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Abstract

Spatial and temporal processing are combined to suppress
narrowband interference in CDMA communications. Space-
time (ST) processing provides degrees of freedom (DOF)
for both interference cancellation and diversity combining.
Two ST receiver architectures, cascade and joint, are stud-
ied. The main contributions of the paper are the develop-
ment of new analytical expressions of (1) the asymptotic ef-
ficiency of each method, (2) the probability density function
{PDF) of the signal-to-interference-plus-noise ratio (SINR)
at the array output in a frequency selective Rayleigh fading
environment, and (3) the average probability of bit error
(BER) associated with each method.

1. Introduction

The need to suppress narrowband signals in CDMA systems
arises in applications where narrowband signals are overlaid
with wideband signals to increase spectral efficiency. This
concept has been proposed for both the personal commu-
nication systems (PCS) band and the cellular band. The
co-existence of these two different systems within the same
frequency spectrum, will cause interference to both systems.
In this work we are concerned with the interference caused
by the narrowband signal to the DS-CDMA signal.

The conventional approach to rejecting narrowband in-
terference has been to sample the received signal at the chip
interval, and to exploit the high correlation between the in-
terference samples prior to spread spectrum demodulation.
This method essentially places a notch at the narrowband
interference frequency. The notch, however, also removes
a portion of the DS-CDMA signal. As the bandwidth of
the interference increases, the notch widens and the DS-
CDMA signal loss becomes more significant. A number of
authors have explored the performance of DS-CDMA over-
lay system [1, 2] with a narrowband BPSK signal as an
interference.

A different approach is the use of antenna arrays. In [3],
the various ST receiver architectures considered were shown
to combat co-channel interferences and fading in DS-CDMA
based wireless communication systems. In this paper the
performance of space-time receiver architectures, cascade
and joint, is evaluated for suppressing a narrowband inter-
ference overlaid with a DS-CDMA signal in a frequency-
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selective slowly fading Rayleigh channel. Closed-form ex-
pressions are obtained for asymptotic efficiency, probability
density function (PDF) of output SINR, and error proba-
bility associated with each architecture.

2. System Model

Consider the uplink of a coherent mobile communication
system. The lowpass equivalent of the transmitted DS-
CDMA signal is given by s(t) = v/Pd(t)u(t), where P is the
signal power, d(t) € {—1,1} is the data bit with duration
Ty, and u(?) is the signature waveform with chip duration
Te. The signature sequence u(t) is assumed such that

T . _ Ty i=j
/ w(t — iTo)u(t — jTc) dt = 0 id;, (1)

where 0 < 4, < (L —-1) and L = % is the processing
gain. The time-variant frequency-selective Rayleigh fading
channel is modeled as a tap-delay line with tap spacing T,
and tap coefficients {cm(t)}, where 0 <m < M—1and M is
the number of resolvable paths. Subsequent to slow fading
assumption, we have {cn(t)} = {cm} during the processing
interval.

The narrowband interference is assumed to be a non-
fading BPSK signal, and is defined by its equivalent lowpass
representation as J(t) = v/Jb(t)e’C™+%) where v is the
offset of the interference carrier frequency from the carrier
frequency of DS-CDMA signal. The parameters J and ¢
denote the received interference power and phase, respec-
tively. The information sequence b(t) € {—1, 1} has bit rate
1/T;, where T; is the bit duration. The ratio of the inter-
ference bandwidth to the DS-CDMA bandwidth is given by
p=§:—=%and0<p_<_1.

The base station uses an N-element uniform linear ar-
ray with array elements assumed sufficiently separated such
that spatial diversity (independent fading at each receive
antenna) is achieved with respect to the DS-CDMA signal.
The equivalent baseband received signal at the n-th antenna
can be written:

M-—1

za(t) = VP Y camd(t — mTe)u(t — mTe) +&n(t) + vn(t),

m=0



where {¢pm}, n = 1,...,N, m = 0,..., M — 1, represent
the complex-valued tap coefficients of the fading channels as
seen by DS-CDMA user. Samples of {cnm} are statistically
independent between paths m, and between antennas n.
The quantity £n(¢) is the narrowband interference at the
n-th antenna and is given by £,.(t) = V/Tb(t)e/ 3™+ gi%n
where ¢, is the electrical angle of the interference at the n-
th antenna. The additive noise v, (t) is modeled as complex
white Gaussian with zero mean and variance o>. We assume
perfect code synchronization.

A demodulator is used at each antenna element to col-
lect the energy of the received signal from all independent
paths and to despread the signal. The demodulator consists
of an M tap-delay line and matched filters. The general
configuration at the base station is shown in Figure 1. The
demodulator is shown in Figure 2. The output at the m-th
tap correlator at the n-th antenna for the I-th symbol is

given by
/(l+1)Tb
Ty

\/I—JLd(l)cnm + Enm(l) + ﬂnm(l)a (2)

where £nm(l) and %nm(l) are narrowband interference and
noise at the output of the matched filter. The last line in (2)
follows from the assumption made in (1).

ynm(l )

on(t + mTe) u(?) dt

3. Spatial Processing

In this section we consider spatial processing only, i.e., all
the terms except for m = 0 vanishes in (2). In other words,
we consider flat Rayleigh fading at each antenna. Define an
N dimensional array vector y(I) for the I-th symbol at the
output of the matched filter as

y(I) = VPLd()e + Y1) + ¥(1), (3)

where ¢ = [cl,...,cN]T, is the vector of channel coefli-
cients. The terms Y(I) = [¢:(]),...,¢n(D)]T and ¥()) =
[m(D),...,nn ()] are interference and noise spatial vectors,
respectively. The maximum SINR at the output of the ar-

ray is [4]:
p=PL°c"R]c, (4)
where Ri = Y'Y 4(0? L)1y, is the interference-plus-noise
covariance matrix at the output of the matched filters and
I~ is the identity matrix.
Using unitary transformation in (4), the PDF of x4 can
be shown to be given by

fu(p) =

—(IN4a2)
(IN 40?1 ™ 0 By (N =1 N ) 5
o2(N)RN 5)
where P, = PLE []cn|2] ,n=1,...,N,is the mean desired
signal power per antenna element, b = % is the mean

signal-to-noise ratio per antenna element and ; F; (-) is the
Kummer’s confluent hypergeometric function.

The asymptotic efficiency is defined as the ratio ¢ =
%ﬂ in the region of low noise power, where v g is mea-
sured in the presence of the interference, and %o is observed
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with the interference absent. Using (4), Yo = E[u] =
.

Tiaez t+ gN—;?fi. Without interference, yo = N;—f'-. Hence
the asymptotic efliciency of the spatial processor is given
by ( =1~ % This relation clearly illustrates the loss of
one DOF incurred by the interference cancellation process.

4. Space-Time Processing

In this section two space-time processing schemes, cascade
and joint, are formulated and their performance evaluated.

4.1, Cascade Space-Time Processing

The cascade ST receiver consists of a temporal processor

using the outputs of the spatial processor. Using (2), de-

fine the N-dimensional array vector at the output of the

m-th tap matched filter for the I-th symbol as yL(l) =

[y1m(D),...,ynm(l)]. The optimum weight vector, which

maximizes SINR, is given by f, = Rylr,., where v =

Elym()d(l)] = V'PLcy, is the cross-correlation vector, R, =
E [{ym(l) — d(0)Fm} {ym() — d(l)r;n} "] is the interference-
plus-noise covariance matrix at the output of the m-th cor-

relator and e, = [cim,...,cnm] is the vector of channel

coefficients at the m-th tap delay. Following spatial pro-

cessing with the spatial weight vector f,,, the spatial out-

put at the m-th tap-delay line is zm(l) = fZym(l). Let

z(l) = [z0(l),..., za—1(])] be a vector that consists of the

M outputs of the spatial combiners. The vector z(l) is fed

into the temporal combiner. Define the output of the ST

combiner as p(I) = gf¥z(l), where g is the temporal weight

vector. We consider two ways to combine the elements of
z(1): (1) straight combiner (g = 1) and (2) optimum com-

biner in which g is derived in a similar fashion as the opti-

mum spatial weight vector fr,.

Straight Temporal Combiner (g = 1)

Due to mutual independence of the spatial outputs {zm({)},
the SINR at the output of the cascade ST processor is
fst1 = Ef;ol Wm, where ., is the SINR associated with

each of the spatial combiner. The PDF of ps11 can be shown
to be given by

(JN+ 02)Mp‘NM—le':(%-t;'2)ﬁ
(07)MT (N M) RN M

(- 1)M N J}J,f’“),

Fuers (1)

(6)

where P, = PLE [|cnm|2] ,a=1,..., Nm=0,...,M—1.

Following procedure similar to that in section 3, the
asymptotic efficiency of the cascade optimum space-straight
temporal {COSST) processor can be calculated to be {511 =
1— %. This relation clearly demonstrates a loss of M DOF
out of a total of N M due to presence of interference.

Optimum Temporal Combiner

The vector z(l), fed into the temporal combiner, can be
expressed as z(l) = \/PLd(l)B + Y: + ¥, where BT
[ffco, ... B _iem], XT = [fF Yo, ... FH_ Y rra] is



the interference vector and ¥} = [fgI‘Ifo, et ,fﬁ_l‘I!M_l]
is the noise vector. The optimum temporal weight vector g,
which maximizes SINR, is given by g = R 'r;, where r;, =
E[z(1)d(l)] = vVPLB is the cross-correlation vector, R; =
E [{z(l) —d(Dre} {z(l) - d(l)rt}H] is the interference-plus-
noise covariance matrix at the input of the temporal com-
biner. Hence, the SINR at the output of cascade optimum
space-optimum temporal (COSOT) processor is given by
PL2E[]gHB[2]
Hst2 = E[lgHTt‘z] +E[IgH‘Pfl2]
with respect to the noise over a time interval during which
the channel is considered constant (due to slow fading as-
sumption, channel coefficients are constant for several bit
intervals). Thus, pes2 is as a random variable parameter-
ized by the channel coefficients {cnm}. Unfortunately, the
PDF of psiz is not known.

. The expectation is taken

4.2. Joint Space-Time Processing

With the joint ST combiner, processing is carried out si-
multaneously in the space-time domains. Define the N M-
dimensional stacked vector for the [-th symbol after the
spread spectrum demodulation as

Y(I) == VPLA)C + Y(I) + &(1), (7

where CT = [cg, s ,CTM_.I] is the vector of channel coef-
ficients, YT (1) = ['rg(l), R o Y (Z)] is the interference
vector and T (1) = [‘I'?; ®,..., ‘I’%}_l(l)] is the noise vec-
tor. Using procedure of section 3, the maximum SINR at
the output of the joint ST combiner can be shown to be
given by
NM |sif?
= PI? By
wia=PL* ) S, (®)
=1
where 87 = [s1,...,snva], {\i} are the eigenvalues of R =
TYo 4 (02L)INM and Iyas is the identity matrix. Each

of {|si|*} is a chi-square random variable with two degrees
of freedom. The eigenvalues {\:} of R are

A = A l=1,...,r
'Y 6*L Il=r+1,...,NM,

where 1 < r < M. The value of r depends on the band-
width (BW) of the narrowband interference, which in turn
determines the number of principal eigenvalues (eigenval-
ues containing most of the interference power) of R. The
number of principal eigenvalues can be predicted by the
Landau-Pollak theorem and is r = p(M — 1) + 1, where
p= % and M is the number of taps in the temporal pro-
cessor. Clearly, when the interference BW is very small
compared to DS-CDMA signal BW, » = 1, whereas when
the interference BW is same as DS-CDMA BW, r = M.
Also, when M = 1, i.e., spatial processing only, r = 1 re-
gardless of the value of p demonstrating the robustness of
spatial processor with respect to interference BW.

The PDF of pjq can be shown to be given by

o~ (NM=r) ,(NM~r) T me:#

fl‘jd(u’) F(NM—*T—{-].) ; 1
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1F1(NM—?';NM—'rJrl;(l - L)lt)
() Yo
(9)

where m = H,::l’k# o= %}"— and v, = Z5. Here,
it was assumed that {X;,/ =1,...,r} are distinct.

The asymptotic efficiency of the joint space-time opti-
mum combiner can be shown to be given by (ja =1 — w37
where 1 < r < M. Interestingly, when the interference
BW equals DS-CDMA BW, ie, r = M, the asymptotic
efficiencies of the COSST combiner and joint domain opti-
mum combiner are identical.

5. Probability of Error Calculations

In this section we calculate the average probability of bit er-
ror (BER) for the spatial optimum combiner, COSST com-
biner and joint ST optimum combiner. The sum of residual
interference and noise at the output of the ST combiner
(array) is assumed Gaussian. The BER is simply

P. = /0 b %erfc(\/ﬁ) Fu(w)dp (10)

where erfc(-) is the complementary error function, and f,(4)
is the PDF of p.

Using (5), (10) and [5, 6], the BER of the spatial opti-
mum combiner can be calculated and is

1
b 1 (JN +6*)I(N + L)pN+3
‘ 2 /m?T(N)WN(JN + 02 + P,)V+3
1 3
P (N+5,1,N—1,§,N,
P, N ) )
JN+o02+P,  JN +02+ P,

where F3(-) is Appell’s hypergeometric function of two vari-
ables.

Using (6), (10) and [5, 6], the BER of the COSST com-
biner can be calculated and is

1 (JN+ e )MI(NM + 1)

e S

2 ﬁ(az)Mr(NM)hNM(%&.)NM-y%

P (NM+ %,1,(1\7 ~1)M; %,NM;
P, IN ) 12
JN4+02+ P, JN 402+ P,

Using (9), (10) and [5, 6}, the BER of the joint ST
optimum combiner can be calculated and is

P =

1 Z’": D(NM ~ 7+ 2)m(1 + 71_1)—NM+T_%
2 - VET(NM — 1 4+ 1)7,(NM=r)y,

B (NM—’"‘F%:LNM—T; %,NM—'T+1;
12
L ¥ (13)
n+1 n+1
Equations (11), (12) and (13), though exact, do not offer

any meaningful insight. Hence, meaningful upper bounds
of these BERs are derived.




5.1. Upper Bounds for the BER

Using the bound erfc(,/u) < 3\%;— in (10), the upper bound
for the BER of the spatial optimum combiner is

(JN +07)
2yT(JN + 02 + P)(1 + S)v-1

This expression provides meaningful insight into a few spe-
cial cases. When there is no interference, ie., J = 0,
P < m This is the upper bound for the BER of an
N-order space diversity receiver employing maximal ratio
combining (MRC) and without interference, as expected.
When the interference power is infinite, i.e., J — oo, the
expression becomes P. < W This is the upper
bound for the BER of an (N — 1)-order diversity MRC re-
ceiver without interference. This implies that presence of
interference with infinite power in the channel results in the
loss of one diversity path.

The upper bound for the BER of the COSST combiner

P. < (14)

is
(JN 4 02)M

P. <
2/m(IN + o2 + P)M(1 + Bg)(v-nnr

(15)

Clearly, the COSST combiner, without interference, per-
forms as an N M-order diversity receiver, whereas presence
of an interference with infinite power results in a loss of M
DOF.

Similarly, the upper bound for the BER of the joint ST
optimum combiner is

T
+ 7O)NM—r .

1 T
<5F L TEwa (19)

These expressions for the upper bounds clearly demonstrate

that the interference cancellation entails a loss of DOF, with
a corresponding loss in the diversity performance.

6. Numerical Results

This section presents both analytical and simulations re-

sults on the performance of the space-time combining schemes

studied in the previous sections. The channel was modeled
with M = 4 taps. The data symbols were modulated by
Gold sequence of length L = 31 and Ty = T; = LT, = 31.
The interference-to-signal ratio prior to spread spectrum
demodulation (at the input of the correlators) is J/S = 25
dB, where the signal power S = Pg, and 8 = E{| cum |°}.
The number of antennas N = 2 and the offset of the inter-
ference carrier frequency v = LL =4

In Figure 3, the BER 1s plotted as a function of the
average total SNR NMZE e Covariance matrices and the
cross-correlation vectors used for optimal combining were
estimated from blocks of 50 samples. The simulations re-
sults shown are averages of 4000 Monte Carlo runs. The
COSST simulations provide a good match to the theoret-
ical BER curve. In this case the ratio of the number of
samples used to estimate the covariance matrix and the sig-
nal dimension is % (optimum combining is carried out only

2
in the spatial domain with two antennas). Notice that the
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COSST and the COSOT show similar performance. For the
Joint ST case the simulation curve indicates slightly higher
BER’s than predicted by theory. This is explained by the
covariance matrix estimation errors. In this case the ratio of
the number of samples used to estimate the covariance ma-
trix and the signal dimension is 22 (N M = 8). The effect
of the number of samples used to estimate the covariance
matrix is illustrated in Figure 4 where the joint ST simu-
lations were generated using 50 and 100 samples estimates.
A closer match between theory and simulations is clearly
evident when the number of samples used to estimate the
covariance matrix is increased.

In Figure 5, the BER of the overlay system is shown as
a function of the ratio p of the interference BW to the DS-
CDMA signal BW. The performance of the COSST and the
COSOT combiners is not affected by the interference BW
as mentioned in section 4. The performance of the joint ST
combiner approaches that of the COSST when the p =1, as
indicated by the asymptotic efficiency expressions derived
in section 4.

7. Conclusions

In this paper we developed new analytical expressions of
the asymptotic efficiency, the PDF of the SINR at the ar-
ray output in a frequency selective Rayleigh fading envi-
ronment, and the BER associated with several space-time
receiver architectures. The simulations results corroborated
the analytical results.
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