cancelled but SNR and the conditional probability of error
deteriorate as A increases. However,this deterioration is not as severe as in the classical
DFCRL. The relative improvement increases as the number of baseband levels increases.
- A decision feedback equalizer which cancels timing ISI on the previous symbol(s) and a
transversal equalizer which acts on future symbol(s) might give better results. Further
improvements might be expected with an optirnization of the TR circuit. :

(3]
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4.3.3 FEEDLOOP-

By using knowledge of both ¢ and A accumulated over V. and Vp symbols respectively,a
new feedback structure which uses an estimation of phase and an estimation of timing to
improve detection is sugg&eted in Fig.4.23. We call this loop FEEDLOOP, as an acronym
for Feedback of data,Estimation of phase, Estimation of timing, and Detectlon LOOP. The
uncertainty diagram of FEEDLOOP is independent of ¢ and dependance on A is significantly
reduced,which becomes particularly important for multilevel schemes. SNR at the decision
device input is proportional to '

R2(|A]) cos ¢
cos ¢ + RE(IA)RE(I — A])

(4.46)

for a FEEDLOOP employing a transversal equalizer, Fig.4.23. Based on the results of the
Monte Carlo simulation, the UD of 256QAM scheme employing a FEEDLOOP is given in ~
Fig.4.24. Note the deeps arround the singular points at ¢ = £ 90 degrees. The width of
these deeps depend on the practical limitations of the components within the loop. The
advantages of the FEEDLOOP,as seen in the results presented in Fig.4.24, and Fig.4.1c,
over the classical DFCRL, Fig.4.10a-b, and Fig.4.1a, are obvious.

The SNR for the FEEDLOOP employing a decision feedback equalizer is rather difficult to
calculate,in general. However,regarding A as a slow varying process Yelative to the symbol
rate, i.e. A is constant during one symbol period,

IST o agan R(1 —JA)P(exlA) (4.47a)
signal oc ag {1 — [1 — R(IA])]P(ex|r)} (4.47b)
noise o< a7 - (4.47c)

f;};{i&‘;’e o means proportional to. Crosstalk is reduced by P(e;|A),the drop in signal is reduced

i? the same proportion,and noise remains the same.
A few more sentences are devoted to the choice of UD arid nonlinearity surface as figures of
merit: An UD independent of phase uncertainty ¢ and timing uncertainty A represents the
best possible performance,i.e. a CW loop. Any dependence on ¢ and ) represents a degrada-
tion caused by the presence of data,which has been called in the literature "data introduced
[SI,” "data dependent pattern jitter,” "squaring loss,” "sell noise,” etc. The nonlincarity
surface determines the probability of error function of the loop and other-properties such as

acquisition,skipping rate,etc. Therefore,both the UD and nonlinearity surface describe the
performance of the particular signal format-carrier recovery loop combination.
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4.4 CONCLUSION

In this chapter a composite phase and timing estimation and data detection of WQAM signal
sets is analyzed. By using a2 maximum likelihood (ML) approach, four new joint phase and -
timing cstimators are derived. The performance of the classical decision feedback carrier
recovery loop (DFCRL) employing an integrate-and-sample device in each quadrature arm
(active loop) is evaluated in the presence of both carrier uncertainty ¢ and timing uncertainty
A. Results are presented in the following new forms: the Uncertainty diagram U(¢, A), the
equal (iso) probability of error isoper curves, and the nonlinearity surface h(¢, A) which
becomes loop’s nonlincarity S-curve when A — 0. The performance of overlapped schemes is
degraded if classical carrier recovery (CR) schemes are employed. The theoretical results are
experimentally verified on our Intersymbol-Jitter-Free (1JF) 64 kb/s modem. New equal-
ized DFCRL which employs a simple 3-tap transversal equalizer in each quadrature arm
is proposed for CR and the detection of overlapped schemes. Our new loop does not exhibit
performance degradation associated with classical CR loops. By using the MAP probability
approach and knowledge of ¢, A, and h(¢,A) accumulated over corresponding observation
intervals, improved loops,i.e. crosstalk cancellation DFCRL, timing intersymbol in-
terference cancellation DFCRL, and FEEDLOOP, are introduced and analyzed. The
theoretical results are verified by the Monte Carlo simulation. These loops perform almost
as well as a continuous wave CR loop, do not exhibit quadrant ambiguities, and might be
employed for phase and timing estimation and the detection of balanced and unbalanced
WQAM schemes. The advantages of the new loops over the classical one become greater at
lower probabilities of error and when higher state schemes are employed. E.g. at P, = 10~°
and in the presence of 2 normalized loop detuning of 0.7, the crosstalk cancellation loop (and

FEEDLOOP) outperform the classical one by 2.4 dB, assuming QPSK modulation scheme
is employed.

[lowever, we are aware that our analysis is far to be complete. In practice, the total phase
error might be composed of many (usually independent) components such as Doppler shill,
angle modulation, instabilities of the transmitter and receiver frequency sources, additive
noisc (usually Gaussian), ctc. Herein we dealt with the digital data modulated signals with
suppressed carrier in the presence of white Gaussian noise. We analyzed the interaction
of data and noise and introduced a method to wipe-off the data — in order to improve
the performance. The analysis of effects of Doppler,ACI, discrete spuriouscs, and other
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impairments on the tracking and détection performance of the loop was not the part of

this presentation. In the next chapter, we present a simplified performance analysis of

the multistate modulation schemes influenced by the phase noise, i.e. instabilities of the
frequency sources. '



o6

PERFORMANCE

OF M-ARY MODULATION SYSTEMS

IN THE PRESENCE OF PHASE NOISE



Chapter 5 : Performance in the Presence of Phase Noise Y

In the Chapter 2 WQAM family is introduced. The performance of 4 state WQAM schemes
was cvaluated in the presence of different impairments typical for the satellite channels such
as ACI and hardlimiter nonlinearity. In the Chapter 3 the performance of 256QAM and
'1024QAM schemes is evaluated in the presence of the group delay and amplitude response
impairments typical for the tdrrestrial radio and cable systems. An a priori knowledge of
the carrier phase and symbol timing has been assumed. Chapter 4 deals with the estimation
of the carrier phase and symbol timing of WQAM schemes, and a few new receivers are
introduced and analyzed. In this chapter, the performance of WQAM and M-ary quadrature
" partial response (MQPR) systems is analyzed in the presence of phase noise. Herein we adopt
a practical approach, which yields useful pesformance curves in which thevdeg’radation due
to phase noise can be readily seen. - - '

An outline of the chapter follows. In Section 5.1 the phase noise characterisation is given.
In Scction 5.2 the results for probability of error performance of MPSK,MQAM and MQPR
modulation systems in the presence of thermal and phase noise are presented. ’

E-Y -
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5.1 PHASE NOISE CHARACTERIZATION |
§

The expressions for the performance of coherent digital modulation systems in a Gaussian
channel are well known [B15]. However,in practice we rarely have a perfect knowledge of the
local phase reference. The output signals from carrier and symbol timing recovery circuits are
really random processes and produce errors in the estimation of phase and time,respectively.
These random processes consist of two components: first contributed by thermal white
Gaussian noise ,and second contributed by all other random sources which is termed phase
noisc. The effects on the error probability performance due to this phase noise can be
obtained in principle. However,this is a formidahle task with only a few rather complex
solutions existing {B3], [B12], (B16] for two- and four-state modulation systems only.

We compute the degradation of a system in the presence of phase noise in the following
manner. Considering the sources of phase noise as independent random variables, the central-
limit theorem says that,under certain general conditions, the resultant equivalent phase
noise probability density function approaches a normal Gaussian curve as number of sources
increase,[B25,p.267]. Since the number of individual sources tends to be large in practice,
and their magnitudes are of the comparable, order/ the assumptions of the central limit
theorem should apply. This is the.case of a well désigned system. However,in a particular
example, an individual source might dictate the oyerall system performance and Gaussianity
might be destroyed, which-might result in an increased degradation of the performance.

The phase noise is combined with assumed white Gaussian noise channel to produce a total
carrier-{o-noise ratio (C/N)r given by

-

(C/N)r = [(N/C) + (N/C),]! (5.1a)
(N/C)p = (N/C)1 + (N/C)z + ... + (N/C)n (5.1)

where (NV/C) is the thermal noise-to-carrier ratio, (N/C); (i = 1,...,n) is the noise-to-carrier
ratio of the i-th random source and (N/C), is the equivalent phase noise-to-carrier ratio.
We use known expressions [B15] ‘o calculate performance of coherent digital modulation
systems in the presence of phase noise by replacing (C/N) by (C/N)®and having (C/NY,
as a variable parameter.

Because of a simplistic phase noise model,the accuracy of results might depend how close the
assumed Gaussian probability density function fits the probability density function of the
real phase noise. However,in practice we are dealing with the small amount of phase noise
which causes degradations less than 1 dB at P. = 1075, In that case and for our purpose
the Gaussian probability density function seems to be a good aproximation for a real but

unknown distribution of a phase noise. Our results of the measurement presented in Scction
5.2 arc in a close agreement with previous assumptions.
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5.2 PERFORMANCE EVALUATION

~+ The probability of error performance of Binary PSK (BPSK=2PSK),MPSK (M > 2), MQAM
and MQPR modulation schemes are given by the following expresions (B15]

»

Pp= %er F( ), | (BPSK) (5.2)
Par = 4rfe(\/Fyg sin %), (MPSK, M > 2) (5.3)
1 31
- Pp=(1- E)erfC( H-—_I-Z-%U)’ (MQAM) (5.4a)
Po= = ey o E ), (MQPR) (550
M M-12%Y4" %) ' '
! Py =2Py(1 - %55) MQAM and MQPR. (546, 5.56)
where [BS,p.254] |
: _h_CB
) "ERERT (5.6)

= stands for the approximatelly equal, Pp is the probability of error performance of BPSK,
Pys is the corresponding symbol error rate for the MPSK (M > 2), MQAM and MQPR
systems, while Py corresponds to the probability of error of the baseband signal in each of
the two quadrature components of QAM or QPR. Yav is the average signal-to-noise r~‘io
" per k-bit symbol, where & = log M and M is the number of levels. «; is the energy per
bit-to-noise ratio, (C/N) is the carrier-to-thermal noise ratio;. f3 is the bit rate bit/s and B
15 the double-sided noise bandwidth in Hz. i '
We assume B is equal to the double-sided Nyquist bandwidth. The expressions (5,2)-(5.5)
give the probability of error performance curves illustrated in Fig.5.1. Inclusion of (C/N),
as a variable parameter produces a series of curves,one of which (256QAM) 'is shown for
illustration in Fig.5.2. The degradations (C/N)p — (C/N) for P, = 1076 dBr, vs. the
(C/N)p are summarized in Figs.5.3—5.5. Fig.5.3 applies for the MPSK systems, the
MQAM systems are shown in Fig.5.4 and the MQPR systems in Fig.5.5. ‘

—
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In the BPSK system,Fig.5.3, a (C/N), > 20 dB causes the dégradation to be less than
0.5 dB. If (C/N)p > 30 dB the degradation is negligible. This is an easily achievable
goal,except in very low speed systems, where the spectral purity of signal source(s) could be
critical [B28]. However,the 256QAM system — Fig.5.2 and Fig.5.4 — re(quires (ChN)p >
45 dB to limit the phase noise caused degradation to the amount below 1 dB. Additionally,the
high-ary modulation schemes are more fragile in a multiple fading and interference environ-
ment. Further,the interference equalizer,carrier and symbol timing recovery and data gen-
eration and decision circuits are more complex for the case of high-ary modulation schemes.
Consequently,the performance required of each component in the high-ary system should be
higher. In all practical cases we find that if we take (C/N), to be 10 dB higher than the
(C/N)g,the degradation is less than 1 dB (Figs.5.2—5.5). If (C/N)p, > (C/N)s + 20 dB
the degradation is negligible. ' .

Results of measurements, Figs.5.3—5.4, which will be briefly assessed,are in a close agree-
- ment with our engineering rule-of-thumb approximation.. In a low speed data system (e.g.
single-channel-per-carrier SCPC satellite link) a phase noise of frequency sources might limit
an overall performance of the system. To verify this,we performed sets of measurements on
SCPC satellite links consisting of two different 70 MHz 32 ksymbols/s 4-state modems (stag-
gered QPSK and IJF), University of Ottawa earth station with 70 MHz/14 GHz up-converter
and 12 GHz/70 MHz down-converter and two different "space segments”. (Telesat Canada
ANIK 14/12 GHz satellite transponder and a laboratory transponder with a similar perfor-
mance). Eafzh link consisted of five local oscillators of a comparable quality, which phase
noises were measured by an automated spectrum analyzer. Phase noise power of each oscil-
lator was integrated-over the error transfer function [1-H(f)] of modem’s carrier recovery loop
(Costas loop type with a second order passive filter). The average of multiple measurements
gave a noise power within the 16 kHz Nyquist bandwidth,which after multiplying by 2 and
dividing by a total carrier power gave an (V/C); of a particular phase noise contributor.
Although a phase noise of frequency source itself is nonwhite (it might by represented by
d_cif™¥), after it passes through an "whitening filter” (i.e. error transfer function of the
loop,which might be approximated by the cf* near the carrier where the noise contribution
is the most important) it becomes near white,but not necessary Gaussian. To get different
values of (N/C);,the frequency stability of one of five local oscillators was intentionally de-
graded. Even with these unbalanced phase noise sources the measured results were in a close
resemblance with previously assumed curves, Fig.5.3—5.4.
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5.3 CONCLUSION

In this chapter, the performance of MPSK,MQAM and MQPR modulation systems in the
presence of phase noise and additive white Gaussian noise is presented in-graphic forms. If
a carrier-to-phase noise ratio is at least 10 dB higher than a carrier-to-thermal noise ratio
required for the P. = 1079, the degradation due to phase noise will be less than 1 dB. If
(C/N)p > (C/N)g + 20 dB the degradation is negligible. The analysis is supported with
results of measurefnents on 4-state SCPC satellite modems. Based on previous results a first
order estimation of components requirements might be made. To minimize the degradation in

the higher-ary modulation schemes the rigorous selection of components and use of advanced
technologies is necessary.
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In the Introduction, the purpose of this study= was oulined. It was the author’s goal to find
power-bandwidth efficient modulation schemes, which will perform superiorly in composite
ACI, lincar and nonlinear, channel environments. Synthesis and analysis of both, transmitter
and receiver, were performed. The results, achievements,and our own contributions which
arc presented in the chapters 2—5 are summarized as follows.

In the Chapter 2, the weighted quadrature amplitude modulation (WQAM) was intro-
duced. By using the gradiertt search technique, a family of pulse shapes with a narrow
mainlobe and minimal sidelobe levels within an equivalent baseband |fTs| = 0 to 5 (thi
corresponds to 1 to 2 adjacent channels in practice) was found. The performance of 4-st#c
WQAM schemes was evaluated in the ACI linear and nonlinear channel environments, with
the channel spacing and fading depth (signal attenuation) as parameters, by means of the
computer simulation. One of the new staggered WQAM schemes, termed S3MQAM, out-
performs other known members of the WQAM family, i.e. (S)QPSK, MSK and (S)QORC
in almost all practical situations.

In the Chapter 3 the performance analysis of 256 and 1024QAM schemes is performed
in-the presence of amplitude and group delay impairments. A brief feasibility study of the
transmission of North American T1 (D51) 1544 kb/s or CCITT 2048 kb/s data stream over
the analog 240 kHz wide CCITT supergroup is given. Staggered QAM schemes perform
better in the presence of linear group delay impairments, but nonstaggered schemes are less
sensitive to linear amplitude gain impairments.

In Chapter 4, a composite phase and timing estimation and data detection of WQAM sig-
nal sets is analyzed. By using a maximum likelihood (ML) approach, four new joint phase
and timing estimators are derived. The performance of the classical decision feedback carrier
recovery loop (DFCRL) employing an integrate-and-sample device in each quadrature arm
(active loop) is evaluated in the presence of both carrier uncertainty $ and timing uncertainty
A. Results are presentéd in the following néw forms:; the Uncertainty diagram U(¢; \), the
cqual (iso) probability of error isoper curves, and the nonlinearity surface (¢, 1) which
becomes loop’s nonlinearity S-curve when A — 0. The performance of overlapped schemes is
degraded if classical carrier recovery {CR) schemes are employed. The theoretical results arc
experimentally verified on our Intersymbol-Jitter-Free (IJF) 64 kb/s modem. New equal-
ized DFCRL which employs a simple 3-tap transversal cqualizer in cach quadrature arm
is proposed for CR and the detection of overlapped schemes. Our new loop does not exhibit
performance degradation associated with classical CR loops. By using the MAP probability
approach and knowledge of ¢, A, and h(¢,\) accumulated over corresponding observation
intervals, improved loops,i.e. crosstalk cancellation DFCRL, timing intersymbol in-
terference cancellation DFCRL, and FEEDLOOP, arc introduced and analyzed. The
Lheoretical results a-e verified by the Monte Carlo simulation. These loops perform almost
as well as a continuous wave CR loop, do not exhibit quadrant ambiguitics, and might be
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employcd for phase and timing estimation and the detection of balanced and unbalanced
WQAM schemes. Thetudvantages of the new loops over the classical one become greater at
lower probabilities of error and when higher state schemes are employed. E.g. at P, = 10-6
and in the presence of a normalized loop detuning of 0.7, the crosstalk cancellation loop (and
FEEDLOOP) outperform the classical one by 2.4 dB, assuming QPSK modulation scheme
is cmployed. ' '

In Chapter 5, the impact of phase noise on the performance of MQAM,M-ary phase shift
keying and M-ary quadrature partial response systems in a Gaussian noise environment is
computed. For all cases the degradation due to phase noise is found to be less than 1 dB if
a carrier-to-phase noise ratio in a double-sided Nyquist bandwidth (C/N)p is at least 10 dB
higher than the carrier-to-thermal noise ratio (C/N)s required for the probability of error
performance P, = 105, Performance graphs are presented which enable a fast first order
approximation of the phase noise requirements of a system to be estimated. Our engincering
rule-of-thumb approximations are in a close agreement with the results of measurements
performed on the single-channel-per-carrier (SCPC) satellite links consisting of two different
70 MHz 32 ksymbols/s 4-state modems (SQPSK and IJF), University of Ottawa earth station
with 70 MHz/14 GHz up-converter and 12 GHz/70 MHz down-converter and two different
"space segments” (Telesat Canada ANIK 14/12 GHz satellite transponder and a laboratory
transponder with a similar performance).

Thesis concludes with an extensive list of references, and a copy of the computer programs
printout. :

We highlighted some of the so far unresolved problems associated with data
transmission over power and bandwidth limited nonlinear channels, we proposed
new WQAM schemes at the transmitter and riew CR loops at the receiver, and
we have shown that our novel schemes outperform previously known devices.
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-

This thesis outlined some of the so far unresolved problems related to the generation and
reception of power-bandwidth efficient coherent_ digital modulation schemes. Several new
modulation schemes were proposed and analyzed, including several new receivers for the

corresponding WQAM schemes. In this chapter, a briefl research proposal for future studies
is given.

e The optimization of the signal shapes (i.e. the minimization of the spectral sidelobes)
might be extended to include a cascade of nonlinearities, filters, and channel noise
sources —typical in the satellite link. This might allowe one to match the modulation
scheme to the particular power amplifier nonlinearity, and as a result, improve the
power and spectral efficiency of the system. Modulation might be combined with
coding type — block, convolutional, or Ungerback trellis.

o The synthesis and analysis of the WQAM schemes might be extended to the multipath
selective fading cliannels — typical for terrestrial radio systems, and to the Doppler
effected channels — typical for mobile radioc communications.

o The detailed study of different receivers might include stochastic Fokker-Planck-Kolmogorov

partial differential equation analysis of the.receiver behaviour in the presence of chan-
nel noise and intersymbol interferences, for acquisition performance during transients
such as selective fading, discrete occasional interfcreni:ég, etc.

e Posible application of the new decision feedback loops to coherent fiber optics and
radionavigation, and further optimization of these devices might be investigated.

o
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This appendix contains a copy of the computer programs printout, which has been’

-used in this thesis for the simulation purposes. Since joining Dr. Feher’s Digital Com-
munications Group at the Department of Electrical Engineering, University of Ottawa, in
-September 1982, the author has been developing computer software for the Amdahl 470 (
IBM 370 compatible ) system in the CMS environment.

The functional software has been written in the FORTRAN 66 and FORTRAN 77
languages. PLOTCOMM plotter, Hewlett-Packard hp' 7470 plotter, and Tektonix 4105
color graphic terminal have been used as the output devices. The author wrote the software
in the corresponding languages. In addition, SAS language has been used for graphic
outputs. ‘ .

The software is organized in the functional subroutines, whose mode! particular black-
boxes ? modulator, filter, channel, -nonlinearity, demodulator, synéhronizer, equalizer, etc.
— in_practice ). The main programs use these subroutines ( black-boxes ) and make
appropriate connections, according to the author’s wishes. Most of the programs have been
written in an interactive form, which allowes an user-friendly approach to the simulation.
Program description is given in the program printout captions ( comment lines ).

It is assumed that a potential user of these programs is familiar with the mentioned
computer languages and the CMS environment.
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