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Abstract - In this paper, the noncoherent reception
performance of frequency hopping spread spectrum com-
munication systems operated in channels with impulsive
noise and selective fading is investigated. Binary fre-
quency shift keying modulation and noncoherent demod-
ulation are assumed and limiter-squarer detectors are
used to detect signals. The bit error rates are obtained
as functions of channel and system parameters, in the
multi-hopping and multi-user synchronous multiple ac-
cess case.

1. INTRODUCTION

The performance of FHSS communication systems in
Gaussian noise multipath fading channels has been in-
vestigated by several authors [e.g., 1, 2]. In [1], the fast
FHSS (FFHSS) communication system with binary F-
SK (BFSK) modulation was investigated. The channel
model under consideration was a noisy multipath chan-
nel with very slow fading. In [2], assuming that the
channel is jammed by intentional jammer whose jam-
ming power resource i1s Gaussian noise, numerical re-
sults of error rates are obtained as a function of signal-
to-jamming power ratio.

It is well-known that in some cases the Gaussian noise
assumption cannot be entirely justified. For example,
the non-Gaussian nature of atmospheric noise is clear-
ly shown in [3]. In several studies the effects and im-
plications of non-Gaussian impulsive man-made noise
have also been discussed [4]. Models for impulsive noise
can either be empirical or physically motivated for man-
made noise. The non-Gaussian nature of certain noise
has important implication for receiver design and e-
valuation of system performance. For instance, the e-
contaminated mixture noise model was used in the de-
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tection of signals in non-Gaussian noise [5].

In this paper, when a signal is transmitted by the
FFHSS-BFSK communication system through selective
Rayleigh fading channels with impulsive noise, we will
investigate the performance of the limiter-squarer (L-
S) detector. It is well-known in signal detection the-
ory that the structure of a matched filter followed by
an envelope detector is not optimum in non-Gaussian
noise environment: the LS detector which is known as a
robust detector is instead commonly used in impulsive
noise environment.

2. SYSTEM MODEL
2.1 THE TRANSMITTER AND CHANNEL
The transmitted signal is given by [2]

St) = Acos2n(fe + fi + axA)t +01],
[ul:—lz]TSt<(M)T,1§1_<_L,
L L
(1)
where A = \/2E/T is the amplitude, f. is the carri-

er frequency, f; is the /[—th hopping frequency in the
interval [k + (I — 1)/L]IT <t < (k+1/L)T, a; is a
rectangular pulse of duration T' with Pr{a; = —1} =
Pr{ay = +1} = 1/2, A is one-half the spacing between
two FSK tones and satisfies A = o for some integer j
[2], the phase angle §; is uniformly distributed between
0 and 27, Ej is the energy per bit, and L is the number
of chips per one data bit. For each time interval, the
hopping frequency f; takes on one value from the set
H = {Fy, Fo+ C/T, Fy + 2C/T,...,Fh+ (K - 1)C/T},
where Fo > (K — 1)C/T, C is a positive integer, and
K denotes the number of frequencies used in hopping or
the maximum number of users.

The transmitted signal is assumed to be propagated
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through a noisy multipath fading channel. The noise is
modeled by the e-contaminated mixture noise model [5],
for which the pdf is

f(z) = (1 = e)fn(z) + efr(e). (2)

In (2) fwn is a Gaussian pdf with mean zero and variance
0%, and fr is a zero mean pdf which has a variance
02 larger than o% . In this paper, we will assume that
fr is also a Gaussian pdf in order to obtain explicit
expressions of the pdfs of detector outputs.

Let the delay power spectrum of the channel be ¢.(7),
which is defined as the autocorrelation function of the
impulse response of the channel. Then the range of
the values of 7 over which ¢.(7) is essentially nonzero
is called the multipath time delay spread or multipath
spread of the channel and is denoted by Timge. In this
paper, we investigate the performance of the LS receiver
1n the selective fading channels, for which 0 < 74, < T

2.2 THE RECEIVED SIGNAL AND RECEIVER

The teceived signal can be written as, for [k + (I —
/LT <t < (k+ /L),

M-1
Rit) = A rm cos27(fe + fi + arA)(t — )

m=0
+¥m] + N(1), (3)
where the multipath strength r,,, has the Rayleigh pdf

2

P, Eexp{—g—}, r >0, (4)

(7)) = b

the path delay 7, of the mth multipath signal is rela-
tive to the time reference 75 = 0, and the random phase
¥y is uniformly distributed over [0, 27]. It is assumed
that rm, 7, and ¥, m = 0,1,..., M —1, are statistical-
ly independent of each other. The white noise N(t) is
assumed to be zero-mean and statistically independen-
t of the random variables resulting from the multipath
phenomenon, 7, Tm, and ¥, . It 1s also assumed that
the random variables in S(¢) and R(t) are independent
of each other.

The receiver shown in Fig. 1 has two branches each
with in-phase and quadrature subbranches. In no-noise
situation, the upper and lower branch outputs are A?
when the transmitted data bit is”+1” and ”—1”, respec-
tively. Let the outputs of the upper and lower branches
for (n+ (I - 1)/LIT <t < (n+1/L)T be X(n,l) and
Y (n, 1), respectively. Then, we have

XE(n, 1) + X2 (n, 1),

if |X1(n,l)| <a, IXq(nvl)i <a,
X2(n, 1)+ a?,

if | Xi(n, )] < a,[X4(n, 0] > q;
az—}-qu(n,l),

if [Xi(n, )| > a,|Xq(n, )| < q;

X(n,l) =

2a?,

if | Xi(n, )| > a,|X4(n, )] > a;
(5)

with a similar expression for Y'(n,!), where X;(n,!) and
Y:(n, 1) are the outputs of the in-phase branches, and the
X¢(n, ) and Yy(n,l) are the outputs of the quadrature
branches. Denoting the dehopping signal by

D) = 2cos(2nfit + @1),
{n+l—'L—l]T§t< (n+%)T,
(6)

where ¢; is uniformly distributed over [0, 27], X;(n,1)
and X,(n,{) are given by

9 T
Xi(n,l) = —/ R(t)D(t) cos[2x( f, + A)t]dt
T Jinsiz2yr

)

and

9 rl+)T )
X,(n,0) = T/Hr—lp R()D(t) sin[27(f. + AYt]dt,
nrer

(8)

with similar expressions for Y;(n,!) and Y,(n,!).
From (7), it is easy to see that X;(n,[) can be written

Xi(n,1) = S(n, 1) + I(n, 1) + N(n,1). (9)

Note that the desired main path component S(n,!) is
a zero-mean Gaussian random variable, since it is the
product of a Rayleigh random variable and the cosine
of a uniform random variable. Using the central limit
theorem, the interference component I(n,[) can be ap-
proximated as a zero-mean Gaussian random variable
with variance a?, since it is the sum of independent
random variables [2]. The noise component N(n,!) in
59 is modeled as a random variable with pdf given by
2).

3. STATISTICAL CHARACTERISTICS OF DETECTOR
OUTPUTS AND PERFORMANCE ANALYSIS

3.1 THE LS RECEIVER OUTPUT
The pdf of X(n,!) can be shown to be

(1—¢)? { z }
exp { —
QaZJZV 20%;
+- exp {__2}
2a o

o 1T

¢ — € & r

T avar P {~E} Lo (ﬁ%%)
(10)

for 0 < z < a? , where ay, ap, og, and ap depened

on channel characteristics [7] and Io(-) is the modified

Bessel function,
(1—¢)? T
2%, P\ 2a%

as

fX(n,I)(iC) =

Fxnn(z)
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[1 L4 {“/N_N _
T Lz —a

+ €? o z
202, P 202,

[Hé_{_“f_ﬂ:z__
T | Vz — a?

e(l—¢) z z
+ anNap [exp {_E} Io (—20%)
+z { ! ex L

T\ Vo2 TNT €Xp %%

z

+7TN exp {—m}]

)

20%

201(2) x cosf

cosh (— ) dé 11

/. e (11)

for a® < x < 2a?,
Ixp(@) = [(1 — €)erfc ( ﬁaaN)]

2
a
+¢ erfc §(z — 2a?),
<\/§01T>:| ( )
(12)
for ¢ = 2a®, and fx(mp(z) = 0 for z < 0 and
z > 2a% where erfc(z) is the complementary er-

— exp

) . 2
ror function, fr(z) = arcsin 1-2 and 7; =

v/ —exp {—,—} erfc ( a‘) with i, = N, T.
J
3.2 PERFORMANCE ANALYSIS

The probability of one chip error is

1

o= —Q—Pr{X(n,l) > Y(n,Dla, = -1}

+%Pr (X(n,1) < Y(n,Dla, = 1}. (13)

Using the results in Section 3.1, we have

1 2a? 24°
s [ [ @ @len=-sdedy
0 y

1 2a®  p2a?
e / / vx (2)0y (3)lan =1 dyde, (14)

where vx (z) is the pdf (10)-(12) and vy is obtained from
vx by substituting an with —a,,. As we can see from
(10)-(14), we cannot in general obtain a closed-form ex-
pression for the probability of bit error. We will thus
use numerical calculation to compute the probability of
bit error of the LS receiver.

For a hard decision scheme, the probability of bit error

is .
r= 3 (D)a-mew o9
{2

in the binary symmetric channel (BSC). If we have U
users and K frequency slots, then the probability of er-
ror is given by [6]

Pxu = (1 - (1 - %)U—l) P (16)

To show the probability of bit error in various cas-
es, let us define the threshold to noise ratio (TNR) as

TNR = a/UN, and the ratio of the noise variances as

= 0% /0%. Fig. 2 shows the probability of bit error as
a functlon of SNR for p = 100.0 with SNR defined by
SNR = 10log,([E3/(1 — €)0% + €o2] when e= 0.1: the
values of TNR are 4.0, 8.0, and 20.0, and Ty = 0.5T,
where T} 1s the maximum value of time delay. In Fig. 3
we show the bit error probability for the multi-user and
multi-hopping case for Ty = 0.17, ¢ = 0.1, p = 100.0,
L=2 K =20,and U = 10.

When the SNR is low, the performance of the LS re-
ceiver is better than that of the squarer (SQ) receiver
under impulsi s1ve noise environment. For example, in Fig.
3, the LS receiver with TNR = 20 has approximately 3
dB SNR gain over the SQ receiver when P, = 10~2,
The reason for this is that the limiter with proper value
of TNR reduces the effects of impulsive (large-valued)
noise.

When the SNR is high, on the other hand, the SQ re-
ceiver has better performance than the LS receiver if the
value of TNR is small. This can be explained as follows.
In the case of high SNR, the limiting property of the LS
detector prevents the detector from fully exploiting the
information of the large-valued transmitted signal.

4. CONCLUDING REMARKS

We investigated the performance of the FFHSS-BFSK
communication system using LS detectors. The channel
was modeled as a selective Rayleigh fading channel with
e-contaminated mixture noise.

The probability of bit error of the FFHSS-BFSK com-
munication systems was obtained by numerical analysis
in various cases of the e-contaminated mixture noise,
fading characteristics, multi-user, and multi-chip hop-
ping.

’Ighe performance of the LS receiver was shown to be
better than that of the SQ receiver if the TNR was cho-
sen properly or if SNR was low. At high SNR, the SQ
receiver had better performance than the LS receiver
when the value of TNR was small.

ACKNOWLEDGEMENT

This research was supported by the Non-Directed Re-
search Fund, Korea Research Foundation, in 1993, for
which the authors would like to express their thanks.

REFERENCES

[1] B. Solaiman, A. Glavieux, and A. Hillion, “Error probability of
fast frequency hopping spread spectrum with BFSK modulation
in selective Rayleigh and selective Rician fading channels,” IEEE
Trans. Comm., vol. COM-38, pp. 233-240, February 1990.

[2] J. S. Lee, R. H. French, and L. E. Miller, “Probability of er-
ror analyses of a BFSK frequency-hopping systems with diversity

- 369 -

Authorized licensed use limited to: Korea Advanced Institute of Science and Technology. Downloaded on November 20, 2009 at 01:08 from IEEE Xplore. Restrictions apply.



under partial band jamming interference-Part I: Performance of
square-law linear combining soft decision receiver,” IEEE Trans.
Comm., vol. COM-32, pp. 645-653, June 1984.

[3] K. H. Biyari, and W. C. Lindsey, “Binary communications
through noisy, non-Gaussian channels,” IEEE Trans. on Infor-
mation Theory, vol. 40, pp. 350-360, March 1994.

[4] A. J. Efron, P. F. Swaszek, and D. W. Tufts, “Detection in
correlated Gaussian plus impulsive noise,” IEEE Trans.
and Elec. Sys., vol. AES-28, pp. 932-943, October 1992.

[5] S. A. Kassam and H. V. Poor, “Robust techniques for signal
processing: A survey,” IEEE Proc., vol. 73, pp. 433-481, March
1985.

{6] M. V. Hedge and W. E. Stark, “Capacity of frequency hop
spread spectrum multiple access communication systems,” JEEE
Trans. Comm., vol. COM-38, pp. 1050-1059, July 1990.

[7] S. 1. Park, M.S.E. Thesis, Performance of FHSS communi-
cation systems over channels with impulsive noise and multipath
fading Department of Electrical Engineering, Korea Advanced In-
stitute of Science and Technology (KAIST), Daejeon, Korea, De-
cember 1992

Aero.

Xi(n,1)

—o?—.lﬁ(egraHml\er—squlur

2cos(2nlfc + 8)1)

2sin(2n(fc « AU
Xq(n,l}
In\egrulcﬂ—{Limiler-snunrer}-’
Yi(n, 1y
a?—-ﬁnlegrn(ﬂ——{ Limiter-squarer h

2cos(2nlfc - AJt}

Decision

2co8(2xrkt + ok}

E Yin,1)
2sin(2xlic - At}

Ya(n,1}
Lhé—iﬁnhgfﬂ“ﬂ———mu\er-wunrelj—i

Fig. 1. A block diagram of the limiter-squarer receiver.

1.0¢ 4 00 T T T T T
1.0e — 01
Probability
of
error
1.0e — 02
1.0¢ — 03 i L + . L
0 10 50

30
SNR (dB)

Fig. 2. The probability of bit error versus SNR in impulsive noise

and selective Rayleigh fading channel, when Ty = 0.57, € = 0.1,
and g = 100.0 for one-chip case. The bit error probabilities of LS
(TNR = 4.0, 8.0, and 20.0) and SQ receivers are plotted.
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Fig. 3. The probability of bit error versus SNR in impulsive noise
and selective Rayleigh fading channel, when Ty = 0.1T, ¢ = 0.1,
4 = 100.0, and the number of chips are 2. Asynchronous multiple
access is assumed, the number of frequency slots is 20, and the
number of users is 10. The bit error probabilities of LS (TNR =
4.0, 8.0, and 20.0) and SQ receivers are plotted.
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