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Analysis of Rake Reception With Multiple Symbol
Weight Estimation for Antipodal Signaling

Ranjan K. Mallik, Senior Member, IEEE, Deepti Singh, Member, IEEE, and Anita Kumari

Abstract—Consider a Rake receiver for coherent binary an-
tipodal signaling with: 1) a delayed received signal configuration;
2) weight estimation by matched filtering using the reference
signal along with the decisions of the previous M symbol inter-
vals; and 3) predetection maximal-ratio combining (MRC). The
weight estimation errors here are not independent of the additive
noise, and do not fit into the Gaussian weighting error model for
MRC. Here we analyze the error performance of the receiver by
obtaining the conditional symbol error probability, conditioned
on past decisions, from the characteristic function of the decision
variable, and getting the unconditional error probability (UEP)
for a block of M consecutive symbols using a Markov model of the
decision process. The channel is Rayleigh fading with independent
and identically distributed branch gains. Results show that the
error performance of the Gaussian distributed weighting error
model is a bound for that of multiple symbol weight estimation
by matched filtering, and the steady state UEP decreases with
increase of M, but the amount of decrease reduces as M increases.

Index Terms—Binary antipodal signaling, independent and
identically distributed (i.i.d.) Rayleigh fading, Markov model,
multiple symbol weight estimation, predetection maximal-ratio
combining (MRC), Rake reception, symbol error probability
(SEP), unconditional error probability (UEP).

I. INTRODUCTION

FOR WIDEBAND signals, such as code-division mul-
tiple-access (CDMA) signals, received over a fading

channel, a Rake receiver resolves the multipaths via code corre-
lation and then combines them [1]. Predetection maximal-ratio
combining (MRC) is the preferred combining technique
when the reception is coherent, since it gives the maximum
instantaneous signal-to-noise ratio (SNR) at the combiner
output. However, MRC requires estimation of the diversity
branch gains, scaled versions of which are the tap weights of
the Rake receiver. Errors arising from this estimation process
degrade the Rake receiver performance. Analysis of MRC with
Gaussian distributed estimation errors, which are independent
of the additive noise in the channel, has been done in [2].
However, in a Rake receiver for coherent binary antipodal
signaling with a delayed received signal configuration, tap
weight estimation by matched filtering using the reference
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signal along with the decisions of the previous M symbol
intervals, and predetection MRC (similar to that given in [3,
p. 803, Fig. 14-5-5 ] for M = 1), the estimation errors are
not independent of the additive noise, and do not fit into the
model of [2]. This calls for a different approach to the analysis
of the Rake receiver, and is the focus of this paper. Here we
analyze the error performance of the receiver by obtaining the
conditional symbol error probability (SEP), conditioned on
past decisions, from the characteristic function (cf) of the de-
cision variable, and getting the unconditional error probability
(UEP) for a block of M consecutive symbols using a Markov
model of the decision process. A Rayleigh fading channel with
independent and identically distributed (i.i.d.) branch gains
is considered. Results show that the error performance of the
Gaussian distributed weighting error model is a bound for that
of multiple symbol weight estimation by matched filtering, and
the steady state UEP decreases with increase of M; however,
the amount of decrease reduces as M increases. The error
probability formula derived in this paper can also be used to
compute the SEP for binary phase-shift keying (BPSK) systems
using multiple receive antennas for diversity reception, where
the received signals are subject to i.i.d. Rayleigh fading.

The paper is organized as follows. Analysis of the conditional
SEP, conditioned on past decisions, is presented in Section II.
Section III deals with the conditional error performance in i.i.d.
Rayleigh fading. Using a Markov model of the decision process,
the UEP for a block of M consecutive symbols is obtained in
Section IV. Section V shows a performance comparison of mul-
tiple symbol weight estimation by matched filtering with the
Gaussian distributed weight estimation error model of [2]. Nu-
merical results are presented in Section VI. Section VII contains
some concluding remarks.

II. SYMBOL ERROR PERFORMANCE

Consider a diversity reception system over a fading channel
with L branches, which uses a Rake receiver. The channel is
modeled by a tapped delay line with L taps. When symbol g;,
q% 6 {-1,1}, is transmitted in the ith symbol interval of du-
ration Ts, the complex baseband received signal can be repre-
sented as

ii

(1)
where sqi(t) is the complex baseband information-bearing
signal corresponding to symbol qi, having support [0, Ts),
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Fig. 1. Tap weight estimation.

average symbol energy 2E3, and large bandwidth W/2 sat-
isfying W > L/T3, gi is the random complex gain of the
t̂h branch, and n(t), representing the additive noise, is a

zero-mean complex circular white Gaussian random process
with two-sided power spectral density 2N0. The fading is
assumed to be frequency selective but time flat. The branch
gains {gi} are assumed to be invariant over M + 1 consecutive
symbol intervals and are independent of the noise n(t).

Let

The signaling waveform s(t) is a wideband signal generated by
a pseudorandom sequence, and satisfies

TB 2ES, if k =
0. if k (3)

where (•)* denotes the complex conjugate. Note that (3) is a sim-
plifying assumption for typical pseudonoise (PN) sequences.

We have made this assumption for analytical simplicity in the
derivations that follow.

In the tth symbol interval, the Rake receiver computes tap
weights hi.i,.... hL^ that are scaled estimates of the branch
gains <7i,..., </L, respectively, as in [3, p. 803, Fig. 14-5-5] for
M = 1, and uses these weights to combine the received signal
along with its L — 1 delayed versions by MRC. The decision
variable D{ resulting from coherent reception and MRC can be
expressed as shown in (4) at the bottom of the page. The receiver
makes the decision

+1
Di > 0 .

- 1

As shown in Fig. 1, the estimated weights ftii,..., hL,i,
obtained by matched filtering, are given by (5), shown at the
bottom of the page, where s(t- iTs - ((L - l)/W)) is the
reference signal and sgn(-) denotes the signum or sign func-
tion. Note that the integration in (5) corresponds to a low-pass

(4)

M

hk,i = (5)
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filtering operation. Thus, in the ith symbol interval, the tap complex Gaussian random variables [4], we have shown in Ap-
weights are estimated by making use of the decision variables pendix A that the cf of A , conditioned on j t o t , is given by
A - i , • • •, A-Af of the M previous symbol intervals.

Let the random noise variable Nk,t be defined as $ n ,

, L-k\ „ / L-l\
U[f~ ~W~) s {l - iTs - ~W~ ) dt> =E [exp(jwA|7tot)]

(13a)
It can be shown that {Nk^} are i.i.d. zero-mean complex cir-
cular Gaussian random variables with E [()2] =0 and vari-
ance E [| • |2] = 4EsN0, where E[-] denotes the expectation, where
Thus, each Nk>i has a CJ\f(Q, 4EsN0) distribution.

Using (5) and (6), the weight estimate hkti can be expressed , _ v^ ,n •, , n M

in terms of Nk,i-i,. • • ,Nk,i-M as /y

m=l

M
h - \ - (n uip , M l n\ and j = V3!-Note that since gi_msgn(A-m) e {-1,1},/i
nk,% - ^ mH^i-m) [ZUsQi-mgk + Mk,i-m\ • (') ^ g g v a l u e s f r o m _M tQ M ^ i n t e r v a l s Qf t w Q t h a t ig

m = l

Similarly, using (4) and (6), the decision variable A is ex- ft e { 2j - M, j = 0 , . . . , M } (14)
pressed in terms of Niti,..., NLti as

where j is the number of times </,_msgn( A - m ) takes the value
n —spiv^A* rop _i_/v 11 r>n one, or the number of correct decisions between the ( i - M ) t h

1 \ Z^ fe'» ^ s îfffc fc,»J f • K gjj^ ^ _ ]^)th symbol intervals.
Let the cf of 7 t o t be denoted as *7tot(;yo;). Averaging

Defining the random variable Ykj as *£>,l7tot (j^litot) in (13a) over the probability density function
of 7tot yields the cf of A, which depends on qi and fi, and is

y —97? „.„, _i_ AT, . tQ\ expressed as

and substituting (7) in (8), we can rewrite A in terms of \Yki\ \u ( i^ujE' N» b< /• +J"-E» JVQ (M+ff
as _ , ...

it=l m=l
rv* v, • -\-v, • Y

x M " " ' * „ f c | 1 " m • I - (10)

L M

= y y s g n ( A - m ) K { r ; l rayfca ' "' (15)
ZT[^^1 T h e conditional SEP a t t h e i t h s y m b o l i n t e r v a l «TS < t < ( i +

L M l)Ts, conditioned on qit and /,;, which we denote as Pei(qi, fi),
is given by

fc=l, /i)

ft= - 1, fi). (16)

Note that each Ykji, conditioned on gk, is a complex circular
Gaussian random variable having a CAf(2Esqigk, 4EsN0) dis- Formulae for Pe^qiji), qt = 1. - 1 , can be obtained directly
tribution. Thus (10) is a Hermitian quadratic form in complex from the cf * D ? (JUJ, qt, fi) using the inversion theorem [5].
Gaussian random variables. After changing the variable JUJ to z = 2JUJESN0 in (15), we

Let the random complex channel gain vector g be defined as get

g=[gi,...,gLf (11)
Pe-i (1, fi) = — sum of residues of

where (-)T denotes transpose. The ideal instantaneous SNR at
the combiner's output, denoted as 7 t o t , is expressed as

2 E. Nn • '

E. L

7tot —
k=l

at poles on left-half z - plane

(12)
k-1 Pei(—l,fi) = — sum of residues of •

where (-)H denotes the Hermitian (conjugate transpose) oper-
ator and 7fc = (Es/N0)\gk\

2 is the ideal instantaneous SNR at poles on right-half z -plane
at branch k. Using properties of Hermitian quadratic forms in

(17)
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where, from (15), we have

v D ^ I 71 i / z
— \jj „ I i _ t.

As a result, using (17) and (18), we obtain the relation

h = - 1 , ft)
=Pr (Di > 0

ei(-1, fi)
1

(18) (£-1)!

dL~l
(-1)'

z (z + ht)
L (M + MT + ffry

(24b)

(19)

By changing the variable of differentiation in (24b) from z to
z' = -z, we find that Pe*(l, ft) = Pe^-l, ft). Hence, the
conditional SEP at the *th symbol interval, conditioned on ft,
which we denote as Pci(ft), is given by

III. PERFORMANCE IN I.I.D. RAYLEIGH FADING

Consider a Rayleigh fading channel with i.i.d. zero-mean
complex circular Gaussian branch gains g\,..., <JL , each with
E [gl] = 0 and var iance E [\gk\

2] = fi. Le t

(20)

Pa(ft)=Fr (error \ ft)

=pei(i, ft) = Pa

Therefore, dropping the variable qi in
(19), we can write

denote the ideal average SNRper branch. The cf of 7tot is given
by [3]

L '

Substituting (21) into (15), we obtain

(21)

ft)- (25)

'H,ft), and using

(26)

By using Faa di Bruno's formula [6] to evaluate the (L - l)th
derivative as in [7], we obtain from (24) and (26) the expression

(M + MT + f?Ty a{ (at + 6f)
L - l

x y^
( i i , . . . , J t - i )

1 r i

| " n (a^ + &,;)
n (27)

z(z + at)
L (z - bi)L (M + MT + ffT)L

)L (M + MT + ffT)

where

=

M + M r + /?r
+ r) (M + ffr) - ftr
M + MT + f?T '

(22)

where the summation is over all (£-1)-tuples (/i,... ,h-i) of
integers in the range [0, L-l] satisfying J2^~Ji m'™ = L-l,
and ai and bi are given by (23). Thus, (27) is a closed-form
expression for the conditional SEP in i.i.d. Rayleigh fading.

Note that the conditional SEP Pei(ft) depends on the value
of ft, which ranges from -M to M at intervals of two [given
by (14)], but has no direct dependence on i. We therefore define
a probability p, as

A
Pj=Pei(2j - M), j = 0, (28)

(23)

Note that a» and 6,; are both positive quantities. It is clear
from (22) that VDi (z/(2EsN0), 1, ft) jz has only one
pole of order L at z = —a,i on the left-half z-plane, while
ffli (z/(2EsN{)), —1, /j) /z has only one pole of order L at
z = a^ on the right-half z-plane. Therefore, substitution of (22)
in (17) yields

For any symbol interval, the subscript j of pj is the number of
correct decisions made over the past M symbol intervals. Thus,
Pj is the conditional SEP in any symbol interval, conditioned on
the fact that j correct decisions have occurred over the past M
symbol intervals. Substituting (23) in (27), we can rewrite pj as

Pj=
(M + MT + (2j - M)2T)

(L-l)!
1+r) (M+(2j-M)2T) + (2j-M)T

L-l

z (z - h)L (M + MT + f?T)L_
(24a)
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L

n ( x/(l+r)(M+(2i-M)2r) + (2 j -

We have from (26) and (28) the relation

M
•' I T

which implies that

PM/2 = ~ when M is even.

IV UNCONDITIONAL ERROR PROBABILITY (UEP)

Consider the M x 1 decision vector Dq^ defined as

(29)

(30)

(31)

(32)

which constitutes the decision of the ith symbol interval iTs <
t < (i + 1)T3 and the decisions of the past M - 1 symbol inter-
vals. The entries of Dq^ are either zeros or ones, zero implying
an erroneous decision, and one a correct decision. We treat the
vector Dq^ as a binary number, the first row entry representing
the most significant bit, and the Mth row entry the least signif-
icant bit. The decimal equivalent of Dq ; , which we denote as
Ci, is therefore given by

M

£
m = l

M-m (33)

Thus, r,i ranges from 0 to 2M - 1, and each value of c; maps
onto a corresponding value of /;+i, where from (13b)

M

h+i = (34)
m = l

Note that fi+i represents

(number of ones in D q J - (number of zeros in

and that different values of CJ can map onto the same value of
fi+i. However, for every value of Q, there is a unique value of
fi+i. For example, when M = 2, we have c; G {(), 1. 2,3},
while /i+i e {-2,0,2}. In this case, c; = 0 maps onto / ; + i =
- 2 , c,; = 1,2 map onto / , + i = 0, and c» = 3 maps onto
/i+i = 2.

A reasonable measure of the UEP is the probability that at
least one error occurs in a block of M consecutive symbols. The
UEP at the ith symbol interval can be expressed as

d = 1 - Pr (a = 2M - 1) = 1 - Pr (fi+1 = M) . (35)

We proceed to find a way of obtaining the UEP.

If in the (i - l)th symbol interval, Q _ I = c, then in the ith
symbol interval, we have c; = [c/2\ in case of an error, and
Ci = 2M~1 + [c/2\ incase of a correct decision. Let Ci_i = c
map onto /» = 2j — M. We can then express the conditional
probability of c* given CJ_I as

Pr Ci= > M - 1 LIJ
(36)

where pj is given by (29). It is clear that the random variable
Ci, which takes integer values from 0 to 2M - 1, depends only
on the immediate past variable c»_ i, and not on the earlier vari-
ables. In addition, the conditional probability of Cj given ci-1

does not depend on i. As a result, the random sequence { c j
is a discrete-time discrete-state homogeneous Markov process,
having the set {0 ,1 ,2 , . . . , 2M - 1} of 2M states.

Let P,s(«) denote the state probability vector in the ith
symbol interval, given by

Pr (CJ = 1)

P r ( c , = 2 M - 2 )

(37)

The 2M x 2M transition probability matrix, denoted as P T , with
rows indexed by states of c, and columns by states of c,_i in the
order 0 ,1 ,2 , . . . , 2M - 1, can be easily constructed using (36).
Thus, we have the relation

Ps('O = PTPs(i - 1) = (38)

where the initial state probability vector P s (0) is a known quan-
tity.

We begin operating the receiverby receiving a known training
sequence qQ,q-i,.... q-u+i- This implies qi = sgn(A) for
i = -M + 1 , . . . , 0. Thus, Pr (c0 = 2M - l) = 1, implying

P s (0) = 0, 0, (39)

From (38) and (39), we can get P,s(«) in terms of the entries
of P T . The UEP is given by

which is in terms of po, . . . , P[M/2j •
In the case of M = 1, the states are 0,1

p \ Po 1 - Po
L! - Po Po

and it can be shown that

Puel = l-PSl(;i) = PSoti)=
1-^-

(40)

(41a)

(4 1b)
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In the case of M = 2, the states are 0, 1, 2, 3

P T =

Po
0

Pi
0 Pl l-p0

l-po 1-pi 0

0 0 1 - p i

(42a)

with p1 = 1/2, and we can show that

PU* =1 - PS3(i)

l-po\ {2po-lY

where

— JJiPi — i>2P2

(2p0 - 1) +

(42b)

- l ) ( 2 p o + 7)

m"2

1 0 J

er
ro

r 
pr

ob
e

i o - s

10'7

m"8

M=1, L=8

• - • i=50, USEP for weight estimation by matched filtering !
• • • - i=50, SEP for Gaussian distributed weighting error mode! :
— i=1, SEP for Gaussian distributed weighting error model
— i=1, USEP for weight estimation by matched filtering

fh=-
{2p0 - 1) - V(2p0 - l)(2p0 + 7)

>2 ="

2po-l\ to I

1 -^2~) \P1 ~ /
02 1 a , 2 p o - lJ2 ~ IP2 -\ 4

- (h)
(42c)

V COMPARISON W I T H EARLIER M O D E L

In [2], the errors in the tap weight es t imates / i^ i , . . . . hLyi are
modeled as complex Gaussian random variables. These errors
are characterized by the squared correlation between hk.i and
gk • In our framework, this squared correlation can be denoted
as p\ and is given by

5 6 7
ideal average SNR per branch (dB)

Fig. 2. Performance comparison of weight estimation by matched filtering
with Gaussian distributed weighting error model for M = 1, L• = 8.

The distribution of /; can be easily obtained from the distribu-
tion of Ci-i with the help of (33) and (34).

Following the approach in [2], the SEP of antipodal signaling
at the ith symbol interval in i.i.d. Rayleigh fading, with an ideal
average SNR per branch T, can be expressed as a weighted sum
of integrals and is given by

1
7T ./o

r /2
Sill

r + sin2 e
dte (47a)

where the weighting coefficient A(k,i) can be expressed in
terms of pf as

Pi =

2MEH-E\h*kiigk]
• 121

(43)
A(k, i) = L-l

fc-1
(47b)

It can be shown from (7), (13b), and the statistics of {Nk,i} and
9k that

[K,i9k
Eflfc; |2 (44)

As a result, we get

M

E [hi>i9k] =2Esil Y^(2j - M) Pr(/i = 2j - M)
3=0

M

E \\hi

The integral I / T T / ^ 7 2 (sin2 9/(T + sin2 6)) ' d(9 in (47a) can be
written in closed form as

(48)

We compare the SEP Pei,Gaus in (47) with the unconditional
SEP (USEP) in the ith symbol interval, which, from the struc-
ture of the state probability vector in (37), can be expressed as

=AMESNO + 4£^12^(2 j - MY
3=0

xPi(fi=2j-M).

Substituting (45) into (44) and using (20), we obtain
n

M
E

.7=0

°<= E (49)

(45) (=0

M

'3=0

(46)

It is clear from (40) and (49) that Pt < Puei, and that Pi =
* uei •

In Figs. 2 and 3, plots of the USEP P,; versus V resulting from
weight estimation by matched filtering are compared with those
of the SEP PeiiGaus versus T resulting from the Gaussian dis-
tributed weighting error model of [2]. The fading is assumed to
be i.i.d. Rayleigh. We have computed P; using (49) and PeiiGaus
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50, USEP for weight estimation by matched filtering
50, SEP for Gaussian distributed weighting error mode!
1, SEP for Gaussian distributed weighting error modei
1, USEP for weight estimation by matched filtering

TABLE I
COMPARISON OF ERROR PROBABILITIES OBTAINED BY COMPUTATION

WITH THOSE OBTAINED BY SIMULATION

M =

UEP

UEP

M =

UEP

l , i = 8

ft.i (=
P ue 5 0 ( =

or s

fU (=
UEP/

USEP

, r = 2

USEP

USEP

, r = 2

USEP

Pm

dB

Pi)

P50)

dB

Pi)

Computation

3.4071 x 10"3

1.4478 x 10-1

Computation

8.9752 x 10"4

2.9864 x 10-2

2.9250 x 10"2

Simulation

3.5343 x 10"3

1.3973 x 10"1

Simulation

8.7671 x 10"4

2.8863 x 10"2

2.8301 x 10"2

Relative error

3.73 %

3.49 %

Relative error

2.32 %

3.35 %

3.24 %

L=8, ideal average SNR per branch=6 dB

5 6 7
ideal average SNR per branch (dB)

Fig. 3. Performance comparison of weight estimation by matched filtering
with Gaussian distributed weighting error model for M = 2, L = 8. =§10

I
using (47). The value of i, indicates the number of symbols that |
are received between two successive training phases. The USEP f
Pi increases withincrease of i, while the SEP Pe i,Gaus increases |
with increase of i for small values of F but does not change with s 10

i for large values of F. We also find that

-P50 > -Per,o,Gaus > > Pi

O M=1
+ M=2
x M=3
• M.4

• • • • M = 5

• - • M - 6

- - M-7
M=8

o o o o <

O

Fig. 4. UEP versus symbol interval index i for T = 6 dB, L = 8, and different
values of M.

M=4, ideal average SNR per branch=6 dB

• L=6
• • • • L - 7

• - • L-8
- - L=9

L=10

Therefore, Pe% ^aus gives an upper bound of Pi for small values
of i and a lower bound of P-L for large values of i. We also ob-
serve that an increase in the estimation block size M from one
to two causes the peformance to improve considerably. For ex-
ample, at T = 10 dB, the USEP P{ for M = 1, i = 50 in Fig. 2
is 10"5 4, while that for M = 2, i = 50 in Fig. 3 is K)" 6 4 ,
implying an improvement by a factor of 10. Similarly, the SEP
^ei,Gaus at F = 10 dB for M = 1, i = 50 is 10~6, while that
forM = 2, i = 50 is 10"7-2.

To demonstrate the accuracy of our analytical results, we
compare UEP and USEP values obtained by computation using
(40) and (49) with those obtained by simulation in Table I.
We consider i.i.d. Rayleigh fading with F = 2 dB, M = 1,2,
L = 8. Each simulation result has been obtained from 73 000
runs, and, for each run, the channel gain gk is assumed invariant
over the entire block of data symbols between two successive
training phases. The relative error for each UEP or USEP is
given by the equation at the bottom of the page. We see from
Table I that the relative error is within 3.8%, implying that the
simulation results are very close to the computed results.

VI. NUMERICAL RESULTS 5 10 , 15 20 25

Plots of the UEP in i.i.d. Rayleigh fading, computed using F i g 5 U E p v e r s u s s y m b o l i n t e r v a l i n d e x ,. for r = c dB, M = 4 wd

(40), are shown in Figs. 4, 5, and 6. The variation of the UEP different values of L.

error probability by simulation - error probability by computation

error probability by computation
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6 7
idea! average SNR per branch (dB)

Fig. 6. Steady state UEP versus T for different values of L and M.

with the symbol interval index i for M = 1 , . . . , 8, L =8, and
F = 6 dB is shown in Fig. 4. The UEP increases with increase
in i and tends to saturate to a steady state value. We find that
for M = 1, we can receive only up to 25 symbols between two
successive training phases to keep the UEP within a reasonable
limit of l (T 3 .ForM = 2, the UEP is within 1(T4 when i < 25,
implying better performance. For M = 3 , . . . . 8, the UEP satu-
rates to steady state values less than 1 0 ~ 5 a t i < 8 , from which
we can conclude that use of training symbols at frequent inter-
vals is not needed when M > 3. Although the steady state value
decreases with increase of M, the amount of decrease reduces
as M increases. Therefore, though there is a distinct advantage
in increasing M beyond 2, there is not much advantage in going
for very high values of M.

Fig. 5 shows the plot of the UEP versus i for M = 4, T = 6
dB, and L = 6 , . . . . 10. We find that the steady state value of the
UEP decreases by about 10°° when L, the number of branches
or Rake fingers, increases by one.

A plot of the steady state UEP versus T for L = 8, 9, 10,
and M = 3 , . . . . 6 is shown in Fig. 6. The steady state UEP
decreases with increase of T, L, or M; however, the amount of
decrease in the steady state UEP with increase of M diminishes
as M goes from three to six. There is not much advantage in
using M = 6 as compared to using M = 4. So, when L > 8,
we need not go beyond M = 4.

VII. CONCLUSION

We have analyzed the error performance of a Rake receiver
for antipodal signaling in which the tap weights are estimated
by matched filtering using the reference signal along with the
decisions of the previous M symbol intervals. Combining is
done by predetection MRC. From the cf of the decision vari-
able, we have derived a closed-form expression for the con-
ditional SEP, conditioned on past decisions, in i.i.d. Rayleigh
fading. Next, a Markov model of the decision process, with tran-
sition probabilities expressed in terms of the conditional SEP,
is formulated. The UEP for a block of M consecutive symbols
is obtained from the Markov model. It is found that for small

values of i, the number of symbols received between two suc-
cessive training phases, the error performance of the Gaussian
distributed weighting error model is an upper bound for that of
multiple symbol weight estimation by matched filtering, while
for large values of i, it is a lower bound; and the steady state
UEP decreases with increase of M, but the amount of decrease
reduces as M increases.

APPENDIX

Define the (M + 1) x 1 random vector Yfc;,; as

where Yk,i is defined in (9), and the symbol vector q; as

A

(50)

(51)

The vector Y f c i , conditioned on the fcth branch gain gk, is a
complex circular Gaussian random vector satisfying

E [Yfc,i] =2Esgkqt

E [(Yfcii - 2Eagkqi) (Yfc,i - 2Eagkqi)
T] =0

E [(Yfcii - 2E8gkqi) (YM - 2E8gkqif'\ =4EgN0IM+i

(52)

where I,y/+i denotes the (M + 1) x (M + 1) identity matrix.
Thus, Yk,i has aCAf (2Esgkqi, AEsN0IM+i) distribution. In
addition, we define the decision variable matrix D? as

o

sgn(A-i)
sgn(A-2)

sgn(A-i) •
o
o

• • Sgll(A-M)
o

o

Lsgn(A-M) 0

Substituting (50) and (53) in (10), we get
(53)

(54)

fc=i

Owing to the independence of the random noise variables
N1>{,.... NLj given by (6), the vectors Ylyi,.... YLA,
conditioned on gk, are independent.

Using properties of Hermitian quadratic forms in com-
plex Gaussian random variables [4], the cf of Dt, condi-
tioned on the ideal instantaneous combiner output SNR
7tot = (Es/N0) E L I 1.9* I2 as in ( 1 2 ) ' i s given by

IM+iexp ^j

det ( I M + i -
(55)

We can express the matrix I M + I - 2ju;EsNuDi in (55) as

1 d-
d; I M

(56a)
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where the M x 1 vector d; is defined by

A
dt= - 2jwEsN0

sgn(A-i)
sgn(A-2)

.sgn(A-M)-

(56b)

It can be shown that

det

and

lit

IM
(57a)

( 1 - d f d , ) L-di (1 - df di) IM +
(57b)

Ranjan K. Mallik (S'88-M'93-SM'02) was born in
Calcutta, India, on November 15, 1964. He received
the B.Tech. degree from the Indian Institute of Tech-
nology, Kanpur, in 1987 and the M.S. and Ph.D. de-
grees from the University of Southern California, Los
Angeles, in 1988 and 1992, respectively, all in elec-
trical engineering.

From August 1992 to November 1994, he was a
scientist at the Defence Electronics Research Labo-
ratory, Hyderabad, India, working on missile and EW
projects. From November 1994 to January 1996, he

was a faculty member of the Department of Electronics and Electrical Com-
munication Engineering, Indian Institute of Technology, Kharagpur. In January
1996, he joined the faculty of the Department of Electronics and Communica-
tion Engineering, Indian Institute of Technology, Guwahati, where he worked
until December, 1998. Since December, 1998, he has been with the Department
of Electrical Engineering, Indian Institute of Technology, Delhi, where he is
an Associate Professor. His research interests are in communication theory and
systems, difference equations, and linear algebra.

Dr. Mallik is a member of Eta Kappa Nu. He is also a member of the IEEE
Communications and Information Theory Societies, the American Mathemat-
ical Society, and the International Linear Algebra Society, a fellow of the Insti-
tution of Electronics and Telecommunication Engineers, a life member of the
Indian Society for Technical Education, and an associate member of The Insti-
tution of Engineers (India).

Substituting (57b) in (55) and simplifying the resulting expres-
sion, we obtain (13).

REFERENCES

[1] The Mobile Communications Handbook, J. D. Gibson, Ed., IEEE Press,
Piscataway, NJ, 1996.

[2] B. R. Tomiuk, N. C. Beaulieu, and A. A. Abu-Dayya, "General forms for
maximal ratio diversity with weighting errors," IEEE Trans. Commun.,
vol. 47, pp. 488^92, Apr. 1999.

[3] J. G. Proakis, Digital Communications, 3rd ed. New York: McGraw-
Hill, 1995.

[4] G. L. Turin, "The characteristic function of Hermitian quadratic forms
in complex normal variables," Biometrika, vol. 47, pp. 199-201, 1960.

[5] J. Gil-Pelaez, "Note on the inversion theorem," Biometrika, vol. 38, pp.
481-482, 1951.

[6] C.-J. de la Vallee Poussin, Cours D'Analyze Infinitesimale, 12th
ed. Paris, France: Gauthier-Villars, Lib. Univ. Louvain, 1959, vol. 1.

[7] R. K. Mallik and M. Z. Win, "Error probability of binary NFSK and
DPSK with postdetection combining over correlated Rician channels,"
IEEE Trans. Commun., vol. 48, pp. 1975-1978, Dec. 2000.

[8] C. Tellambura, A. J. Mueller, and V. K. Bhargava, "Analysis of Af-ary
phase-shift keying with diversity reception for land-mobile satellite
channels," IEEE Trans. Veh. Technol, vol. 46, pp. 910-922, Nov. 1997.

Deepti Singh (M'02) was born in Pune, India, on July
21, 1979. She received the B.Tech. degree in elec-
trical engineering from the Indian Institute of Tech-
nology, Delhi, in 2001.

She joined the Indian telecom research and devel-
opment center C-DOT (Centre for Development of
Telematics), New Delhi, India, in August 2001. Cur-
rently, she is working in the optical domain on dense
wavelength division multiplexing technology.

Anita Kumari was born in Agra, India, on May 4,
1980. She received the B.Tech. degree in electrical
engineering from the Indian Institute of Technology,
Delhi, in 2001.

Since September 2001, she has been with the Intel-
lectual Property Division of Evalueserve, Gurgaon,
India, where she is a Senior Research Associate. Her
research interests are in communication theory and
systems.


