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ABSTRACT

This paper studiesthe bit-error rate (BER) performanceof a
fast frequency-hopped (FFH) binary frequency-shift-keying
(BFSK) clipper receiver in the presence of multitone jam-
ming (MTJ) and additive white Gaussian noise (AWGN).
By using the Taylor-series expansion and the quantiza-
tion approach, the BER expressions for higher diversity
levels can be obtained without much extra computational
complexity. The analytical BER results, validated by sim-
ulations, show that there is an optimum diversity level for
the clipper receiver. Performance comparisons among vari-
ous receivers demonstrate that the BER performance of the
clipper receiver issignificantly better than that of the linear-
combining receiver. In addition, the clipper receiver also
outperforms the product-combining receiver and the self-
normalizing receiver provided that the clipping threshold is
set at the desired signal power level.

1. INTRODUCTION

The issues of interference rejection in fast frequency-
hopped (FFH) spread-spectrum (SS) systems have be-
come increasingly important in both commercia and
military applications. Recently, we have analyzed the
bit-error rate (BER) performance of three FFH binary
frequency-shift-keying (BFSK) receivers, namely, the
linear-combining receiver [1], the product-combining re-
ceiver [2], and the self-normalizing receiver [3], under the
conditions of multitone jamming (MTJ) and additive white
Gaussian noise (AWGN) . It has been shown in [1] that
thereis no diversity improvement for the linear-combining
receiver against the n = 1 band MTJ (i.e., jammed hop
bands contain only one jamming tone at one of the two
adjacent frequency dots corresponding to bits 1 and O, re-
spectively) and AWGN; that is, the BER performance is
further degraded as the diversity level isincreased. In con-
tradt, it has been shown in [2] and [3] that under the same
jamming conditions, there are optimum diversity levels for
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the product-combining and self-normalizing receivers. The
BER results of these two nonlinear diversity-combining
receivers are significantly better than that of the linear-
combining receiver.

In this paper, we consider the clipper receiver, which
is another type of nonlinear diversity-combining receivers.
It has been shown in [4] that the FFH/BFSK clipper re-
ceiver possesses reasonably good partial-band noise jam-
ming (PBNJ) rejection capability compared to that of the
soft-decision linear-combining receiver. When the AWGN
is not taken into consideration, the resultsin [5] also show
that the FFH/BFSK clipper receiver has some advantages
over other typesof receiversin suppressing stronger MTJ. In
this paper, we study the BER performanceof the FFH/BFSK
clipper receiver under the conditions of MTJ and AWGN.
In particular, we make use of Taylor-series expansion as
proposed in [1]-[3] to obtain the probability density func-
tion (pdf) of the clipper output and derive a computationally
efficient BER expressionfor any diversity level. In addition,
we also present the BER performance comparisons among
the clipper receiver and the other three types of receivers
presented in [1]-[3] under the conditions of the worst-case
band MTJand AWGN.

2. SYSTEM MODEL

In [1]-[3], the system models are described in detail. In
this paper, only a brief definition of the system parameters
is given. The block diagram of the FFH/BFSK clipper
receiver is shown in Figure 1. The received signal at the
receiver front end consists of the desired signal corrupted by
MTJ and AWGN. This received signal is down-converted,
dehopped, and band-pass filtered to produce

() = V2ascos(2mfit + 60;) + w(t) +ny(t),
i=1or2, D

where v2as = /2E,/(LT},) is the signa amplitude, E,
is the bit energy, L is the diversity level of the system,
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Figure 1: FFH/BFSK clipper receiver block diagram.

T}, is the hop duration, ¢, is the random phase, f; is the
baseband frequency, w(t) is the noise term due to AWGN,
and n s (t) isthe jamming component. Note that the random
noise w(t) is a band-limited, zero-mean additive Gaussian
process with variance over a bandwidth of B = 1/T}, (Hz)
given by 02 = E{w?(t)} = NoB, where N is the one-
sided power spectral density of the AWGN. When the MTJ
is present at a particular frequency slot, the jamming tone
over a hop duration can be expressed as

J(t) = V2a; cos(2m f1t + ), 2

where v/2a is the amplitude, +; is the random phase, and
f7 isthe frequency of each multiple interfering tone. The
total power Py, (W) of the M TJisdistributed over ) equal-
power interfering tones and the power of each jamming tone
isP; = Py,./Q (W). Wedefinethe signal-to-jamming ratio
of the system as SJR = Ey/Nj, where Ny = Py, /Wss
is the equivalent one-sided power spectral density of the
MTJand Wgg isthetotal SSbandwidth. In this paper, only
the n = 1 band MTJ is considered as it has been shown
in[2, 3] that then = 1 band MTJ givesthe worst-case BER
performance as compared to other types of MTJ models.
Thedehopped signa r,(t) isdemodul ated by two square-
law detectorsmatchedto frequencies f; and f-, respectively.
These outputs are denoted as R;,,,, whereg;; = 0 or Listhe
jamming indicator function representing the jamming state
of the Ith hop with frequency f;, i = 1,2. The square-law
detector outputs pass through a linear clipper to produce

Ri,, = min[Ry,,C],i=1,2,1=1,2,---,L,(3)
wheretheclipping level C'isexpressed asafraction ¢ times
the expected output power a? due to the desired signal
alone. The parameter ¢ is caled the relative clipping level
of the system. The clipper outputs are approximated by
an M -level uniform quantizer and the resultant outputs are
summed for al L hopsto give R;;, i = 1,2. The decision
variable Z = R;, — R;, is then compared with a zero
threshold to make the final decision.
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3. PROBABILITY OF BIT ERROR

Without loss of generality, we assumethat f; was transmit-
ted. The conditional pdf of Ry is[1]-[3]

DPRii|cos o (Tl | cos ¢)
1 2(a? 242
_ exp it (a3 + a3 + 2asay cos @)
2 202,

1 (\/2r1(a25+a3+2a5aJcos¢)> U(r), (4)

o
where U () isthe unit step function, I, (-) isthe zeroth-order
modified Bessdl function of the first kind, and ¢ isthe ran-
dom phase difference of the two tones uniformly distributed
over [—m, 7. By using the Taylor-series approximation as
proposedin[1]-[3], the pdf of R;; canbesimplifiedtoyield

1
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The pdf's of Ry, Re1, and Rso can be obtained from (5)
by settingay = 0,as = 0,and as = ay = 0, respectively.
For the convenience of mathematical computation, we used
an M -level uniform quantizer to approximate the operation
of theideal soft-limiter and the outputs of the quantizersare
defined as

PRy, (Tl) ~

G, if a, < qu“ < Uy,
Riq“ _ m=0,---,M -2, ©6)
ar—1, if Rigy > anr—1
fori=1,2,1=1,2,---,L,and ap, = mC/(M —1). The
discrete pdf’s of Riq” can be expressed as
P, ( Z Viga[mld(a — a), i = 1,2, (7)

where
A -
Viq”[m] = Pr{RiQil = am | fl}
{ faa:+1 PR,y (T’)dr, m=0,1,---,M — 2,
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where

Q(a,b) 2 / xe_(””2+a2)/2lo(ax)dx (10)

b
is the Marcum’s @Q-function. Similarly, the values of
Vio[m], Va1[m], and Va[m] can be obtained from (9) by
setting ay = 0, ag = 0, and as = ay = 0, respectively.
The quantizer outputs are summed for L hops to form the
decision statistics

R;, = > Rig,i=1,2, (11)

where the subscript j; = Zle q;; denotes the number of

hopsjammed out of thetotal L diversity receptions. Finally,
the probability of bit error P, can be expressed as

ne SO (%)

=0

[0 Qros-s].

where

Pe (jl;jZ)
L(M-1)-1 L(M-1)
= Z Z Pr{R;, = na:}Pr{R;, = ma1}
n=0 m=n+1
L(M-1)
—|—§ Z PI‘{le = Rj2 = mal} (13)

m=0

is the conditional BER given that j; and j, hops are being
jammed by then = 1 band MTJfor frequencies f; and fs,
respectively. In (13), the values of Pr{-} can be obtained
from the (L — 1)-fold discrete convolution of the pdf’s of
Ri,,, asdefinedin (7).

4. NUMERICAL RESULTSAND DISCUSSION

The worst-case BER results of the FFH/BFSK clipper re-
ceiver are calculated from (12) with the following parame-
ters: Ey,/No =13.35dB, C' = a%, and M = 64.

In Figure 2, both the analytical and simulation BER
results of the FFH/BFSK clipper receiver with different
diversity levels are presented under the conditions of the
worst-casen = 1 band MTJand AWGN. Theclose matches
in both analytical and simulation results validate the BER
expressions derived in Section 3. In contrast to the linear-
combining receiver presented in [1], we observe from Fig-
ure 2 that an optimum diversity scheme can be employedin
the region of 10dB < SJR < 40dB for the given E; /Ny.
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Figure 2: Comparisons of the worst-case analytical and
simulation results for the clipper receiver.

This is due to the fact that the jamming power mitigation
achieved by the clipper receiver at the optimum diversity
level outweighs the corresponding noncoherent combining
loss of the system [4].

In Figures3 and 4, we show the BER resultsof thelinear-
combining[1], product-combining[2], self-normalizing[3],
and clipper receivers with L = 3 and 5, respectively, un-
der the conditions of the worst-case n = 1 band MTJ and
AWGN. These results show that the BER performance of
the clipper receiver is much better than that of the linear-
combining receiver. This is because the linear-combining
receiver does not provide any jamming power mitigation
mechanism to suppress the MTJ while the clipper receiver
limits the strong jamming power in each diversity reception
before diversity combining. Comparisons among the three
nonlinear diversity-combining receivers show that the clip-
per receiver marginaly outperforms the self-normalizing
receiver and the product-combining receiver. It should be
noted that the clipper receiver requires the desired signal
power level whereas both the product-combining receiver
and the self-normalizing receiver are nonparametric. Nev-
ertheless, it can be shown that the BER performance of the
clipper receiver is not sensitive to minor error in estimating
the actual desired signal power. Hence, if the desired signal
power level is known a priori or can be estimated with
reasonably good accuracy, the clipper receiver gives the
best BER performance among the four receiver structures
presented in Figures 3 and 4. On the other hand, if the side
information on the desired signal level isnot available, then
the self-normalizing receiver will be preferred in rgjecting
the band MTJand AWGN.
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Figure 3: The worst-case BER performance comparisons
among variousreceiverswith L. = 3.

5. CONCLUSION

In this paper, we have presented the performance analy-
sis of the FFH/BFSK clipper receiver against band multi-
tone jamming and AWGN. The BER expressions derived
based on Taylor-series expansion are applicable to any
arbitrary diversity level without extra computational com-
plexity. Under thefixed bit energy conditions, the analytical
BER results show that there is an optimum diversity level
for the clipper receiver. Performance comparisons among
thelinear-combining, product-combining, self-normalizing,
and clipper receivers reveal that the clipper receiver gives
the best BER performance provided that the clipping thresh-
old is set at the desired signal power level. The linear-
combining receiver, which is the simplest to implement
but does not provide jamming power rejection capabilities,
is significantly outperformed by the other three nonlinear
diversity-combiningreceivers. If thesideinformationonthe
signal power level isnot available, then the self-normalizing
receiver gives better BER performance.
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