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Abstract—1In this letter, we propose a new detector for code ac-
quisition systems in non-Gaussian noise channels. Modeling the
acquisition problem as a hypothesis testing problem, a detector
is derived for non-Gaussian, symmetric a-stable noise, based on
the locally optimum detection technique. Numerical results show
that the proposed detector can offer robustness and substantial
performance improvement over the conventional schemes in non-
Gaussian channels.

Index Terms—Code acquisition, locally optimum (L.O) detection,
non-Gaussian impulsive channel, spread-spectrum system.

1. INTRODUCTION

APID establishment of code synchronization (acquisi-

tion) is an important technical issue in direct-sequence
spread-spectrum (DS/SS) systems. The basic unit in an ac-
quisition system is a decision-making device or a detector.
Most schemes proposed for rapid code acquisition employ the
squared-sum (SS) detector with a noncoherent in-phase/quadra-
ture-phase (I-Q) correlator [1]. This is because the SS detector
is optimized for Gaussian noise channels, and the statistics due
to fading in acquisition systems can usually be modeled as
Gaussian processes by virtue of the central limit theorem. How-
ever, many real-life noises, such as atmospheric and man-made
noise arising in indoor/outdoor mobile communication sys-
tems, is experimentally known to be non-Gaussian or impulsive
[2]-[4]. It is clear that the acquisition system using the SS
detector is inadequate in such non-Gaussian environments.

In this letter, we propose to employ locally optimum (LO)
detectors [5], [6] for code acquisition systems in non-Gaussian
channels. The motivation of using the LO detector is as follows.
First, since an LO detector has the maximum slope of its power
function when the signal-to-noise ratio (SNR) approaches zero,
it is expected to have good performance when the SNR is low.
Second, an LO detector can always be obtained and is usually
much easier to implement than other detectors, including uni-
formly most powerful and optimum detectors.
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Fig. 1.

Structure of PN code-acquisition systems.

II. OBSERVATION MODEL

In a DS/SS system, the received signal can be expressed as
r(t) = V2Ed(t — 7T.)c(t — 7T.) cos(w.t + @) + n(t). (1)

In (1), E is the energy per chip; d(t) is the data sequence wave-
form; 7. is the chip duration; c(t) = > .2 cipr. (t — iT.)
with ¢; € {—1,41} the ith chip of a pseudonoise (PN) code
sequence of period L and pr (t) the PN code waveform de-
fined as a unit rectangular pulse over [0, T¢.]; 7 is the time delay
normalized to T.; w. is the carrier angular frequency; ¢ is the
phase distributed uniformly over [0, 27); and n(¢) is the ambient
white non-Gaussian channel noise. In this letter, it is assumed
that there is a preamble for acquisition so that no data modula-
tion is present during acquisition (i.e., d(t) = 1).

A typical structure of the PN code acquisition system with a
noncoherent I-Q correlator is shown in Fig. 1. We consider the
serial search scheme with single dwell [1]. The jth sampled I-Q
components X JI and XJQ canbe obtained as, forj = 1,2,---, N

t;

X!= / r(t)e(t — 7T.)V/2 cos(w.t)dt 2)
t;—T.
t;

X = / r(t)e(t — 7T.)(—V2)sin(wet)dt  (3)
t;—T.

respectively, where N is the correlation length, 7 is the
time delay (normalized to the chip duration 7¢) of the lo-
cally generated PN code, and t; = to + jT.. Here, tp is
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an initial time. A test statistic is evaluated with the vectors
X = (XI,XI,... XE)and X9 = (X, X¢,...,XY),
and then compared with a threshold. In the conventional
systems, the test statistic 1s for example the SS statistic
Tss(X7,X9) = (2, x5’ + (=, x2)°.

We can regard the PN code-acquisition problem as a hypoth-
esis testing problem: given X7 and X @, a decision is to be made
between the null hypothesis H and alternative hypothesis K,
where H : |7 — 7| > 1land K : |7 — 7| < 1. Under K, each
sampled correlation value between the locally generated and re-
ceived PN codes is v/ E(1 — |6]), where § is the residual shift
(normalized to T.) between the two PN codes, with the value
ranging in the interval (—1, 4+1). For simplicity, we assume that
the system is chip synchronous (that is, § = 0) as in most other
studies (an investigation of the effect of a nonzero 6 has been
considered in [7]). Thus, each sampled correlation value is VE.
On the other hand, each sampled correlation value is +1 or —1
with equal probability, and the mean value of the sampled cor-
relation is 0 under H . From these results and (2) and (3), we can

alternatively express H and K as
H:(XI NI XQ = NQ), j=1,2,---,N (4)

K : (Xj —fcosd+ NI, X9 = esin¢+ Q)

L2,---,N (5

or simply as
H:0=0 (6)
K:0>0. @)

In (4)—(7),0 = VE is the signal strength parameter, and N I —
(NI,NI,...,NL) and N? = (N7, N&,...,NZ) are the
I-Q noise sample vectors, respectively. We model N/ and N9
with symmetric a-stable (SaS) distributions, which have been
proved to be very useful in modeling non-Gaussian noise [8],
[9]. The joint probability density function (pdf) of NV ]I and N ]Q
can be most conveniently defined by the inverse Fourier trans-
form (IFT) of their characteristic function [8]

fary,00,8 (T1,32) = exp [i(frwi + Pows)

OO—OO
o

—y (w + i) 7] o it gy (8)
where the parameters o and vy are termed the characteristic ex-
ponent and dispersion, respectively, and (31 and (2 are location
parameters. The characteristic exponent « ranges in the interval
0 < o < 2 with a smaller « indicating heavier tails (more
impulsive behavior). The dispersion -y is a positive constant re-
lating to the spread of the pdf. The location parameters (31 and
(2 are the symmetry axes of the marginal SasS distributions: we
assume (31 = (2 = 0, without loss of generality. Unfortunately,
no closed-form expression exists for (8), except for the special
casesof « = land v = 2
%, fora=1
27r(m +a: ++2 )7
ﬁexp (—I‘;Y‘Eé) , fora =2.
Because of such a lack of closed-form expressions, we concen-
trate on the case o = 1: nonetheless, we shall see in Section IV

€))

faq(@1,72) =
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that the system obtained for &« = 1 is not only robust to the
variation of «, but also outperforms the conventional system for
most values of a.

From (9), the joint pdf f(f;j) of X JI and X ]Q as a function
of 0 is

F(0:5) = . S
2 [(x;’ —fcos ¢)2 + (w? - 98111(}5) + 72]

(10
The joint pdf of the 2N sampled in-phase and quadra-
ture observations {X{,X,-Q}, 1 = 1,---,N, is then

fXI,XQ(xI, @) = E¢{Hj=1 f(6; )} under the assumption
that the samples (X ]I , X]Q) of the bivariate noise process form
a sequence of independent random vectors for given ¢, where
E4 denotes the expectation over ¢.

III. LO DETECTOR TEST STATISTIC

The test statistic of an LO detector is obtained from [5], [6]
1
Tro(XT, X9
) = e s
dv fX',XQ(37I7$Q)
dov 0—0
where v is the order of the first nonzero derivative of

fxr xe (1, 2?@) at = 0. It can be shown, as in the Appendix,
that the test statistic of the LO detector is

Tio(XT, X9) = XN: {h (a7) +h (w?)}

455 (ol o () )

1=1 js#i,j=1
where h(zf) = (0°f(0;1)/0(xf)?)/f(0:4) and g(zf) =
—(0f(0;1)/0x%)/ £(0;4) for k = I, Q. It is noteworthy that
we can obtain the conventional SS detector by substituting
h(z) = 2%/44% — 1/2y and g(z) = x/2v into (12) when
a = 2 (Gaussian).
After the appropriate substitutions of h(z; (Q)) (12xI(Q)

3590) _342 )/p? and g(x (Q)) = 3x1(Q)/p1nt0(12) and some
mampulatlons, where p = (21)2 + ()% + 42, we have

TLO(XIvXQ)

:3§

X

(11

= (x4 (x9) 4

Tz |- (3
B {(X{)2+ (x2) +72}

The proposed test statistic (13) contains terms which take the
form of normalized SS, where the samples (X f , X LQ ) are nor-
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malized by their squared magnitude with offset 2 prior to the
SS detector. The normalization operation can prohibit the erro-
neous increase of the SS due to the noise samples of large mag-
nitude, which are more frequent in an impulsive non-Gaussian
noise environment than in a Gaussian noise environment. A sim-
ilar idea can be found in [10], where the rate of the impulsive
jamming has the order of correlation rate, and the normalization
is accomplished correlation by correlation.

IV. SIMULATION RESULTS

The performance of the proposed and conventional schemes
is simulated with a PN code of L. = 1023 chips, generated from
an m sequence with the primitive polynomial 1+ 23+ z'° when
N = 64. Noise samples { N/} and {N. ]Q } are generated from

11—«
1 sin(aA)

(cos A)= ( ) Q

where A is uniform on (—7 /2, 7/2) and B is exponential with
mean 1 [8]. Since SaS noise with « < 2 has no finite variance,
making the standard SNR measure inconsistent, a new scale pa-
rameter is used to indicate the strength of the SaS noise [11].
The new SNR, which provides a mathematically and concep-
tually valid characterization of the relative strength between the
information-bearing signal and channel noise with infinite vari-

ance, is defined as

cos[(1 — a)A]
B

(14)

b @ (15)

2C, \ So
where Sy = ((Cyy)'/*/C,) with C; ~ 1.78 the exponential of
the Euler’s constant (lim,,_,o(>";_,(1/k) — Inn)). The nor-
malizing constant 2C; ensures that the definition of the SNR
coincides with that of the standard SNR in the Gaussian case.
Because v can be easily and exactly estimated using only the
sample mean and variance of observations X Tor X@[12], it
may be regarded as a known value: in our simulations, we as-
sume v = 1.

Fig. 2 shows the detection probabilities of the conventional
and proposed schemes for some values of & when the false alarm
probability Pr = 1072. Fig. 3 shows the detection probabili-
ties plotted as a function of « for some values of SNR/chip when
Pr = 1072, We can clearly see that the proposed detector sig-
nificantly outperforms the conventional detector for most values
of a. Only when « is close to two (e.g., & = 2,1.95), the con-
ventional detector performs slightly better. Another important
observation is that the performance of the proposed detector is
robust to the variation of the value of . In addition, the proposed
detector performs better as the impulsiveness becomes higher.
This can be explained as follows. Impulses which have large
amplitudes are clipped in the proposed detector. Therefore, the
effective noise variance at the output of the proposed detector is

smaller than the total input noise variance.

In interference-limited code-division multiple-access
(CDMA) systems, multiple-access interference (MAI) is often
the main factor limiting the performance of CDMA systems.
The Gaussian assumption for MAI is appropriate for the re-
verse link in cellular CDMA, where power control prevents any
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Fig. 2. Detection probability of the conventional and proposed schemes for
various values of o« when Pr = 1072, L = 1023, and N = 64.
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plotted as a function of « for some values of SNR/chip when Pp
L =1023,and N = 64.

one mobile from dominating. On the other hand, for CDMA
network systems without power control (e.g., peer-to-peer
packet radio network where there is no central base station),
MALI is well modeled as non-Gaussian SaS distributions [13],
[14]. Thus, noting that SaS distributions include Gaussian
distributions as a special case, the analysis and results in this
letter should be applicable to realistic interference-limited

CDMA systems also.

APPENDIX
DERIVATION OF THE LO DETECTOR TEST STATISTIC

The first derivative of fxr xe (zf,29) atf = 0is

N N
=B > F(0:4) J] (054
0 i=1

J#i=1

deI,XQ (xl: xQ) )
df

(16)

0=



190

Es{—cos¢(0f

vanishes identically since E4{ f’ (0;4)}
= thus obtain the

(054)/0xt) — sin p(9f(0;0)/9a?)}

0. W
second derivative of fxr yo(z!,29) atf =

deXI,XQ (51717 HUQ)

N N
=Es Y |05 [T £054)

d6? 6=0 i=1 JAi =1
N N
;9 > o) [T Fosk) (17)
ji,j=1 kg ki k=1
Noting that
nee. 9” £ (051 . O£ (051
109 =t 210 i 210
20004 20004
+ sin ¢ cos qﬁ% + sin ¢ cos qﬁw (18)
the first term of (17) is
N N
Ey Y 06 [ £(059)
i=1 ji, =1
1 N
_ I
_ 52{]1 o)+ 0 (@) T £0:) 19)
=1 g:l
where h(z¢) = (1/£(0;4))(0?f(0;4)/0(x¢)? for a = I, Q.
Similarly, noting that
F(0;2) (05 5)
_ 0£(0;4) 9(0;5)
=005, T ool
+ sin )8f(0 7) + sin ¢ cos ¢

}
of(0;1
T022
0f(0;1) Of

; 9£(0;1) 0(0;5)
O]

<>+

Q
ar]-

(20)
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the second term of (17) is
N

[1

k#j,k#i k=1
() +9(a7) 9 (+5)}

2n

N N
EsS> " > F(0:0)f(055)

i=1 ji,j=1

:%i f: {9 g

i=1 j#ij=1

x [T £(0; k)
k=1

f(0; k)

where g(z¢) = (—(1/f(0;4))(0f(0;4)/0z¢) fora = I, Q.
Using (19) and (21) in (17), and then dividing the result by
Fxrxe(a! @)oo = I, £(0;4), we get (12).
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