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Abstract. The requirement to suppress narrowband interferences in CDMA communications stems from the overlay
concept, i.e., coexistence of different types of signals in the same frequency band. The conventional approach to
rejecting the narrowband interferences has been to whiten the received signal containing the interference, prior to
spread spectrum demodulation. In this paper, it is proposed to achieve the interference rejection through spatial
processing. The main benefit of this approach is its robustness with respect to the interference bandwidth. Stepping
up from single domain spatial processing to space-time processing provides degrees of freedom for both overlay
interference cancellation and diversity combining. Two space-time architectures, cascade and joint-domain, are
studied and compared to a Rake receiver preceded by a whitening filter. Main contributions of the paper are the

development of analytical expressions of (1) the efficiency of each method, (2) the p.d.f.’s of the output SNR in
~ a Rayleigh fading environment, and (3) the error probability associated with each method. The analysis therein
demonstrates that the joint-domain architecture outperforms the cascade configuration, which in turn is superior
to the whitening filter-Rake combination.
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1. Introduction

The concept of an overlay has been proposed for both the PCS band [1] and the cellular
band [2]. In such a scenario, DS CDMA signals are overlaid on top of existing narrowband
users, providing new opportunities for the expansion of CDMA networks. In October 1993, the
US Federal Communications Commission (FCC) released 140 MHz of spectrum in the 1.85
to 1.99 GHz region for use in PCS applications. The IS-95 direct-sequence (DS) CDMA has
been proposed for use in the PCS frequency band. This PCS spectrum, however, is currently
occupied by point-to-point, fixed service, relatively narrowband microwave radio links. The
coexistence 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 spread spectrum signal.

Starting with the days when spread spectrum was contemplated mainly for military com-
munications, and the main concern were jammers intended to deny communications, and
~ through recent work concerned with overlay of commercial applications, a considerable body
of knowledge was generated on the topic of narrowband interference rejection in DS spread
spectrum signals. The conventional approach was to sample the received signal at the chip
interval, and to exploit the high correlation between the interference samples to whiten the
signal prior to spread spectrum demodulation [3, 4]. This method essentially places a notch
at the narrowband interference frequency. The notch, however, also removes a portion of the
~." DS signal. As the bandwidth of the interference increases, the notch widens and the DS signal

~loss becomes more significant. In some CDMA applications the channel is frequency-selective
~and a receiver which consists of a whitening filter and a Rake combiner was proposed in [5].
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More recent work exploited the binary nature structure of the DS signal to obtain improved
interference rejection through nonlinear filtering [6]. When the narrowband interference is
itself a DS sequence of a much lower rate, a multiuser framework was proposed for optimal
interference rejection [7].

A different approach is the use of antenna arrays. Antenna arrays can provide diversity
paths to combat multipath induced fading and are capable of suppressing interferences through
spatial filtering [8]. The main advantage of spatial over temporal processingis in the bandwidth
reference; in spatial processing the reference is the carrier frequency, while in temporal
processing the reference is the bandwidth of the spread spectrum signal. With respect to the
carrier frequency, even the spread spectrum signal is essentially narrowband. Thus, unlike the
performance of the whitening filter, the spatial processor is very robust with respect to the
interference bandwidth.

In this paper we consider the suppression of narrowband signals overlaid with the CDMA
signal. A major source of interference in CDMA communications is the multiple access
~ interference (MAIT). Space-time receiver architectures have been previously proposed for MAI
cancellation [9, 10, 11]. In this paper, these structures are evaluated for their performance in
suppressing narrowband interferences. While the study of the overlay concept and the receivers
investigated are motivated by CDMA communications, in this paper we focus on the rejection
of narrowband interferences and ignore MAI effects. MAI cancellation in overlay situations
is studied in [12].

The performance of adaptive antenna arrays in a Rayleigh fading channel has been studied
in [13] and [8]. In those references it was shown that the interference cancellation entails
a loss of degrees of freedom, with a corresponding loss in the diversity performance. In
this paper, we demonstrate this suppression/diversity relation through an argument based
on the asymptotic efficiency. Moreover, we extend the work in [13] and {8] by obtaining
expressions for the probability density function (p.d.f.) of the SNR, and the error probability
in a frequency-selective Rayleigh channel.

In section 2, we study interference suppression by way of single domain processing. The
advantages of spatial processing are demonstrated by evaluation of the asymptotic efficiency
for each method. In section 3, two space-time architectures, cascade space-time and joint-
domain, are compared to the ‘time-time’ structure consisting of a prediction-error filter (PEF)
and a Rake receiver (PEF-Rake), as proposed in [5]. Expressions for the SNR p.d.f. and the
error probability are provided in section 4. Numerical results are presented in section 5, and
conclusions are summarized in section 6.

2. Single Domain Processing

In this section, the signal model is introduced and the interference suppression processing is
formulated in the temporal and spatial domains. Bandwidth effects are considered for each
processing scheme.

"~ SIGNAL MODEL

‘Consider the uplink of a coherent mobile communication system. The lowpass equivalent of
the CDMA signal transmitted by a designated user is given by

st =VEY d@ut—iT), (1)
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where £ is the symbol energy, d (i) € {—1, 1} is the data bit, T is the symbol interval, and
u (1) is a real-valued signature waveform' with unit energy | OT u?(t)dt = 1. The channel
is assumed frequency-selective with M resolvable paths. Neglecting attenuation effects and
assuming slow fading (unchanged over the processing interval), the received pulse shape is
given by

M—1
g = Y cpu(t—mly
m=0
= c"u(t), 2)
where the superscript (T) denotes transposition, ¢,,, m = 0,..., M — 1, are the complex-
valued channel coefficients, ¢/ = [co,...,car—1], and u(t)’ = [u(t),...,u(t—

(M — 1)T,)]. For a Rayleigh fading channel, c,,, are modeled as independent identically
distributed (i.i.d.) circular gaussian random variables with zero-mean and unity variance, i.e.,
cm ~ CN [0, 1]. The tap-delay Ty, is chosen to model independent paths. In general, if the
CDMA signal bandwidth is W, the bandwidth of the lowpass waveform g (¢) is W/2, the
sampling frequency is W, and T; = 1/W. In any specific application however, the signal may
be received via few and widely dispersed paths, i.e., many of the coefficients of the model
- above may be set to zero.

The signal is received in the presence of narrowband interference and white gaussian noise.
The interference is assumed to be a narrowband BPSK signal represented by the complex
~ envelope

§(t) = VJb(t)e 0D, 3)

where (2 is the offset between the carriers of the CDMA signal and the interference, b(t)
is a binary waveform with symbol interval T}, J is the interference power, and 8 is the
interference carrier phase relative to the CDMA carrier. It is assumed that fading does not
affect the narrowband interference. This assumption is of no great consequence, since given
sufficient degrees of freedom, the interference is suppressed, whether fading or not. The
interference fractional bandwidth is p = T, /T};. The noise v(t) is a sample function of a
gaussian complex-valued random process, with zero-mean and E [|v(t)v* (7)|] = Nod (£ — 7).
The received signal can then be written

) = VEY d(i)g (¢t = iT) + (1) + v(t). @)

- Two interference suppression schemes configurations, operating in the temporal and spatial
domains, respectively, are considered below.

 TEMPORAL INTERFERENCE SUPPRESSION

Temporal interference suppression is implemented by a PEF. Assuming that the filter tap-delay
is the same as in the channel model, the output of the PEF can be written

a(t) = VEY d(i)a UT (¢t —iT)c + aflji(t) + a vy (1), (5)

" | This model is not applicable to IS-95 since the signature is repeated at each symbol interval. This restriction
-is adopted .only for notational convenience, and the results in the paper apply also for long codes.
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where the superscript (H) denotes ‘transpose-conjugate’. The filter coefficients are contained
in the ()-dimensional vector a, and the M x ) matrix U (¢) is defined

The interference vector is defined j} (t) = [7(), ..., 5 & —(Q — D)Ty], v¢(t) is defined in a
similar manner, and the M -dimensional vector ¢? consists of the channel coefficients. Spread
spectrum demodulation at the k-th data bit interval yields:

z (k) = (z(t),u(t — kT))
= d(k) VEaTPfc +d(k + 1) VEa'PTc + allj (k) + aflv,(k), (7)

where (z(t),u(t — kT)) = [ET 5(t) u(t — kT) dt, and
Py = (U(t+T),ut)) £=0,1 ®)

_is the M x @ spreading sequence correlation matrix. The interference vector is defined
Jt(k) = (j: ®),u(t)), and the noise vector v;(k) is defined similarly. To facilitate the analy-
sis, assume that the autocorrelation of the signature waveform is such that [Pol;; = 1is
the only non-zero element of the matrix Py, and that P;= 0. Since (z(t), u(t — kT)) =
af (r(t),u(t — kT)) = aPr(k), where v7 (¢) = [r(t),...,r(t — (M — 1)Ty)], the demodu-
lated signal across the filter taps is given by,

r(k) = d(k) VEcoe, + ji (k) + v, (k), )

where eg’ =[L,0,...,0]. It is well known that coefficients of the PEF are given by (see for
example [14])

a=R; e, (10)

where the temporal correlation matrix is givenby R; = E [r(k)rH (k)] .
The asymptotic efficiency is defined as

. SNRs
= —_ 11
n=Jim SNR (1D
where SNR.¢ is measured in the presence of the interference, and SNR is observed with
the interference absent. This definition is restricted to the effect of the processing on the
interference and it does not account for diversity combining. It can be interpreted as the
efficiency of the processor in the sense of the relative number of degrees of freedom leftover
after interference cancellation and available for other purposes (such as diversity combining).
The asymptotic efficiency is used in this paper as a figure of merit.
In the case of a single tone interference, the asymptotic efficiency of the PEF can be
evaluated analytically. With the interference absent, the output of the PEF is given by U =
‘efr(k) =d(k) VEco + vio(k), where vyo(k) is the first component of the noise vector vi(k).
It follows that,
Y _ B0
SNR = ——— 12
var (U) (12)
lcol” €

N (13)
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From Equation (3), for a single tone interference j(t) = v Je/ 00 If QO <« 1/T, we
have (j (¢),u(t — kT)) ~ /J'el(@k+1/DT+65) where J' = J/G and G is the spread
spectrum processing gain. The interference vector can then be written, j; (k) = (j¢ (), u(t)) =
Vel QEDTH0E, where T = [1, eI e~ 3@=DT4) The assumption is that
J > & (otherwise there would be no need for the interference suppression filter). It follows
that

R, = JEET + (Joof €+ N,) I, (14)

where I is the Q-dimensional unity matrix. Letting N, — 0,J" > Ico|2 £, and using the
matrix inversion lemma, it can be easily shown that a in Equation (10) can be expressed
(within a constant factor) as

a=e ! f (15)

=e€ep— =1.
Q

The SNR is invariant to the gain of the vector a. It can be readily verified that af’f; = 0,
i.e., the tone interference is completely removed by the PEF. The output of the PEF is
then given by U; = ar(k) = d(k) VEcpale, + aflv,(k). Let ag = afe,, then U; =
- d(k) VEcoag + afl v (k). We have,

. |a000‘25

SNRyff = ———,
N, |all®

(16)

where ||a]> = a”a. From Equation (15) it follows that ||al|* = (1 - i) and |ag|* =

Q
(1 - é)z . Hence,

MUY
SNRsr = N, 1 0 (17)

From Equations (12) and (17), the asymptotic efficiency of the temporal processor for a tone
interference is
1 ! (18)
n=1--=.
* This relation clearly demonstrates the loss of one degree of freedom incurred by the interfer-
ence cancellation process. The spatial processor is considered next.

. SPATIAL PROCESSING

Consider an N-element antenna array at the base station. Then using Equation (4), the signal
received at the n-th antenna in the frequency-selective channel modeled by an M -tap delay
line can be written, -

ra () = VEY d(i)gn (t — iT) + jn(t) + va(t), (19)

“where g, (t) = cTu(t), ¢, is the channel vector seen by the nth antenna, j, (t) = 5(£)e/%",
and the interference phase is 4/,. The array elements are assumed sufficiently separated such
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. |a()C()|25

SNRetr = , (16)
N, |[all?
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2
 SNResr = IC_0]\|[_5 (1 - é) (7
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It follows,
2
SNR ¢ ’wé{ko‘ 27
ff = 5
¢ %No ||(‘)0”2
E

1
=iy kg <IN - Nglgfl) ko.
74Vo

Since in the absence of interference, SNR = ||kol|* £/ 1 N,, the asymptotic efficiency condi-

tioned on the interference vector g is

vn lgi=1- 1 kjgigi'ko

N kol =
Averaging over the interference vectors g; and accounting for the independence of its com-
ponents, we have E [kéq gigl ko] = ||ko|*, hence the asymptotic efficiency of the spatial
processor is given by
ns=1-— i (29)
N

It is interesting to note that for a tone interference, the temporal and spatial processors have
the same asymptotic efficiency, and both result in the loss of one degree of freedom. Next is
investigated the effect of the interference bandwidth on the efficiency of each processor.

INTERFERENCE BANDWIDTH EFFECTS

For the single tone interference, the temporal correlation matrix is given by Equation (14). This
matrix has an eigenvalue A\; = J' + (|c0|2 E+ NO> and (Q — 1) eigenvalues (|co|2 E+ No) )
As the bandwidth of the interference increases, additional eigenvalues raise above the
(|c0 | 2E+ N, o) plateau. A relation between the number of principal eigenvalues r and the band-
width B is provided by the Landau-Pollak theorem [15]: r ~ 2B7 + 1, where 7 = (Q — 1)T}
is the time duration associated with the PEF structure. The effect of the interference band-
width on the efficiency of the PEF, can be demonstrated by assuming that R; consists of two
- equal strength and orthogonal vectors, i.e., Ry = J'fif1 + J'EH£1 + (|00]25 + %No) I;. By
‘successive applications of the matrix inversion lemma, it can be easily shown that as J'/&,
J' /Ny, — o0,

: 1 1
'a:‘—e‘——f]——fz. (30)
°Q Q
~Using steps similar to those leading to Equation (17), the asymptotic efficiency of the PEF for
this caseisny = 1 — % This result can be generalized to any number of eigenvalues, i.e., for
r principal eigenvalues, the asymptotic efficiency is given by
o T
m=l-5 31)
The efficiency decreases to 0 when the interference bandwidth B approaches the spread spec-
‘trum bandwidth, (B = 1/2T}). While the PEF performance is governed by the interference
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Figure 1. The PEF-Rake receiver.

bandwidth in relation to the spread spectrum signal bandwidth, the spatial processor per-
formance is determined by the ratio of the interference bandwidth to the carrier frequency.
Thus even a wideband interference is narrowband spatially, and the performance is accurately
represented by Equation (29). Moreover, not only is the spatial processor robust with respect
. to the bandwidth, but it also provides diversity paths to mitigate multipath effects.

3. Space-Time Processing

In this section two space-time processing schemes are formulated and their efficiency is
compared to a receiver consisting of a interference suppression filter followed by a Rake
receiver. We refer to the latter either as PEF-Rake or fime-time. The PEF-Rake structure has
been suggested and analyzed in [5]. Main points from the reference, including necessary
adjustments in notation, are provided below.

TIME-TIME PROCESSING

The PEF-Rake structure is shown in Figure 1. Starting with Equation (5), the combined effect
of the channel and the interference suppression filter can be expressed as a single linear
filtering operation b such that

b (t) = a’UT @t)c, (32)
where u(¢) is the @ = (M + Q — 1)-dimensional vector ul (f) = [u(t),. ..,
u(t — (M + Q — 2)Ty)], and b is the convolution of a and c,ie.

M—1

b = Y Cham—k, m=0,...,Q" —1, (33)

k=0

where ¢, = 0 form = Q,...,Q" — 1. Then the output of the PEF, Equation (5), can be
rewritten in terms of b:

z(t) = \/EZ d(@)ba (t —iT) +a”j(t) + aflv(2). (34)

- The Rake receiver consists of delay, demodulation and sum of the Q' signal components. The
demodulated input to the Rake can be written:

Y (k) = (2(t +mTy), ult — kT)) (35)
= d(k)VEpPL b + d(k — DVEPT, b+ d(k + DVEPL, b+ ‘
+ jt,m(k) + 'Ut,m(k)
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for 0 < m < @’ — 1. The signature waveform cross-correlation vectors are:
Pim = <ﬁ(t+de+zT)7U(t)>7 =0+l (36)

The interference is given by jim (k) = a¥ (ji(t + mT}),u(t)), and the noise is defined in a
similar manner. Assuming orthogonality of the signature waveforms, p;, = e,,04, where
ey, is the unit vector with the m-th element set to 1, and d4 is the Kronecker symbol (649 = 1,
for £ = 0 and it equals zero otherwise). The Q' dimensional vector y (k) at the input of the
Rake receiver can then be written:

¥ (k) = d(k)VED + je_t(k) + vii(K), 37)

where j7_,(k) = [jio(k),. .., jrar—1(k)] and v;_4(k) is defined in a similar manner. The
subscript ¢ — ¢ indicates the cascade of two temporal processes. The Rake receiver is a
maximal ratio combiner of the signal vector b (the channel vector ¢ modified by the PEF
coefficients vector a). Maximal ratio combining is provided by a weight vector equal to b.
The Rake output can then be written:

2(k) = by(k) o
= VEd(k) bl + b" ji—e(K) + b viy(k).

The efficiency of the PEF-Rake structure can be determined based on the following argument:
\ : —1
the PEF removes the interference at the cost of an increased noise factor of (1 — 6) (see

the argument leading to Equation (31)). Although the Rake has @’ taps (the dimension of b),
it provides only an M order diversity ( M is the number of independent signal paths in the
channel). Hence, the PEF-Rake structure operates as an M diversity receiver with an input

-1
noise of %NO (1 — 6) . To reiterate, the asymptotic efficiency represents the processor’s
performance with respect to the cancellation of the interference only and it ignores diversity

processing. It follows that the asymptotic efficiency of the PEF-Rake is the same as that of the
PEF:

| Ni—t = (1 - %) . (39)

This result is valid for either the case of a single interference with a bandwidth corresponding
‘to r principal eigenvalues, or for r tone interferences. The combined effect of cancellation
and diversity is captured in the SNR p.d.f. and error probability calculations in section 4.

. CASCADE SPACE-TIME

- The general configuration for the cascade space-time receiver is shown in Figure 2. The cascade
space-time receiver consists of a antenna array whose outputs are delayed, demodulated,
combined spatially and then combined temporally. As explained in section 2, the interference
bandwidth has no effect on spatial processing. Since the interference is already canceled
at the output-of the spatial processors, the asymptotic efficiency of the cascade space-time
\, ‘architecture is the same as that of the spatial processor only. Consider the case of r interferences
~ of arbitrary bandwidth. The space-time architecture has N x M degrees of freedom. As each
-of the IV spatial processors consumes 7 degree of freedom in canceling the interference, the
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Figure 2. General configuration of the cascade space-time receiver.

total number of degrees of freedom left is N M —r M. The asymptotic efficiency of the cascade
space-time processor is then

Myt = ———=1— —. (40)

The important point to note is that the efficiency of cascade space-time processing is not
affected by the interference bandwidth but, obviously, depends on the number of interferences.

JOINT-DOMAIN PROCESSING

The joint domain processor is shown in Figure 3. In the joint-domain receiver architecture,
processing is carried out simultaneously in the space and time domains. Let the demodulator
outputs (., (k) in Equation (20) be organized as the elements of an N x M matrix. Let the
symbol vec [(,m (k)] denote stacking the rows of this matrix to form an N M-dimensional
vector. Using this notation, the input to the joint-domain processor is y (k) = vec [(um (k)]
which can be written:

y (k) = d(k)VEqo + d(k — )WVEq-1 + d(k + )WVEay +jj_a k) + vi_q(k), (41)

where q; = vec (C [Poy, ..., Prm-14]), £ = 0,£1, pp e is as defined following Equation
(20). The joint-domain interference vector is j;_q (k) = vec (jnm (k)) , and the noise is defined
* in a similar manner. The joint-domain optimal weight vector is given by

w = jolr7 42)

where R, = E [(y (k) = d(k)VEao) (y (k) - d(k)\/éqo)H] and r =FE [d(k)y (k)] =
VEqp.
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Figure 3. General configuration of the joint-domain receiver.

The effect of the interference bandwidth on joint-domain processing can be assessed
from the interference vector j;_gq (k) structure. For the case of a single tone, the interference
can be expressed j; 4 (k) = VI fi®g,, where f| is an M -dimensional temporal vector, g;
is an N-dimensional spatial vector, and ® denotes the Kronecker product (i.e., the vector
f1®g, has NM elements, the jth element is given by (1)1 j/n| (81)jmodn)- A multiple tone
interference will be represented by multiple vectors in the joint-domain, since (f; + f) ®g; =
fiog, + £Lg,. There are N M degrees of freedom available to the joint-domain processing.
A narrowband interference represented by » < M principal eigenvalues will capture r degrees
of freedom of the joint-domain. The number of degrees of freedom left for diversity processing
is therefore N M — r, and the asymptotic efficiency of the joint-domain processor is

r

NM
This expression applies equally for a single interference with r principal eigenvalues or r
tone interferences. Comparison of expressions (39), (40), and (43) shows that the asymptotic

Nj—qd =1 (43)

- efficiencies of the three processors considered are related as

Nj—d = Ns—t = N—t- 44

This relation applies for either single or multiple interferences. Thus joint-domain is superior

. to.cascade space-time, and cascade space-time in turn outperforms the PEF-Rake combination.

" 4. Error Probability Computations

In the previous section, expressions were developed for the asymptotic efficiency of several
processing schemes. This resulted in simple expressions that capture the essence of the
performance of each method. In this section, we undertake a detailed performance analysis.

"Due to the fading environment, the SNR at the output of each processor is modeled as a
" random variable. The objective here is to characterize the p.d.f. of the SNR at the output of
~each processor, and use it to evaluate the average probability of error.
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TIME-TIME PROCESSING

In the case of a narrowband interference whose power is spread over several eigenvalues, the
asymptotic efficiency of the PEF-Rake receiveris given by Equat1on (39). Smce in the absence
of the interference, the SNR of the receiver is 24 = £/ N, E lcm| it follows that the
effective SNR at the output of the PEF-Rake receiver is,

B
NO Q m=0 " .

Since the channel coefficients are assumed c,, ~ CN [0, 11, |em| is Rayleigh-distributed,
| |® has a x5 distribution (chi-square with 2 degrees of freedom) and 5 ( l—-) lem|?

has an exponential distribution with parameter ( (1——)) (this distribution is denoted

exp [( (l——)) ] ). The average probability of error is simply [16]:

P, = / V22) | (W, (46)

where @ (-) is the gaussian tail function. The SNR p is the sum of M exponential
~1

exp [( (1——)) ] variables, hence it has a ' (M, y~!) gamma distribution® with para-

meters M and y~', T'(M,y™!) = f(u) = T (M)yMuM—1e=#/7, where T (M) =

M-DlL,y=FEu] = (1——6) Yo, and 7y, = EN;'. An upper bound on the error proba-

bility can be obtained by noting that Q (v/2p) = 1

tighter bounds available, this bound is simple and affords insight in the final results. Using
this relation in (46) we obtain

o0
P, <TH M)y /0 e G @7

If we identify s = 1 + 1/, the expression above is a Laplace transform. Using the Laplace
pair DV (M) =1 5 5™ = (1 + 1/4) ™™ | it follows that

Pepy < (1497 (48)
r -M
=|1- l—a Yo
-M
r _
= (1-g) "
for v > 1. In the absence of interference, the upper bound is P, ;_; < oM, Comparison
Y P , o

- of the error probability expressions with and without interference clearly demonstrates the
performance loss due to the presence of the interference.

In this paper we distinguish between a x3 variable (the magnitude squared of CN [0, 11) and an exp[\] variable
(the magnltude squared of CN [O AT ]) Occasmnally authors do not make this discrimination, and consequently

do not discern between the sum of M x3 variables, which is X3, and the sum of M exp[A] variables, which is
T'(M, X).
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SPACE-TIME PROCESSING

In this section we develop expressions for the error probability with space and space-time
processing in a Rayleigh channel and in the presence of non-fading narrowband interferences.
We start with a stand-alone spatial combiner and proceed to the cascade space-time and
joint-domain combiners.

Spatial Combiner

For the spatial combiner defined by Equation (23), the effective SNR at the array output is
given by

p=E kIR k. (49)
Since the channel vector kg is random, the SNR p is a random variable. The p.d.f. of u
for the case of a single interference was characterized by Bogachev and Kiselev, [13]. We
apply their approach, generalize their results to r interferences, and use the p.d.f. to develop
a closed-form expression for an upper bound on the error probability. An upper bound for
the error probability for multiple interferences when N, — 0 was obtained by Winters et. al.,
[8] using mean square error considerations. Our approach is different, in that it builds on the

p.d.f. of the SNR, and our results are more general in the sense that the dependency on the

interference power is explicit.
The eigen-decomposition of the interference+noise matrix Rgol can be written

N
R.'=>" On+No) 'anq), (50)

n=1
where )\, are the interference eigenvalues and N, is the noise power. When there are
r < N interferences present (tone or narrowband), Rg}l =S 1+ Nyy™! anal +
Ny S 1 angll. Consequently, we can write
r 5 N
kiR 'ko = 3" O+ No) 7!kl an| + N7 >0 [kl an 51)
n=1 n=r-+1

The eigenvectors q, provide a unitary transformation which retains the properties of the

:

2
components of kg. Assuming that ko ~ CN [0,Ix], the quantities (A, + Ny~ ! ‘kgf qn‘
have a distribution exp [(A\, + N,)]. The random variable p is obtained as the sum of N

‘(not necessarily equal mean) independent exponential random variables. The characteris-

tic function (c.f.) of each exponential variable is ¥, (jv) = 1/(1 — jvvy,), where v, =

2
EQn+N)'E ng[qn‘ ] =EM+ Ny ! forn=1,....r,and v, = EN;' = , for

‘n=r+1,...,N. The c.f. of i is given by:

: r 1 1
() = (H ) (52)

= (L= 3vm) ) (L= )V
We first consider the case when the r sources are equal power and are represented by mutually
orthogonal vectors, such that v, = v; for £ = 1,...,r. Orthogonality between the sources

represents a worst case from the performance point of view. In this case, the c.f. becomes

1
(1 — jry) (1 — juy )N T

UGy = (53)
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The p.d.f. of p is computed in appendix A. In the appendix it is also shown that for large u,
the p.d.f. can be approximated by the relation

f) =T7H N =)y T Nor=temsie, (54)

In the absence of interferences (r = 0), this relation reverts to a T(N, ;') p.d.f., as it should.
The significance of Equation (54) is that it demonstrates the loss of  degrees of freedom
due to the presence of narrowband interference. An expression of the p.d.f. f (1) explicitly
dependent on the interference power is provided in the appendix. The general case, when the
interference eigenvalues are not equal, is treated in appendix B. The error probability for the
optimal spatial combiner in a flat Rayleigh channel with multiple interferers is computed in
appendix C. In the appendix, expressions are derived for both the general case, as well as the
special case of orthogonal and equal power interferers. For the latter case, it is shown that an
upper bound on the error probability is given by

Po <4771 +r)" W1, (55)

A few special cases are noteworthy:

1. When there are no interferences y; = ,, and P, < (1 +,)"~ ~ ~, V. This is the well
known relation of the error probability in a fading channel with diversity.

2. When the interferences power is very large ; — 0, and P, < (1 4 7,)~(N=7) 4> @&V-1),
This relation once more demonstrates the loss of r diversity degrees of freedom due to the
presence of the 7 interferences. ;

Using the results of Appendices B and C, it is straightforward to show that for non-equal
interference eigenvalues the error probability bound is given by,

P <Y me (L7 (1 + 90", (56)
k=1

_ T k
Where T — 1_4[_]:17]#]? :Y;’%Y;.

Cascade Space-Time

As explained in section 3, the cascade space-time scheme consists of weighting and sum-
ming the outputs of M spatial combiners. The output SNR for this scheme is then, p,_; =
Z%:_ol tim, Where i, is the SNR associated with each spatial combiner. All p,, have the
same p.d.f., given by Equation (54). Since the y,,’s are independent, the c.f. of p _¢ is given
by

Uy, () = [Ty, )] (57)

Retracing the steps that lead to the result in expression (54), we obtain for a single interference
(r=1)

F(po—t) = T7HN = 1) M)y lyy N =DM |, (N=DM =1 g =pis s/ (58)
. 1F1 [N—l,N;(’Yfl—%_])Ms—t],

“where | F is the confluent hypergeometric function defined in Appendix A. For large inter-
ference J'/€ — oo (e, 1 = E My + Np) ' =& (J' + N,) ™' = 0) simplifies to:

F(pset) = T7V((V = 1) M)y V=DM [ (N=DM =1 —pisi /0, (59)
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From Equation (59) and from appendix C, it can be shown that the bound on the error
probability is

Post <(14+4)7" (1 4 7o)~ V=DM (60)

This relation demonstrate the loss of M degrees of freedom incurred by the cascade space-time
processing due to the interference cancellation. This conclusion supports the result reached
in Equation (40) (note that the loss of M DOF out of NM corresponds to an efficiency of
1 — 1/N). The expression above can be generalized to the case of r interferences:

Pest <Y mp (b4 (14 yp) @M (61)
k=1

Joint-Domain

From the presentation in section 3, in the case of a single narrowband interference, the
interference+noise covariance matrix in joint space-time domain is characterized by r < M
principal eigenvalues. The number of principal eigenvalues is determined by the interference
bandwidth. In general, the interference eigenvalues do not have equal magnitude. The c.f. of
the SNR at the output of the joint-domain processor is given by

! 1 1
v, (v = , - . (62)
Hj—d J (lcl}l (1 _ JV’Yk) (1 _jV’YO)NM_T

Using an approach similar to the one in appendix B, and substituting NM — N in Equation
(76), we find that the p.d.f. of the SNR at the output of a joint-domain combiner in a Rayleigh
fading channel in the presence of a single interference with r principal eigenvalues is given
by

.
Flpja) = TTHNM —r+ 1) > mpy 'y VM) N M iti-a /e
k=1

\Fy [NM —r, NM =7+ 1 (7! ~ %) 1jd] -

Using results from appendices B and C, it can be shown that the upper bound on the error
probability for the joint-domain case is given by,

.
P <y m (L) (1 )T VMET (63)
k=1

To appreciate the significance of these results, it is useful to compare the error probabilities in
expressions (48), (61), and (63). Starting with Equation (48), note that v = (1—%) Yo < Yoo

' Hence, for N > 1, M > 1,

Pepot (14D ™M> A+ ™M 20+ A+ N DM xp, (64)
To compare P, ; and P, ;_g4, note that in Equation (63), 5 7 (1+)"! =

Tl (T + Ye) "' < (1 +v)7", where v = m]?x k- Consequently, for r < M,

M
k=1

. ~ Pe,s—t— (65)
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Figure 4. Dependency of eigenvalues of the temporal correlation matrix on bandwidth.

It follows that the relation between the performances of the various methods is:

Pe,j~d < Pe,s—t < Pe,j—d- (66)

5. Numerical Results

The numerical results section consists of two parts. In the first part, numerical evaluations of
the asymptotic efficiency are provided. The second part consists of simulation results.

The effect of the interference bandwidth on the temporal correlation matrix is shown in
Figure 4. Assuming a pulse-train waveform with symbol interval T}, the autocorrelation of
the interference samples is given by

r; (mTe) = J' (1 — |m|p) e—Imam (67)

where p = T¢/Tj is the interference fractional bandwidth, and ¢ = QT /7 is the normalized
offset frequency. Note that both p and ¢ are unitless, and that 0 < p < 1, |¢| < 1. In Figure
4 the eigenvalues of R;+Ig, where R is the interference correlation matrix, and I is the
(2-dimensional unit matrix, are plotted for () = 8, and several values of the bandwidth p. It is
clear from the figure that the number of principal eigenvalues increases with p. The effect of
the number of principal eigenvalues on the efficiency of the PEF can be seen from Figure 5. For
~ fractional bandwidth = O (tone interference), and large INR, the efficiency 7, = 1—1/8 = 7/8.
The efficiency decreases rapidly as the bandwidth increases. Comparison of the efficiencies of
‘the PEF-Rake, cascade space-time and joint-domain processors, is shown in Figure 6. Results
are presented for ) = M = N = 4 and INR = 20 dB (after spread spectrum processing).
Shown are averages of 500 runs over random values of the channels, the parameter g, and the
interference phases at the array elements ¢,,. The conditional efficiency for each run and each
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Figure 5. Efficiency of temporal interference suppression.
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Figure 6. Efficiency of PEF-Rake, cascade, and joint-domain processors.

_ processor was computed using the definition, and then the results were averaged. The figure
/—\ -clearly demonstrates relation (44).
- The simulation model assumed an M = 4 four-tap channel model and a two element
‘antenna array (N = 2). The curves were generated averaging 200 Monte Carlo runs at each
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& /N, point. For the space-time structures, the weight vectors were computed based on block
estimates of the various correlation matrices. The number of samples utilized in the estimates
was 51. The spreading sequence had a length of 31. The coefficients of the PEF and the Rake
~ were computed using an RLS algorithm as described in [5]. The number of coefficients of the
PEF was () = 5. The interference frequency/phase across the array, were varied randomly at
-each tun. The performance of the PEF-Rake, cascade space-time, and joint-domain receivers
is compared in each of the figures below. Figure 7 shows the bit error rate for the case
of a tone interference. The cascade and the PEF-Rake receivers present almost the same
performance. Indeed, both are diversity receivers of order 4. The slight advantage in the
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Figure 9. Effect of interference bandwidth.

cascade space-time configuration over the time-time configuration is due to the (1 — 1/Q) -
increase in the noise with the latter, as explained in section 3. The joint-domain performance
is characterized by an order (NM — 1 = 7) diversity hence it provides better performance.
In Figure 8, the interference bandwidth is increased to 15%. The PEF-Rake performance
degrades considerably and the cascade receiver is unaffected, as expected from the analysis.
The joint-domain receiver loses additional degrees of freedom compared to the tone case,
hence its performance also degrades. In Figure 9 the probability of error is plotted vs. the
ratio of the interference bandwidth to the spread spectrum bandwidth. It is interesting to note
that, as predicted by expression (40), the cascade receiver’s performance is unaffected by
the bandwidth. From Equations (40) and (43), the performance of the cascade receiver is a
lower bound on the performance of the joint-domain receiver. Indeed, Figure 9 shows that
for an interference with the same bandwidth as the spread spectrum signal, both space-time
architectures have the same probability of error.

6. Conclusions

In this paper we investigated the application of space-time processing to narrowband interfer-
ence suppression in CDMA communications. Unlike interference suppression by a whitening

~filter, spatial processing was shown to be insensitive to the interference bandwidth. The
. performance of several receiver structures was analyzed through their asymptotic efficiency

and evaluation of the error probability. The joint-domain receiver was shown to outperform
the cascade space-time receiver, and the performance of the latter surpassed the PEF-Rake
configuration. Numerical results corroborated those conclusions.
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Appendix
A. P.D.F. of Spatial Combiner SNR, Equal Eigenvalues

In this appendix, relation (54) is derived for the p.d.f. of 4. The SNR y is defined in Equation
(49). The objective is to compute the Fourier transform of the c.f. in Equation (53). Identifying

s=—ju,p=ry, Lo = v;!, the following Laplace transform pair is applicable [17, page
410]:

1 _ _ 1 -
T e I~ Qo) (p— o) > e~ PHom/2 Mj o1 [(p =) ], (68)
where
1
M (3.6 2) = e Ry (6t 3,26+ 12) (69)
and 1 I is the confluent hypergeometric function defined as
I'(b) ! _ g
Fila,bz)= ——2 #Apa=l(] — ==l gy, 70
P (a, b 2) F(b_a)r(a)/oe (-1 (70
Now identify
a+pf=r
a—f=N-—-r

These relations yield o = N/2 and 8 = r — N/2. Applying the transform (68) to Equation
(53), and utilizing Equation (69), yields after some manipulations

Sy =T7"(N) p oV ="y N=le=pt | B [N — 1, N3 (p — o) ] - (1)

This relation represents the p.d.f. of the output SNR of a spatial combiner in a flat Rayleigh
channel for r equal power and orthogonal interferences. Note the explicit dependency of
Equation (71) on the interferences’ power. Special cases of relation (71):

1. No interference, p = o =+, 1. In this case 1 F; simplifies to

. _ P(N) ! N—-r—1 _oyr—1
1Fi(N —r,N;0) = WJV—_T)/O i (1—-19 dt
_Tw) )
= WB (N T,T)
1 (72)

- bl
where B(v,w) = fol =1 (1 — t)“~ " dt is the beta function, and we used relation 6.2.2
in [18]. Applying this result to Equation (71) results in the p.d.f. of ' (N, v, 1), i.e., an
N-diversity receiver, as expected.
2. Large interference power 7; < o, or p >> 0. Using the asymptotic expansion of | F} [19,
relation (10.45)], we obtain
T(N) elp—o)y

AN = N =~ g S e

When the last relation is substituted in (71), we obtain
S ) =T7N(N = r)gW-r) Nor=lg-pe (74)
which, upon substituting v, = o=, is the desired result of Equation (54).

(73)
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B. P.D.F. of Spatial Combiner SNR, Unequal Eigenvalues

In this appendix, the goal is to develop an expression for the p.d.f. of the SNR ;. when the
interference eigenvalues are not equal. Starting with the c.f. in Equation (52), we apply the
partial fraction expansion

M= (75)

where pp = v, Vand 7, = Hj 1,5k p . Substituting this result back into Equation (52),
exchanging N —r + 1 — N, and using the transform (68), it can be shown that

r
f(”) = Fﬁl(N —r-+ 1) Z WkpkU(N“T)p,N_Te_pk“
k=1
) IFI[N—T,N~T+1;(pk—U)/1,], (76)

This expression represents the general p.d.f. of the output SNR of an optimal spatial combiner
in a flat Rayleigh channel with r interferences.

C. Error Probability, Equal Eigenvalues

In this appendix, expressions are derived for the error probability of the optimal spatial
combiner in a Rayleigh channel with multiple interferers, for the general case, as well as
the special case of orthogonal and equal power interferers. We start with the derivation of
expression (55). It is necessary to evaluate P, = [5° Q (v/2u) f (1) du, where f(u) is given
by Equation (71). Using the bound Q (1/21) < e™#, we have

xO
P, <T7 ' (W) proV= /0 pN=le U0 B [N — 1 N3 (p — 0) ] dp. (77)

Identifying s = 1 + p, this is a Laplace transform, for which the solution is found in [20,
relation 5.2.4.6, page 96]:

© ou N- T (V) p—o)
SNV R [N — v, N:(p— d:—(l— ) . (78
|7 e N T RN < NG - o)l dn TEa (R (78)

' Substituting Equation (78) into Equation (77), we obtain

T N-—r
p o
Pe<,(l+p) (1+a> ’ (79)

 from which relation (55) follows.

An exact expression for the error probability, albeit not quite as useful as the bound found
above, can be obtained in terms of the generalized hypergeometric function. The gaussian tail
function can be expressed in terms of ; F} function as follows [18, relation 7.1.21]:

Q(vER) = 21— et (vR)]

- 2f1F1(22 )] (80)

S S
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To evaluate the error probability P, = f7° Q (v2p) f (1) du, where f (1) is given by Equation
(71), it is necessary to evaluate the expression

oo 1 13
I=/ e 1) (5,5;—u> 1FU [N =7, N;(p— o)l dp. 81)
0
Using [20, relation 5.2.4.22, page 98], this is found to be
1 1 1 p—
I=T (N+ —) p~ (Vi) py (N+ LS P NP ") , (82)
2 2'2 2 pp

where F is the generalized hypergeometric function. Unfortunately, no closed form is avail-
able for F, and it is necessary to use its series expansion [20, relation 1.3.2, page 23]. Using
Equations (71), (80) and (82), we obtain the following expression for the error probability:

1 T(v+1) 11 3 | p—o
G GRS S BNV N}
e 2 WPF(N)U 2 +272 N r 27 » p7 p (83)
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