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Abstract

(diffuse) component.
Interference is considered to be both partial-band
noise (caused by a jammer or any other source of
narrowband interference) and wideband interference
(i.e., thermal noise). Partial-band interference is modeled as additive Gaussian noise with power spectral
density y-'N1/2, where y is the fraction of the bandwidth being jammed and N1/2 is the average interference noise power spectral density over the entire
bandwidth. Wideband interference is modeled as additive white Gaussian noise with noise power spectral
density N0/2.
The noise power for each hop k of a signal is

The application of forward error correction coding to
a fast frequency-hopped binary frequency-shift keying
(FFHIBFSK) noncoherent receiver with self-normalization combining and noise jamming is discussed in
this paper. The performance of the receiver is examined both wliciii data are encoded using Reed-Solomon
codes and concatenated Reed-Solomon and convolutional codes, all with hard decision decoding. The effect of the t,rarisrnission channel is considered, and results are derivc:d for a Rayleigh fading channel and for
Riccari fatiiiig channels with several ratios of directto-diffuse signal power. Only frequency-nonselective,
slowly fading c:hannels are considered. The combinat,ion of divcrsit,y arid forward error correction coding
is found to iiiiprove the performance of the receivcr
in the prcsc:nc:c: of jamming, and optimum codes for
each coding scheme are discussed.
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ai = ( ~ - ' N I+ N O )B

with pro tmbility y when interference is present and

with probability 1-y when interference is not present.
For a bit interval of Tb seconds, the bit rate is
Rb = 1/Tb. The duration of the hop interval is Th =
Tb/L for Lth order diversity, and the hop rate is Rh =
1/Th = LRb. If is the average signal power, then

INTRODUCTION

The performance of a fast frequency-hopped BFSK
receiver with self-normalization combining in a fading channel with partial-band interference has been
previously examined [ l ] .The transmitter is assumed
to send L hops per data bit. At the receiver (Fig. 1 )
tlic dehopped signals are demodulated by noncoherent matched filters with equivalent noise bandwidth
of B Hz. Self-normalization combining is used to nonlinearly combine the outputs of the quadratic detectors of the two branches of the BFSK demodulator to
form the L diversity signals which are then combined
to obtain the decision statistics [ l ] .
The channel for each hop is modeled as a frequencynonselect,ive, slowly fading Ricean process. Hence,
the signal bandwidth is much smaller than the coherence bandwidth of the channel and the hop rate much
greater than the Doppler spread of the channel [2].
In this case the dehopped signal can be modeled as
the sum of a norifaded (direct) and a Rayleigh-faded

s

s = u2 + 2 f f 2

(3)

where a2 is the average power of the direct component
of the signal, and 2a2 is the average power of the
diffuse component of the signal.
In this case the average energy per hop is Eh =
STh and the average energy per bit is Eb = LEh. The
signal power-to-noise power ratio is

Eh% - EbRb
---0:-

NTB

LNTB

(4)

where N T / is
~ the total noise power spectral density.
The minimum equivalent noise bandwidth of the
noncoherent matched filters is equal to the hop rate;
i.e., B = Rh [ I ] and (4)can be rewritten as:
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(1)

and

Figure 1: Self-normalization combining FFH/FSK
receiver [ 11.
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Eb

Thus

(5)

PREVIOUS RESULTS

2

The uncoded bit error probability for the receiver is
In (8), f Z ’ , ( z l k ) is used with
is used with 0: in (2).

3

is the conditional bit error probability
where Ps(7:)
given that i-hops are jammed and [l]

and
fZlk(’1k)

=

[I -k t k ( 1 - Z l k ) I 3

,
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REED-SOL MON CODING

+

+ (1+ rk) [I -k r k ( 1 - Z l k ) ]
for 0 5

in (l),and

The performance of a fast frequency-hopped BFSK
rcceiver with self-normalization combining in a fading channel with partial-band interference and with
Reed-Solomon error correction coding is now examined.
For Reed-Solomon codes with code words of length
n symbols, each with k information symbols, the number of errors t that the code can correct and the
minimum distance of the code dmin are given as t =
( n - k ) / 2 and dmin = n - k
1 [3]. For the analysis that follows, it is assumed that the transmitted
power P as well as the bit rate R b are fixed. In this
case, the bit energy Eb is also fixed since P =
Therefore, the variable code rate r = k/n,, and the
coded bit energy E, will vary for constant transmitted power since E, = TEb. The performance of this
coding/modulation scheme with hard decision decoding is given in [2] as:

where

[kxzlk

02

5 1 (9)

In the preceding, P k = a 2 / u i is the signal-to-noise
ratio of the direct component of hop k of a bit, [ k =
2a2/0z is the signal-to-noise ratio of the diffuse component of hop k of a bit, and = P k / & = a2/2u2
the ratio of the direct-to-diffuse power components.
From ( 5 ) :

where ps is the channel transition probability given
by (6) and Eb/NO replaced by E,/No.
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4

CONCATENATED CODING

' 1 ' 1 1 ~ ;tssiiiriptiori (.list. t,hc traxisiriittcd powcr as
wc.11 as tlic bit, ra1.c: arc fixctl is 11iadc~in this (:ax

(hic:at,(matccl c:otliiig with Rcc:cl-Solortioii c:odcs as oiitm
codes and convolutional codes as inncr codes arc discussed in this section. The oiitcr code has a code
rate RO= ko/no and the inner code has a code rate
Ri =
The resulting code has a code rate
R = RoRi = koki/n,on,i.
Since the inner decoder performs hard decision decoding for a convolutional code, the union bound for
the coded bit channel transition probability is given
as [41

1.00. 'Tlicrc:forc, t,hc sigiial-to-noise ratio in the 1111c:otl(:ti symbol crror probability is scaled by the code
rate R = koki/n,on,i.

5

From the analysis performed in [l]for the uncoded
performance of fast frequency-hopped BFSK receiver
with self-normalization combining in a fading channel with partial-band interference, it is clear that for
a relatively large number of diversity levels ( L > 3)
worst case performance (assuming the same jammer
power for both broadband and partial-band cases)
corresponds to broadband interference (i.e., the whole
bandwidth is jammed) or, equivalently, when all hops
of a bit are jammed (7 = 1 or i = L, respectively).
This assumption has been made for the purposes of
the numerical analysis of the coded performance of
the system, and a diversity level of L = 4 is considered. The probability of a bit error as a function of the bit energy-to-interference noise density
ratio &,/NI is examined for Reed-Solomon codes of
length n = 15 and 31 and concatenated codes with
a convolutional code rate 3/4 and constraint length
71 = 8 used as an inner code and various length ReedSolomon codes used as outer codes. The ratio of bit
c.ncrgy-to-therma1 noise density Eb/No is taken to be
13.35 dB in the first case and 18 dB in the study of
concatenated codes. The value of &/No = 13.35 dB
corresponds to Pb =
when there is no fading and
L = 1 [l].
The effect of the channel for a Rayleigh channel
model ( a 2 / 2 a 2 = 0) for both coding cases is examined.

00

pi 5

(14)

WjPj

j=df

where Pj is given by

if d is odd, and

(16)

.pdf/2(1 - p ) d f / 2

if d is even. In ( 1 4 ) wJis the total information weight
of a code path of weight j .
In (15) and (16) p is the uncoded bit error probability of a fast frequency-hopped BFSK receiver with
self-normalization combining in a fading channel with
partial-band interference and is given by (6) and the
weight structure w j is found in [4]for codes of different rates and constraint lengths.
The symbol channel transition probability P, at
the input of the Reed-Solomon decoder is given as a
function of P, as

P, x 1 - (1 - Pz)"

NUMERICAL RESULTS

5.1

(17)

Reed-Solomon Coding

Results are obtained for codes of length n = 15 as can
be seen in Fig. 2. For
greater than approximately 9 dB, the code (15,7) for the Rayleigh channel
outperforms the other codes of the same length.
Among all codes with length n = 31 for a Rayleigh
channel model, the (31,15) code has the best performance (Fig. 3). To achieve this improvement, the
ratio Eb/NI must exceed approximately 9 dB.
For error correction codes, it seems reasonable
that the redundancy provided by the parity bits improves the performance of any system. This means
that we expect that the fewer the information symbols used in a code word, the better the performance.
This is not always the case. When the transmitted
power and the bit rate are fixed, the bit energy is

where 2m - 1 = no and no is the length of the ReedSolomon code used as outer code.
The union bound for the bit error probability at
the output of the outer (Reed-Solomon) decoder is
[21-[41

where P, is given by (17) and t = ( n o - k o ) / 2 is the
number of errors the Reed-Solomon code can correct.
Given that 2m - 1 = n o and 2"-'
= (no
(18) can be rewritten as:

+
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constant, but the cotled bit energy increases as wc
increase the number of information symbols. This
increase in coded bit energy can, in some circumstances, overcome thc: advantage that additional redundant bits provide, giving higher rate codes with
better performance.
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Figure 2: Performance of fast frequency-hopped
BFSK receiver with self-normalization combining in a Rayleigh fading channel (a2/2a2= 0) with Reed-Solomon
coding, diversity L = 4, and broadband interference.

5.2

Concatenated Coding
Figure 3: Performance of fast frequency-hopped

The performance of the system with concatenated
codes is now examined. A convolutional code of rate
314 and constraint length of v = 8 is used as the inner code. Various Reed-Solomon codes are used as
outer codes so that the overall'code rate is approximately 1/2. Since the probability of bit error is calculated using union bounds for both the inner and
outer codes, the ratio of bit energy-to-thermal noise
&/No is taken to be 18 dB to resolve numerical problems in the analysis. The probability of bit error as a
function of the bit energy-to-interference noise ratio
&/NI is examined for a Rayleigh channel model.
In Fig. 4 the performance of the system using
Reed-Solomon codes of length 15 is examined for a
Rayleigh fading channel and broadband interference.
Concatenated codes with overall rate of approximately
0.55 give the best performance.
A comparison between the performance of different lengths and rate approximately 1/2 Reed-Solomon
codes (that are the optimum Reed-Solomon codes in
this case) and the concatenated code with a (63,45)
outer Reed-Solomon code is made in Fig. 5 for a

BFSK receiver with self-normalization combiningin a Rayleigh fading channel (a2/2a2 = 0) with Reed-Solomon
coding, diversity L = 4, and broadband interference.

Rayleigh fading channel and broadband interference.
The use of the concatenated code clearly outperforms
shorter Reed-Solomon codes of the same rate. Only
the (255,133) Reed-Solomon code can give better performance than the concatenated code.

6

CONCLUSI

An analysis has been presented of the uncoded and
coded performance of fast frequency-hopped BFSK
receiver with self-normalization combining in a fading channel. Previously derived expressions in [l]and
[2] have been used and the performance of such a s y s
tem has been examined for Reed-Solomon codes and
concatenated codes, all with hard decision decoding,
for a fading channel model and partial-band interference.
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Tlic applicat,ioii of forward crror c:orrcction coding
iriiprovcs t,lic pcrforIrianc:c of suc:h a system arid optim i i m c:otlcs liavc l m x i ol)t,aiIictl for tho case of ReedSolonion coding. Thc optimurn Reed-Solornon codes
are consistent wit,h the optimum codes obtained in [3]
where the coded performance for M-ary FSK modulation in fading channels for a conventional receiver
has been examined.

I
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In the analysis performed, the transmitted power
and the bit rate are kept fixed and the bit energy is
considered to be constant. As a result, an increase
in the number of information symbols per code word
increases the coded bit energy as well. The increase
in coded bit energy .allows the use of higher rate codes
with better performance in some cases as it overcomes
the advantage of the better error correction that additional redundant bits provide to lower rate codes.
Concatenated codes with convolutional inner codes,
Reed-Solomon outer codes and overall a rate of approximately 1/2 have also been examined. The performance of the system using concatenated coding
dramatically improves. Probability of bit error as
can be obtained. Concatenated
low as lop6 or
codes of relatively small length are found to outperform Reed-Solomon codes.
In conclusion, the application of forward error correctiop coding in systems with diversity improves the
pcrforrnance of the system and should be used if possible. Concatenated codes give the best performance
as compared to Reed-Solomon of similar code rates,
especially for Rayleigh fading channels with broadband interference.
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