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Error-Bound Formulation for Multichannel
Reception of M-DPSK and Pilot-Aided
M-PSK Over Rayleigh-Fading Channels

With Postdetection Combining

Yuk C. Chow, Associate Member, IEEE, and Joe P. McGeehan

Abstract—Upper bounds for symbol-error probability are
developed for multichannel reception of M -ary phase-shift keying
(M -PSK) over frequency-flat Rayleigh-fading channels. Differ-
ential coherent demodulation of differentially encoded M -PSK
(M -DPSK), pilot-tone aided coherent demodulation of M -PSK
(PTA M -CPSK) and pilot-symbol aided coherent demodulation
of M-PSK (PSA M -CPSK) are considered in the formulation.
The bounds enable the investigation of the effects of fading cor-
relation and unequal average power level between channels using
postdetection diversity reception with maximal-ratio combining.
Error-performance degradation due to imperfect demodulation
effects, such as Doppler spread in M-DPSK schemes, noisy
reference signals in PTA M -CPSK, and PSA M -CPSK schemes
can be taken into account in the formulation. Exact bit-error
probabilities for both binary and quaternary phase-shift keying
are also derived.

Index Terms—Correlated fading, differential detection, phase-
shift keying (PSK), pilot-aided coherent detection, postdetection
diversity combining.

1. INTRODUCTION

N MOBILE communications, there are several limiting

factors for high data rate transmission, notably the avail-
ability of suitable radio-frequency (RF) spectrum and multipath
propagation. Bandwidth-efficient modulation schemes such as
M -ary phase-shift keying (M -PSK) can help to alleviate such
problems, e.g., the global system for mobile communications
(GSM) enhanced data rates for GSM evolution (EDGE) system
is considering 8-PSK, whereas in wide-band code-division
multiple-access (W-CDMA) system quaternary phase-shift
keying (Q-PSK) has been selected for radio specifications
[1]-[3]. However, it is known that the error performance of
phase-shift keying (PSK) degrades with increased modulation
levels, since high-level PSK is more sensitive to receiver
noise. Furthermore, the hostile multipath-fading environment
of the wireless communications further degrades receiver
performance [4]-[7]. Therefore, the tradeoff between data rate
and robustness of the transmission must always be examined

Manuscript received May 15, 2002; revised May 13, 2003 and January 5,
2004.

The authors are with Telecommunication Research Laboratory, Toshiba
Research Europe Ltd., Bristol, BS1 4ND, U.K. (e-mail: yuk.chow@
toshiba-trel.com; joe.mcgeehan @toshiba-trel.com).

Digital Object Identifier 10.1109/TVT.2004.827160

carefully. In this respect, the choice of which demodulation
techniques are employed must also be carefully chosen. It
has been shown that the error performance for ideal coherent
demodulation' of M-PSK (M-CPSK) is superior to that of
differential coherent demodulation of differentially encoded
M-PSK (M-DPSK) [8], [9]. In wireless communication appli-
cations, practical coherent demodulation can be achieved by
using pilot-tone-aided (PTA) [10]-[18] and pilot-symbol-aided
(PSA) [19]-[23] transmission techniques. In these techniques,
a pilot (reference) signal is transmitted along with the data (in-
formation) signal. At the receiver, the received pilot is used as
a phase and/or amplitude reference for coherent demodulation.
However, extra bandwidth and transmit power are required to
accommodate the pilot signal together with additional signal-
processing algorithms and processing delay for channel estima-
tion in the receiver. Due to these extra requirements, M -DPSK
can be an attractive option for some low-cost architecture
applications, despite the fact that the error performance of
M-DPSK is inferior to that of coherent M -PSK.

It is well known that the performance of the receiver can
be improved by using diversity reception techniques. However,
diversity gain is reduced by increased correlation between the
fading signals and/or unequal average signal power between di-
versity branches [4]-[7], [24], [25]. The diversity gain reduction
may affect the overall performance of the system; hence, it is im-
portant for system engineers to predict the modem performance
during the design and evaluation phases.

Error-probability expressions for diversity reception of
M-PSK with unequal average power levels between diversity
branches are given in [8], [9], [26], and [27]. Rayleigh-fading
channel models are assumed in [26], whereas [8], [9], and [27]
provide error expressions for a wider class of fading models,
such as Rician and Nakagami models.

Performance analysis of diversity-combining reception for
binary-level DPSK (B-DPSK) with correlated fading between
diversity branches is given in [28]-[34]. References [28]—[31]
assume a predetection diversity-combining technique, whereas
[32]-[34] investigated the postdetection diversity-combining
performance. Alouini and Simon [35] formulated the B- and
@-DPSK in Nakagami-fading channels with postdetection

I1deal coherent demodulation is referred to the receiver that has perfect carrier
phase and frequency references to perform demodulation.

0018-9545/04$20.00 © 2004 IEEE
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diversity reception. Noneaker and Pursley [36] derived the
upper and lower bounds for M-DPSK in Rician fading with
postdetection diversity reception.

Performance of B-CPSK with correlated fading between
diversity branches has been analyzed in [28]-[31], [37], and
[38]. Error expressions for M-CPSK in Rayleigh- [39], [40]
and Nakagami-fading [35] channels were also developed.
However, all references were assumed to be ideal coherent de-
modulation only. In the case of pilot-aided M-CPSK systems,
[36] discussed the extension of the analysis to PTA and PSA
systems over Rician-fading channels. However, no analysis
has been performed in this paper. Performance analysis of
PSA B-CPSK over Rayleigh-fading channels with diversity
reception has been studied in [41]. The effect of noisy channel
estimation was included in the analysis, but only for the case of
independent fading and equal average power between diversity
branches.

By using the general error-probability formula for a quadratic
receiver in a binary hypothesis test, between zero-mean com-
plex Gaussian variables developed by Barrett [42] and the
upper bound of symbol-error probability (SEP) derived in [43],
upper-bounds SEP for multichannel reception with postdetec-
tion combining of M-DPSK, PTA, and PSA M-CPSK over
frequency-flat Rayleigh-fading are formulated in this paper.
The effect of correlated fading and unequal average power
level between diversity branches are taken into account in
the development. In addition, performance degradation due to
imperfections in the demodulation process, such as the effects
of Doppler spread on the M -DPSK scheme and noisy reference
signal on PTA M-CPSK and PSA M-CPSK schemes are
considered in the formulation.

II. SYSTEM MODELING

The overall transmission system model with multichannel
reception is shown in Fig. 1. The model assumes that there
are D diversity channels, each carrying identical information.
The fading in each branch is assumed to be frequency flat (or
frequency nonselective) with envelope statistics that follow
a Rayleigh distribution. Correlated fading between the D
channels is assumed. The signal at the output of each channel
is further corrupted by an additive white Gaussian noise
(AWGN), which is assumed to be statistically independent on
each channel. For mathematical convenience, an equivalent
baseband (complex envelope) signal representation is used
throughout the analysis.

A. Transmitted Signals

1) M-DPSK: In this system, the data (information) signals
are differentially encoded before transmit. The equivalent base-
band transmitted signal u(t) of M-DPSK can be written as

u(t) = Z Ap(t — nT,)el?

n=—oo

ey

where 6,, is the transmitted phase at the nth time interval and
A is the amplitude gain of w(¢). In M-DPSK, the information
phase (phase angle of the data symbol 7) at the nth time interval
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Ch k: k-th channel
D: diversity order

Tx: transmitter
u(?): transmitted signal

r(7): received signal at
k-th diversity branch

Fig. 1. Overall transmission model with multichannel reception.

A, is encoded in the phase difference between the two adja-
cent transmitted phases. Thus, the transmitted phase ¢,, can be
expressed as 6,, = 6,,_1 + A; ,,, where

_ 2m(i—1)
= Y
The index ¢ denotes one of the M possible data symbols.
The symbol duration is represented by Ts and p(t) is the
impulse response of a pulse-shaping filter with unity energy,
ie.,[”_ |p(t)|?dt = 1. Thus, the transmit energy per symbol
E, tx (A2/2)([7_ Ip(t)|?dt) = A?/2 and the corre-
sponding transmit power P, = A%/(2T%).

2) PTA M-CPSK: Inthis system, a tone signal that is known
to the receiver is transmitted along with the data signal. Based
on pervious analysis given in [14]-[17], this paper assumes that
Manchester encoding (also known as biphase line coding) is
used to create a spectral null at the direct current (dc) level
of data signal spectrum, so that the pilot tone can be inserted
without interference to the data signal.2 For PTA M-CPSK, the
equivalent baseband transmitted signal u(t) is the summation of
the data signal uq(t) = >0 Aqp(t — nTs)el and pilot
signals u,(t) = 4,, ie.,

A i=1,2,..., M. 2)

w(t) = ua(t) + up(t). 3)

In M-CPSK, the information phase (A; ,,) is encoded into the
transmitted phase directly, i.e., #,, = A; ,,, [Where A; ,,, is given
in (2)]. The amplitudes of the data and pilot signals are de-
noted as Aq and A,. Similar to the M-DPSK discussion, the
total average transmit power is Py = Pry 4 + Pry p, where
Prya = A3/(2T,) and Pry;, = A2 /2 are the average transmit
powers for the data and pilot signals. The ratio between the pilot
and data signal powers is defined as 7 (i.e., n = AIQ,TS/AZ).
Hence, for a given average transmit power Pry, the average
transmit power for the data signal is Pry ¢ = Pry/(14 7). The
corresponding transmit data-energy per symbol is F, g1« =
Bume/ (14 7).

3) PSA M-CPSK: In this system, pilot symbols are trans-
mitted along with the data symbols through the use of the

2Since the bandwidth of the Manchester encoded signal is double of the non-
return-to-zero (NRZ) signal, a higher level modulation is required to compensate
the effect of bandwidth expansion. Alternatively, a dual-tone calibration tech-
nique [12] or transparent tone-in-band technique [11], [13] can be applied.
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D: Data symbol

One slot length with P: Pilot symbol

N symbols

P| D| o o ¢« | D | P| D| e o o | D

+_.

Time-multiplexed symbol period, 7 ..

Fig.2. Time-multiplexed sequence structure for PSA M -CPSK transmission.

time-multiplexing technique. Fig. 2 shows the structure of the
time-multiplexed sequence in which one pilot symbol is peri-
odically time multiplexed with (N — 1) data symbols, where
N refers to a slot length. In order for pilot symbols to provide
accurate channel estimation at the receiver, the pilot symbol
insertion rate should be at least two times of the Doppler
spread of the channel [20]-[23] and [41]. This implies that NV
is upper bounded by N < (2 x Doppler spread x Ts,mux)_l,
where T, ..« represents the period of time-multiplexed
symbol. The format of equivalent baseband transmitted signal
u(t) for PSA M-CPSK is same as the M-DPSK signal
expressed in (1), with T replaced by T mux and 6,, equal
to A;, [where A;, is defined in (2)]. The average transmit
power for the data and pilot signals are Pry g = A%/(2T5,4)
and Pry, = A2/(2Ts7p), where Ts g = n*1T57mux and
T, , = NT, mux represent the effective data and pilot symbol
periods. The parameter x, which is the ratio between the
number of data symbols and the time multiplexed symbols
in one slot (i.e., k = (N — 1)/N), is called slot efficiency.
The total average transmit power is Ppy = A?/ (275 mux)
and the transmit energy per time-multiplexed symbol is
Ey mux,Tx = A? /2. The corresponding transmit energy per
data symbol can be expressed as Fqs Tx = H_lEs,mux,Tx.

B. Channel Model

For a frequency-flat Rayleigh-fading channel, the equivalent
baseband received signal in the kth channel of a D-order diver-
sity reception is given by

Tk(t) :gk(t)u(t) +Zk(f) k= 1727"'7D (4)
where gy (¢) represents the zero-mean complex Gaussian-fading
process and z(t) is the zero-mean complex AWGN with power

spectral density of 2N,,. The correlation function between g;(¢)
and gi(¢t) forj, k=1,..., D is modeled as [36]

fork =7

fork #j )

Uj(fkpjklt(TL

E{g;(t)gi(t— )} = { a2 u(r),

where E{.} denotes the ensemble average and the * indicates
the complex conjugate. The parameter o is the average power
gain of g (t), 1(7) is the time-correlation function of the fading
process that measures the similarities between gy (¢) and g (t —
7),and p % 1 the complex cross-correlation coefficient between
two fading processes g;(t) and g (¢). This model assumes that
the time-correlation function is the same for each fading process
and between two fading processes. The analysis also assumes
that the fading variations are slow enough so that the Doppler

spread is much smaller than the signaling rate and the fading
process remains constant over one symbol interval, but varies to
the next symbol. A parameter of interest is the average power
profile for the D-order diversity channel defined by (in decibel
scale)

0—%7 Ty J%)] (6)

which is useful to represent the unequal power gain between
diversity channels.

C. Receiver Structure

Receiver structures for M-DPSK and pilot-aided M-PSK
transmissions are outlined in this section and, more impor-
tantly, this section will show that the format of the decision
variable for M-DPSK, PTA, and PSA M-CPSK detectors are
equivalent. Ideal sample timing is assumed in the analysis.

1) M-DPSK: The M-DPSK receiver structure for the kth
diversity branch is shown in Fig. 3(a). The received signal 7 (¢)
is passed through a matched filter and the output of which is
sampled at symbol rate R,. The sampled outputs at nth and
(n — 1)th time intervals are Uy, and K}, which can be written
in the form

Uk =zuk + wuk
Ky =2, +wk @)

where Uk = Agk,n exp[jﬁn], Wuk = Zkmn> TKE —
Agr n—1€xpljb,—_1], and wi = 2k,—1. Variables g, and
zn are the sampled outputs at nth time interval of g(¢) and
z(t) after the matched filtering. The average received signal
power-to-noise power ratio (SNR) of Uy, and K, are
O']%AQ
YU,k = YK,k = (2No).

®

Since (02 A%)/2 = U,%E&Tx = E; rx,k is the average received
energy per symbol for the kth branch, the SNR of Uy, and K, are
equivalent to the average received energy per symbol-to-noise
power spectral density ratio for the kth branch, I' 1, i.e.,

Es,Rx,k

=1
N, s,k 9

YU,k = YK,k =
Therefore, the total average received energy per symbol-to-
noise power spectral density ratio is 'y = Ele |
2) PTA M-CPSK: The PTA M-CPSK receiver structure for
the kth order diversity branch is shown in Fig. 3(b). The received
signal 7(t) is passed into two paths, one for the data signal
processing and the other for the pilot signal recovery. In the
data-processing path, r(¢) is passed through a matched filter,
the output of the which is sampled at symbol rate ;. In the
pilot signal recovery path, a pilot filter (PF) is used to extract the
pilot signal from r(¢). In this analysis, the PF is assumed to be
an ideal bandpass filter, i.e., the equivalent lowpass form of PF
is an unity gain rectangular filter with bandwidth of B,, /2. To
avoid distortion due to filtering, the value of B,, must be equal
to or greater than the bandwidth of the power spectrum of the
received pilot signal [14], [16], [17]. In the case of land mobile
radio environments, the bandwidth of the received pilot-tone
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De-Mux: De-multiplexer expander filter

©)

Fig. 3.

signal-power spectrum can be spread up to twice of the max-
imum Doppler frequency fp [5]. The sampled outputs at the nth
time interval of data signal U}, and channel estimate K follow
the form of (7) with TUk = Adgk,n exp[jf)n], WU,k = Zd,k,no
TK.k = Apgk,n, and WK k = Zp,kn- Variables Jk,n and Zd,k,n
are the sampled outputs at the nth time interval of g(¢) and z(¥)
after the matched filtering. The noise sample at the output of the
PF is represented as z,, 1, », with power of 2N, B,,,. The analysis
assumes that the noise samples zq 1, ,, and z, 1, are indepen-
dent. The SNR of U, and K}, are

242 242
ey 7 Ay
= = —72* 10
k= BN, YKk = BN BY) (10)
Since (02A2)/2 = o} Esarx = Esarxpk is the average

received data energy per symbol for the kth branch, the SNR
of Uy, is equivalent to the average received data energy per
symbol-to-noise power spectral density ratio for the kth branch
Fs,d,lm i.e.,

YU,k = 'No =Dsak (11)
The SNR of Uy, can also be expressed in terms of I', 1, as
r,
Yue =Ls,ar = L (12)

Block diagrams for PSK receivers at the kth diversity branch. (a) M/ -DPSK, (b) PTA M -CPSK, and (c) PSA M -CPSK receivers.

Therefore, the fotal average received data energy per symbol-to-
noise power spectral density ratio is I's g = Zszl Tsar =
Ts/(14n), where T’y = Zszl T i is the total average received
energy per symbol-to-noise power spectral density ratio.

3) PSA M-CPSK: The PSA M-CPSK receiver structure for
the kth order diversity branch is shown in Fig. 3(c). The re-
ceived signal 7 (t) after the matched filtering and sampling is
demultiplexed into two paths, one for data samples and the other
for pilot samples. The received pilot samples are input to the
channel gain detector in which the gain of the fading process is
determined. A digital interpolator, which consists of an/N-fold
rate expander and a interpolation filter (INF), is used to estimate
the gain of the fading process in the data position by interpo-
lating the samples between the normalized pilot samples. Many
types of INF have been considered in the past, such as simple
Gaussian filters to more advanced Wiener filters [20], [22], [23].
In this analysis, an ideal INF is assumed, i.e., the INF is an ideal
lowpass filter with frequency characteristic of

. B
N7 1f|f|§7

13
0, if B < |f] < R (13)

H(f) = {

2

where B,,/2 denotes the bandwidth of the INF and R jnux =
1/T, mux- To avoid distortion due to the filtering, the value of
B,, must be equal to or greater than the Doppler spread (fading
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bandwidth) of the channel. Sampled outputs at the nth time in-
terval of data signal U, and channel estimate K}, follow the form
of (7) with zyx = Agrnexplifn], Wur = Zakn, Trx =
Agrn, and Wk p = 2 k. Variables gy, and zg,, are the
sampled outputs at the nth time interval of g(¢) and z(¢) after
the matched filtering. The noise sample at the output of the INF
is represented as z; ., With the power of 2N, N By, Ts mux. The
analysis assumes that the noise samples 24 x,» and z; i, are in-
dependent. The corresponding SNR of U, and K}, are

2 42
oz A

- 0,%A2
Uk 2N,)

TR = (2N0NBwTs,mux) .

(14)

Since (62A4%)/2 = 0% Es mux,Tx = Es mux Rx.k 18 the average
received energy per time multiplexed symbol for the kth branch,
the SNR of Uy, is equivalent to the average received energy per
time multiplexed symbol-to-noise power spectral density ratio
for the k th branch, I's mux k. 1.€.,

Es,mux,Rx,k

=I's mux,k- 15
N, mux, k (15)

YUk =

The SNR of Uj, can also be expressed in terms of average re-
ceived energy per data symbol-to-noise power spectral density
ratio for the kth branch I'gg 1

KE4s Rx,k

N, (16)

YUk = 1_‘s,mux,k = = "irds,k-

Therefore, the total average received energy per time multi-
plexed symbol-to-noise power spectral density ratiois I's mux =
Z,I?:l s mux,x = £Las, where I'qs = Zszl Cas,r is the total
average received energy per data symbol-to-noise power spec-
tral density ratio.

4) Diversity Combiner: Based on the analysis given above,
it can be shown that if the transmission is ideal (i.e., no fading
and AWGN), the phase of the demodulated signal Z; = U, K}
is simply the phase of the actual transmitted symbol, where
Ui and K are in the forms of (7) [where variables zy ,
Wy, k» TK k> and Wi 3, used in (7) are given in Sections II-C-1,
II-C-2, and II-C-3 for M-DPSK, PTA, and PSA M-CPSK).
For D-order postdetection diversity, the combiner sums all the
demodulator outputs and forms a combined vector Z, which
can be expressed as

D D
Z=Y Zr=> UK;.
k=

=1 =1

a7

Therefore, Z can be used as a decision variable for M -DPSK,
PTA, and PSA M-CPSK diversity receivers.

III. ERROR-PROBABILITY ANALYSIS

Section II has shown that the format of the decision vari-
ables for M-DPSK, PTA, and PSA M-CPSK are equivalent [see
(17)]. Therefore, a common analysis can be applied to formulate
the SEP of the three modulation schemes. In the following anal-
ysis, intersymbol interference-free transmission and zero-fre-
quency offset between transmitted carrier and receiver oscillator

are assumed. Without a loss of generality, the information phase
A; » = 0 can be assumed in the formulations.

A. Upper-Bound Formulation

1) Correlated Fading and Unequal Average Power Level Be-
tween Channels: Based on the analysis presented in [43], the
upper bound of the SEP for M -DPSK, P;(M), can be expressed
as

P,(M) < 2Pr{V < 0} (18)

where

D
Pr{V <0} = Pr {Z (XY 4+ X;Y3) < 0} (19)
k=1

represents the probability of random variable V' is less than zero.
The two random variables X and Y}, are defined as?
Xk:Uk Yk:Kke_j‘I/ (20)
where U = 7/2 — /M. Although the upper bound given
in (18) is derived for M-DPSK, it is also suitable for the
upper-bound development for PTA and PSA M-CPSK as
well, since the format of decision variables are equivalent.
The quadratic form V' = ZkD:l(XkY,: + X;Y;) in (19)
can be expressed into a matrix form V = wHQw, where
w = [X1,Y1,...,Xp,Yp]T is a complex vector with length
of 2D and Q = diag(J,,J2,...,Jp) is the 2D x 2D block

1} fork = 1,2,...,D.

diagonal matrix,* with Jp = (1) 0

Hence, (19) can be written as

Pr{V < 0} = Pr{w"Qw < 0}. 1)
The complex vector w has a zero-mean vector, i.e., E{w} = 0,
since both gy, ,, and z; , are zero means (see Section II-B for
definitions). Based on this particular setting, (21) can be solved
by the technique proposed by Barrett [42]. The result is given as

2D 2Dy

Pr{V < 0} = Pr{w"Qw < 0} = - 22

r{V <0} = Pr{w"Qw < 0} ZHIM—M (22)
2i<0 i

where \;, fors = 1,2,...,2D are the eigenvalues of the matrix

CQ. The matrix C is the covariance matrix of w.5 Since w is a
zero-mean complex vector, C is reduced to the correlation ma-
trix, i.e., E{WWH} USil’lg (7) with TU k> WU, ks TK k> and WEK k
specified in Sections II-C-1, II-C-2, and II-C-3 for M-DPSK,
PTA, and PSA M-CPSK covariance matrices for M-DPSK,
PTA, and PSA M-CPSK schemes can be constructed as shown
in Appendix I. The corresponding upper bound of SEP can be
formulated by substituting (22) into (18).

3The rotation angle ¥ is used to rotate the decision variable Z [see (17)], so
that decision error is equivalent to V(= Zel¥) is less than zero [43, Sec.3.2].

4Superscript H and T represent conjugate transpose and transpose of a matrix.

SA covariance matrix of a complex vector x is defined as E{(x — X)(x —
x)"}, whereX = [E{x1}, E{x2},..., E{en}]" represents the mean vector
of x.
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2) Independent Fading and Unequal Average Power Level
Between Channels: In this particular case, the matrix CQ is
reduced to a 2D x 2D block diagonal matrix, which can be
represented as diag(A, Ao, ..., Ap), where

Ay = k=1,2,...,

E{XyY) E{|X,§|}} b

E{|V2|} E{X;Yi}
(23)

Based on the covariance function between X and Y}, which
is given in Appendix I, the correspondm% elgenvalues of

CQ are \(A) {/\(Al),/\(Al)7 (Ap }, where
{/\gA")7/\§A")} for k = 1...D, (see Appendlx IT for the
derivation)

(16sL's i sin (M)

:i:\/ s,k+1

paTs i cos( %)%, DPSK

)‘(lAk)} Ps,d,k nsin(ﬁ)
VR T —|, PTA CPSK
{)\gAk) ' i\/:PTA_WFE,(M cos? (M)
Fe mux,k sin (]\[)
\ i\/:pSA—rsymuxyk cos?(Z),  PSACPSK
(24)
with Epra = (Toar + 1)(0lsar + Bp) and Epga

(T mux,kx + 1)(I's mux,k + NB;). The parameter 1, = p(7T%)
represents the time-correlation coefficient of the fading process
between two successive symbols, I's 4 Tow/(1 + 7).
Bp = Bu./R, is the normalized PF bandwidth, I's mux,z =
kI'as,k, N is the number of time multiplexed symbols per
slot, and 5; = B, /Rs mux is the normalized INF bandwidth.
The upper-bound SEP of the three modulation schemes can
be calculated by using (18) together with (22) and (24). It
should be noted that in order to obtain meaningful results, all
eigenvalues of CQ must be distinct; otherwise, (22) will fail.
This implies that the above result is only applicable to unequal
average power between diversity branches.

3) Single-Channel Reception (D = 1): In this case, (22)
is simplified to Pr{V < 0} = Ay/(A2 — A1), assuming that
A2 < 0. The matrix CQ is reduced to a 2 X 2 matrix as in the
form of (23) (i.e., k = 1). By using A\ and A, from (37) (see
Appendix II), Pr{V < 0} can now be expressed as

Pr{V < 0}
_f, Re {E {X,Y*}}
\/E{IX%I}E{IYfI} — (Im {E{X1Y}}})?
= (1_F). (25)
2

Hence, the upper-bound SEP given in (18) is simplified to

P(M)<1-F. (26)
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Based on the covariance function given in (33)-(35) (see Ap-
pendix I), for M-DPSK, PTA M-CPSK, and PSA M-CPSK,
the parameter F' in (25) and (26) can be written as

( pnsTs sin(l\—’})

, DPSK
V122 cos ()
po |/ Tea/iasin() PTA CPSK (27)
\/EPTA*WF2 cos? (J\_WI
L mux sin( ) ., PSA CPSK
L \/EPSA_Fs_mux COSZ(I_f)

with EPTA = (Fs,d + 1)(771—‘5@ + ,81)) and EPSA = (Ps7mux +
1)(Fs,mux + N/Bz)

B. Exact Bit-Error Probability (BEP) for Binary and
Quaternary Level PSK

Reference [43] has shown that the exact BEP of binary- and
quaternary-level PSK with Gray coding can be formulated as¢

Py(2) = Pr{V < 0}, with U =0
Py(4) =Pr{V <0},  with¥ = g (28)

Exact BEP expressions for B-, Q-DPSK, PTA, and PSA B-,
Q-CPSK can be evaluated by substituting (22) into (28).

1) BEP of DPSK With D = 1: Based on (25) and (28), the
BEP for B- and Q-DPSK can be derived as

P(2) = {1- usrs(;s +1)-1)
{1 — psl's [Q(FS +1)2— (MSFS)Z] _%}
o . (29)

2

The above BEP expressions for B- and ()-DPSK are equiva-
lent to (79) and (87) of [43], although written in a different
form. Both expressions reduce to the results given in (8.173) and
(8.174) of [9] if zero Doppler spread is assumed (i.e., pts = 1).

2) BEP of PTA CPSK With D = 1: The BEP for PTA B and
-CPSK can be expressed as

{1 —Is.a [(F57d+ D(Ts.a +5p7771)]7%}
2

e N
2

Py(2)=

)

where I'; 4 = I'y /(1 + 7). Although written in a different form,
the BEP expression for PTA B-CPSK given above is equivalent
to (71) of [15] and (43) of [16]. If the PF output is noise free and
all available power is allocated to the data signal (i.e., 8, = 0
and n — 0), (30) approaches the expression for ideal coherent
detection [8].

Py(4)=
(30)

6The equations assume that the information phase A; ,, = 0 for both binary-
and quaternary-level PSK and zero frequency offset between the transmitter and
receiver oscillator.
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Fig. 4. Error performance of B-DPSK in frequency-flat Rayleigh-fading
channels with D-order diversity receptions. Correlated fading is assumed
in both the triangular and uniform linear-array formations. j, is the time-
correlation of the fading process between two successive symbols.

3) BEP of PSA CPSK With D = 1: BEP for PSA B and
@-CPSK can be expressed in terms of I'45 as

{1 —Tas[(Tas+£)(Tas+ NBi™ )]—%}
2
{1-Ta(Cat ) (Daot N i) -T2}
2

Py(2)=

Py(4)=

€19

where k is the slot efficiency that is defined in Section II-A-3.
The BEP expression for B-PSK is equivalent to the one given
in [21] and [41]. In the case of the Q-PSK expression, an equiv-
alent expression has been derived by [21]. If the INF output is
noise free and the slot length N > 1,ie.,3; = 0and k — 1,
(31) approaches the expression for ideal coherent detection [8].

IV. NUMERICAL RESULTS AND DISCUSSION

A. Exact BEP for B- and Q)-Level PSK

Numerical results for the average BEP of B-DPSK in corre-
lated Rayleigh-fading channels with third-order diversity recep-
tion were evaluated in [32]. Both triangular and uniform linear
antenna array configurations with specified power cross-corre-
lation values between antenna branches were considered [see
(52) and (53) of [32])]. The analysis assumed that the equal
power level between all diversity channels and the fading is slow

Pilot filter bandwidth 3
(normalised to symbol rate), ]

Average bit error probability

-
o
&

1061

Ideal coherent detection

........ PTA Q-CPSK with pilot-to-data\
power ratio, n7 = -7dB

107 : :
5 10 15 20 25 30

Iy =Ty2 (dB)

Fig. 5. Error performance of PTA Q-CPSK in frequency-flat Rayleigh-fading
channels with multichannel receptions. The relative average power profile (in
decibels) for second- and fourth-order diversity reception are H,(2) = [0, —3]
and H,(4) = [0,—3,—5,—10]. Independent fading between diversity
branches is assumed.

enough so that the channel gain remains constant for two suc-
cessive symbol periods (i.e., us = 1.0). Using the B-DPSK ex-
pression [see (28)], derived in the last section [with p;; equals
to the square root of the power correlation coefficient given
in (52) and (53) of [32], Fig. 4 reproduces the average BEP
of B-DPSK for both triangular and linear antenna array con-
figurations. To approximate the equal diversity channel power
and slow-fading conditions, the average power profile for the
three diversity channels and the time-correlation of the fading
process between two successive symbols are set to H,(3) =
[0,—0.1,—0.2] and ps = 0.99998 in the calculation. Results
given in Fig. 4 are in good agreement with the numerical re-
sults presented in [32, Fig. 4]. When compared to the indepen-
dent fading, the error performance degradation due to the cor-
related fading between diversity branches is evident. The graph
also shows that the BEP of DPSK degrades further when the
time-correlation value between the two symbols decreases.

Fig. 5 shows the average BEP of PTA @Q-CPSK for various
diversity order and normalized PF bandwidth (3,. Independent
fading and unequal average power level between diversity chan-
nels with H,,(2) = [0, —3] and H,(4) = [0, -3, -5, —10] are
considered. The pilot-to-data power ratio 7 is fixed to —7 dB
for all cases. The BEP curves for ideal coherent demodulated
Q-PSK, derived in [8], are also given in Fig. 5. Results show
the performance loss of using pilot-aided technique and the ef-
fects of noisy reference signal for channel estimation. Although
not shown in the graph, the BEP of PTA (Q-CPSK approaches
to ideal coherent demodulation of ()-PSK when 3, = 0 and
n — —oo dB.
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diversity receptions, i.e., D = 1). The time correlation of the fading process
between two successive symbols i is set to 1.0 (i.e., zero Doppler spread).

B. Upper-Bound SEP for M-ary Level PSK

Exact and upper-bound SEP of PTA 4, 8, 16, and 32 CPSK
with single-channel reception are illustrated in Fig. 6. The pa-
rameters 1) and (3, are fixed to —7 dB and 0.05 for all cases. The
exact SEP are calculated by using (70) in [15] where single in-
tegration is required. The upper bounds are calculated by using
(26). Results show the improvement of the bound when the mod-
ulation level increases. For M > 8, the difference between the
exact and upper-bound curves is unnoticeable. The average SEP
for the ideal coherent demodulations are also presented as ref-
erences. The result illustrates the performance degradation due
to pilot-aided transmission.

Recently, the error performance of ideal coherent demodu-
lated M-PSK with uniform linear antenna array reception has
been analyzed in [40]. The effects of correlated fading due to
antenna spacing and operating environments, such as angle
of- arrival (AOA) and beamwidth of incoming signals, were
considered. The antenna array’s cross-correlation model used in
[40] has a property of pr; = pji*,forj,k =1,..., D.Byusing
the same cross-correlation model, Fig. 7 shows the upper-bound
SEP of PSA 8-CPSK as a function of beamwidth for two- and
four-branch linear antenna array reception. The antenna spacing
of one-half of carrier wavelength, AOA of 0° (broadside) and 90°
(end fire), and I'g5 , = 20 dB are considered. Numerical results
for the upper-bound SEP of PSA 8-CPSK with N' = 500 and
B; = 0 (approximation of ideal coherent demodulation) are in
good agreement with the exact solutions obtained in [40, Fig. 3].
The results also show the performance degradation due to the
redundancy of pilot symbols and noise channel estimation.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 3, MAY 2004

-1
10 T T T T T T T T
PSA 8-CPSK, N = SOO,ﬂ,: 0

(approximation of ideal coherent
detection)

PSA 8-CPSK, N =8, ;= 0.05

~~

~.

102150

~.
~.
S
___________________

1078

10

————————

.
_________

.......

Upper bound average symbol error probability

10®

O O O O ee ee O O D=4
1 2 3 4 D-1 D
10'6 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180

Beamwidth (...°)

Fig. 7. Error performance of PSA 8-CPSK in frequency-flat Rayleigh-fading
channels with two- and four-branch uniform linear antenna-array receptions.
The average SEP is a function of beamwidth and AOA. The antenna spacing
x is set to half of carrier wavelength and I'4s » = 20 dB. The relative
average power profile (in decibels) is H,(2) = [0,—0.1] and H,(4) =
[0,-0.1,-0.15, —0.2].

C. Imperfect Correlation Between Channel Estimate and
Data Signal

This effect is already addressed in the M-DPSK analysis,
where imperfect correlation between the previous signal
(channel estimate) K, and current signal (data signal) Uy is
due to the imperfect time correlation of the fading process fis.
In the case of pilot-aided M-CPSK analysis, perfect correla-
tion between channel estimate and data signal is assumed in
Section II-C. However, this assumption is not valid when the
bandwidth of PF and INF is narrower than the bandwidth of the
fading spectrum [16], [17], [20]-[22]. By following the analysis
given in [16], the effect of decorrelation between the channel
estimate and data signal on PTA system can be incorporated
by modifying the covariance matrix C. As in Section II-C.2,
assuming that the equivalent lowpass PF is an unity gain rectan-
gular filter with bandwidth of B,, /2, the elements E{|Y;?|} are
modified to enls 4 1 Rs + By, where e = fi‘g”/% Sy(f)df and
has arange of 0 < & < 1. S,(f) is the normalized power spec-
tral density of the fading process g (t) with fading bandwidth
of B,/2. The parameter ¢ is also required in E{X Yi"},
E{Y; Y;"}, and E{X; Y, "}, as well as in their complex
conjugate pairs. Fig. 8 shows the BEP of PTA @Q-CPSK with
different values of v (the ratio of B,, to By). In the calculation,
land mobile radio channel model with the “U”-shape power
spectral density (i.e., S,(f) = [r(f3 — f2)?~1) [7] and
normalized maximum Doppler frequency (fpTs) of 0.04 were
assumed. For this model, v = B,,/(2fp), B, = 2vfpTs,
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Fig. 8. Error performance of PTA Q-CPSK as a function of v (PF bandwidth
to fading bandwidth ratio B,, /B,). Rectangular PF = —7 dB, land mobile
radio channel model with fp7s of 0.04, and independent fading between
diversity branches is assumed.

and ¢ = (2/m)arcsin(min(1,v)). Performance degradation
due to decorrelation between the channel estimate and data
signal on PTA Q-CPSK is illustrated in Fig. 8. Results show
that the error performance is very sensitive to the band edge
distortion (i.e., for ¥ < 1). This is due to the fact that the
“U”-shape spectrum has high proportion of power near +fp
[16]. This figure also shows the BEP curves for ideal coherent
demodulation B-PSK and B-DPSK with us = Jo(27 fpT}),
where Jy(.) is the zero-order Bessel function of the first kind
and T} represents the bit period. Results given in Fig. 8 provide
BEP comparison between the three transmission techniques
under common transmit information bit rate and occupied
bandwidth conditions.

V. CONCLUSION

In this paper, upper-bound expressions for SEPs of M-DPSK,
PTA, and PSA M-CPSK over frequency-flat Rayleigh-fading
channels have been formulated. Postdetection maximal-ratio
combining technique is assumed at the receiver. The derived
upper bounds are able to investigate the effect of AWGN, cor-
related fading, and unbalanced power level between diversity
branches. The effect of Doppler spread on M-DPSK detec-
tion, noisy-channel estimation on PTA, and PSA M-CPSK
detections are also taken into account in the formulations. Ex-
pressions to calculate the exact bit-error probability of binary
and quaternary DPSK, PTA, and PSA CPSK are also evaluated.
To validate the accuracy of the upper bound, comprehensive
sets of numerical results produced by the upper bound have
been compared with the previous published results.

APPENDIX 1
COVARIANCE FUNCTIONS

The 2D x 2D covariance matrix C described in Section III
is defined by

X7 Xy XiXp XiYp
Xy |2 iXp WY
C=F : :
XiXp Yi#Xp |X3| XpYp
X;Yp YiYp XpYp  |YA

(32)
All matrix elements in C can be derived by using (7) [where
variables zy r, Wu,k, Tk k>, and wg , used in (7) are given
in Sections II-C-1, II-C-2, and II-C-3 for M -DPSK, PTA, and
PSA M-CPSK] and along with the channel covariance func-
tion specified in (5). The corresponding covariance elements for
M-DPSK, PTA, and PSA M -CPSK schemes are derived below.
All expressions below are normalized to 2N, so that results can
be expressed in terms of SNR at the kth diversity branch. In
the following, zero frequency offset between transmitter and re-
ceiver oscillators is assumed.
M-DPSK: Covariance between X, Y;, Xy, and Y}, for diver-
sity branch j and k is

E{|X}]} =E{|UZ]} =Tus +1

V2] =B {|K2} =Tt 1
E{X3Y}} = E{UxK}} 'Y =T, ppse?”
E{X;Yi} = (E{X,Y})"

E{X;X}} = E{U;U} = pju(Ts )3 (Do p)?
E{X; X} = (E{X;X}})"
E{Y;Y} = E{K;K;} = pjr(Ls,;)°
E{Y}YVi} = (E{K;K}})"
E{X;Y;} = E{U;K;} e’ = pjrps(Ts )
E{X;Yi} = (B{X;Y})

W=

(Doi)®

ol

(Fs,k) % ej‘I'
(33)

where I 1, is given in (9).
PTA M-CPSK: Covariance between X, Y;, X;, and Y}, for
diversity branch j and k is

E{|X¢[} =E{|U|} = Tsan +1
E{|V?]} =E{|K}|} = nls.axRs + Bu
E{XY;} =E{UpK;} e’ =T, q5/nRe™
E{XiYi} = (E{XY})"
E {XjX:} =k {Ulej} = pikv/Ts.d, iV s dk
E{X; Xy} = (E{X;X}})
E{Y;Y'} = E{K;K}} = pjxnRs/Ts.a/Ts.dx
E{YYi} = (E{K;K}})
E{X;Y} =E{U;K;} eV = pjn/Ts a0Vl s.apRse’”
E{X;Yi} = (E{X;¥})" (34)

where I's 4 5 is given in (11).
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PSA M-CPSK: Covariance between X, Y;, X;, and Y, for
diversity branch j and k is

B} = (02}
:Fs,mux,k+ 1
E{|v7|} =B {|K%[}

NB,
= 1—‘s,rnux,k: + FRS’TU,S

E{X,Y}} =E{U.K}} Y
=T mu i’

E{XiVi} = (E{X3Y})

E{X; X5} =E{U;Ug}
:pjk(rs,mux,j>%(]-_‘s,mux,k)

E{X;Xi} = (E{X;X;})"

E{Y;Y'} =E{K;K;}
:pjk(rs,mux,j)%(Fs,mux,k)%

E{Y;Yi} = (E{K;K[})"

E{X;Y;} =E{U,;K;} e’

1

= Pjk (rs,mux,j) 2 (Fs,mux,k)

W=

.
Ee]\p

E{Xjvi} = (B{X;Y¢H)” (35)
where I's nux, i 18 given in (15).
APPENDIX II
EIGENVALUES OF BLOCK DIAGONAL MATRICES
A 2D x 2D block diagonal matrix C =
diag(A1, As, ..., Ap) with Ay = [Z’“ z’“} for k = 1,
k k
2,...,D, where aj is a complex variable and z; and y;, are
real variables. The corresponding eigenvalues of C are
A A A A
e E it Y B
where
(Ak)
A 2
3 (A0) = Re{ar} £ v/ zryr — (Im{ar})”. (37)
2
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