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Error Probabilities of Fast Frequency-Hopped MFSK
with Noise-Normalization Combining in a Fading
Channel with Partial-Band Interference

R. Clark Robertson, Senior Member, IEEE, and Tri T. Ha, Senior Member, IEEE

Abstract—An error probability analysis is performed for an M-
ary orthogonal frequency-shift keying (MFSK) communication
system employing fast frequency-hopped (FFH) spread spectrum
waveforms transmitted over a frequency-nonselective, slowly fad-
ing channel with partial-band interference. Diversity is obtained
using multiple hops per data bit. A procedure referred to as noise-
normalization combining is employed by the system receiver to
minimize partial-band interference effects. Each diversity recep-
tion is assumed to fade independently according to a Rician
process. The partial-band interference is modeled as a Gaussian
process. Thermal noise is also included in the analysis. Forward
error correction coding is applied using convolutional codes and
Reed—-Solomon codes.

Diversity is found to dramatically reduce the degradation of the
noise-normalization receiver caused by partial-band interference
regardless of the strength of the direct signal component. In
addition, diversity offers significant performance improvement
when channel fading is strong. Further significant performance
improvement is obtained for higher modulation orders (M > 2).
Uncoded receiver performance with a diversity of four is roughly
comparable to coded receiver performance with no diversity for
ratios of bit energy-to-interference noise density in the range
between roughly 12 and 22 dB. Substantial improvements in
receiver performance are obtained by combining diversity, higher
modulation orders, and coding.

I. INTRODUCTION

HIS paper presents an error probability analysis of a fast

frequency-hopped M -ary orthogonal frequency-shift key-
ing (FFH-MFSK) system with noncoherent, noise-normalized
detection for communications with fading and partial-band in-
terference. The FFH—MFSK transmitter is assumed to perform
L hops per data symbol which results in a diversity of L
levels. At the receiver the dehopped signals are demodulated
by a bandpass filter followed by a quadratic detector. This
problem was initially investigated for standard noncoherent
MFSK demodulators in [1]. In this paper, noise-normalization
combining (also referred to as adaptive gain control) [2]—-[4]
is used to combine the outputs of the quadratic detectors of the
M branches of the MFSK demodulator to form the decision
statistics. In a noise normalized receiver, the reciprocal of the
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Fig. 1. FH/MFSK square law receiver with noise-normalization.

noise power of a noise-only channel estimator is used to nor-
malize the output of each detector before the L hop receptions
are combined. A block diagram of the FFH-MFSK receiver
with noise-normalization combining is shown in Fig. 1.

We assume that each dehopped signal fades independently;
that is, we assume that the smallest spacing between frequency
hop slots is larger than the coherence bandwidth of the
channel [5]—[7]. We also model the channel for each hop as a
frequency-nonselective, slowly fading Rician process. Hence,
we assume that the signal bandwidth is much smaller than the
coherence bandwidth of the channel and that the hop duration
is much smaller than the coherence time of the channel [5],
[6]- The latter assumption is equivalent to requiring the hop
rate to be large compared to the Doppler spread of the channel.
As a result, the dehopped signal amplitude is a Rician random
variable, and the dehopped signal can be considered as the
sum of two components, a nonfaded (direct) component and
a Rayleigh-faded (diffuse) component.

The interference that we consider in this paper is partial-
band interference which may be due to either a partial-band
jammer or some unintended narrowband interference. The
interference is modeled as additive Gaussian noise and is
assumed to be present in each branch of the MFSK de-
modulator for any reception of the dehopped signal with
probability . Thus, v represents the fraction of the spread
bandwidth being jammed, and the probability that narrowband
interference is not present in all M detectors is 1 — «. If
Ni1/2 is the average power spectral density of interference

0090-6778/92803.00 © 1992 IEEE
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over the entire spread bandwidth, then v~ 1Ny /2 is the power
spectral density of partial-band interference when it is present.
In addition to partial-band interference, we assume that the
signal is also corrupted by thermal noise and other wide-
band interferences which we model as additive white Gaussian
noise. The power spectral density of this wideband noise is
defined as Ny/2. Thus, the power spectral density of the
total noise is v“!Nj/2 + Ny/2 when interference is pre-
sent and No/2 otherwise. If the equivalent noise bandwidth
of each bandpass filter in the noise-normalized MFSK demod-
ulator is B Hz, then for each hop the signal is received with
noise of power No 3 with probability 1 —~+ when interference
is not present and with noise of power (y~!N; + Ng) B with
probability v when interference is present.

We assume that the bit rate is 2. Thus, the corresponding
symbol rate is R, = Ry,/log, M where M is the order of the
MFSK modulation. The MFSK signal is assumed to perform
L hops per symbol. Therefore, the hop rate is 1), = LR..
The equivalent noise bandwidth of each bandpass filter in the
noise-normalized MFSK demodulator must be at least as wide
as the hop rate, and in this paper we use B = It;,. The overall
system bandwidth is assumed to be very large compared to
the hop rate. Note that for a fixed symbol rate that the hop
rate increases as the number of hops per symbol increases. As
a result, the required minimum equivalent noise bandwidth of
the bandpass filters in the MFSK demodulator also increases
as the number of hops per symbol increases. Hence, as the
number of hops increases, the assumption that the channel
is frequency-nonselective becomes more restrictive. On the
other hand, the assumption that the channel is slowly fading
becomes stronger.

1I. ANALYSIS

Our analysis concerns the derivation of the bit error prob-
ability versus the bit energy-to-interference density ratio for
the receiver in Fig. 1 given the description of the channel
as Rician. The analysis requires the statistics of the sampled

outputs x;.% = 1.2,---. M of the quadratic detectors for a
given hop & of a symbol as well as the normalized samples
zik-4 = 1,2.---. M that are combined to provide the decision

samples z;.i = 1.2,---, M.

A. Probability Density Function of the Decision Variable Z,

Let o7 represent the noise power in a given hop k of
a symbol. An accurate measurement of o7 is a challenging
problem in fast frequency-hopped spread spectrum systems. In
order to perform a complete evaluation of the noise-normalized
receiver, ai should be modeled as a random variable. In
this paper, o7 is assumed to be known exactly; hence, the
performance obtained for the noise-normalized receiver in this
paper is in this sense ideal.

From the noise power spectral density and the equivalent
noise bandwidth of the bandpass filters as discussed in the
previous section, we have o7 = Ny B with probability 1 — ~
and af, = ('y‘lNI + NO)B with probability v. We assume
that the signal is present in branch 1 of the MFSK demodulator.
Then the conditional density of the random variable Xy, at
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the output of the quadratic detector, given a signal amplitude

V2ay, is [8)

1 T+ 2(1%, apV 201k
fx (elar) = —Z—Ug expl — 202 Iy p
culayg) (1)

where u(e) is the unit step function and fo(e) represents the
modified Bessel function of order zero. The average received
signal power of hop k is af, and the fading of hop k is
modeled by assuming a4 to be a Rician random variable. The

probability density function of the Rician random variable ax

is [8]
2
)m(”—&%)mm @)

where o2 is the average power of the nonfaded (direct)
component of the signal and 207 is the average power of the
Rayleigh-faded (diffuse) component of the signal. The total
average received signal power of hop k is a} = a? + 202 and
is assumed to remain constant from hop to hop. Note that if
2 = 0 the channel model is a Rayleigh fading model, and if
262 = ( there is no fading.

The conditional probability density function of the normal-
ized random variable Z1; = Xlk/oi is given by

_O’%Zl}; + 2(Li>10(ak\/221k )

. )= 1 .
Sz Caklar) = 5 CXP 207 o
s ufz1k). 3)

The probability density function of Zj; can be found by
integrating (3) with respect to ay

_ag ar +a
fa lag) = o2 oxp 5 5

[z, (k) = /fzu(Zu-lak)f.n(”/k)d“k- 4)
0

Substituting (2) and (3) into (4), we obtain

S (218) = L ol 1 2+ 20k
fZlA- <1k} — 2<1+€k) CXp 2 1+‘£k
‘ [U(_*Mwwm)

14 & ©)

where py = o /o7 is the signal-to-noise ratio of the nonfaded
(direct) component of hop & of a symbol and & = 202/0}
is the signal-to-noise ratio of the Rayleigh faded (diffuse)
component of hop A of a symbol.

The probability density function of the noise-normalized
random variable Z,,x.n = 2,3,---. M of hop k of a symbol
that corresponds to the noise-normalized sampled outputs of
the branches m of the demodulator (Fig. 1) that contain no
signal is obtained from (5) by letting pr. = & = 0 to yield

1 Z"L «
[z, (zme) = — exp[~ k]u(zmk), m=23.---.M.

2 T2
(6)

Let Z;? and Z;? denote the random variable Z;; when
hop k of a symbol has interference and no interference,
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respectively. Also let i be the number of hops of a symbol
that have interference. Then the decision variable Z; after L
independent hops are combined is given by

L i L
Z = ZZM = ZZ&) + Z VAR
k=1 k=1

k=i+1

M

Let fZEZ) (zgz)), n = 1,2 denote the probability density

1,2 which is
obtained from (5) by replacing p; and £, with pgc") and
,(E"), respectively. Thus, pi") is the signal-to-noise ratio of
the nonfaded (direct) component of hop k£ of a symbol with
interference (n = 1) and without interference (n = 2), and
5,(6") is the signal-to-noise ratio of the Rayleigh faded (diffuse)
component of hop £ of a symbol with interference (n = 1)
and without interference (n = 2).

Now the Laplace transform of fZ§:>(Z§:)>7 n=12Iis
obtained from

n)

function of the random variable Z%k , n =

- (n) (m)} 4. () -
FZﬁZ')(s) = /fzin (21: )exp{—szlk }dzlz . on=1,2
0

®)

Substituting (5) into (8) and using the transformation v =

z§:), we obtain

1 _pgcn)
F(s)= exp
Zix 1+El(cn) 1+5£")
[e o)
1 2
. uexps — s+ TN U
J 2(1+¢")
(n)
2p; u
PEe ®
14+&,
where n = 1,2. The above integral can be evaluated as [9]
n n n 2
exp(-2087) 2 (67)
FZ(n) (8) = o) ex )
1k s+ ﬁk s+ Hk
(10)
where
n 1
A = AT (11)
2(1+¢")
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Since all L hops are independent, we obtain the conditional
probability density function for the decision variable Z; given
that ¢+ hops of a bit have interference from (7) and (10) as

- M\1** @)%
far(ali) = [£20 (3R] @ [F0 (o)) 12
where ®c, represents a c,-fold convolution and [fz(n; .
1k

®en
(ziz))] is obtained as the inverse Laplace transform of
Fy(s)]
[Fagp o
n) (n)len—1/2
),

@\ _ B 2
[fZEZ’(Zlk )] - ENCERIE
(2Cnpk )

. exp[— ,En) (zgz) + ZCnp,in))]
s
. u(zi?)

where ¢; = ¢ and ¢cp = L — 1.
For the special case of Rayleigh fading, pi") — 0, and the
Laplace transform of fz, (z1]¢) reduces to

' ;(91) i ,(f) L—i
Fz, (sli) = <S+ﬁ;§1)) (3+61(92)> (14)

which can be inverted to yield (15) below where the
coefficients Kiji,j = 1,2,---,4 and Kyyp_iyk =
1,2,---,(L — 1) depend upon L and i. Specific coefficients
for several values of L and ¢ are given in Table 1.

The probability density function of Z,.i, m =2,3,---, M
of hop k£ of a symbol is a special case of (13) with p}c") =0
and ﬂk") = 1/2 and is given by the chi-squared probability
density function with 2L degrees of freedom

n

which is given by

(13)

Zm /2 L=t —Zm
feuom) = G2 e 2 Jatem)
a6

m=23, -, M.

B. Probability of Bit Error For Uncoded Signals

The symbol error probability for the receiver in Fig. 1 in
the presence of partial-band interference is

L
r=y (M)a-vere o
i=0

) K VL ZL-i—l
fz,(z211i) = |:K21(L—i) + Kyap—iyz1 + -+ + 2(L(L >_(Li _) 11)| } exp [— ,(€2)z1]u(z1)
Kzt

+[K11i + Kgizp + - +

(i

__1)—,] exp [-5;&”@]“(%)

(15)
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TABLE I

COEFFICIENTS OF fr, (z1]7)

FOR RAYLEIGH FADING FOR ¢ = 1.2 aND L —~/ = 1.2

K L=
(2 :
]
- — tn K
N =3 BRI
k k
L2

S0 ’
- (2)
Koy =3 e
& e
i i

where Ps(7) is the conditional symbol error probability given
that ¢ hops of a symbol have interference. It is well known
that P;(i) can be obtained from

AM-1

P(iy=1- /le(zlfz') / fz. (zm)dzn, dz; (18)
0 )

where the integral in brackets can be evaluated to yield

Pe(zf):l—b/le(zlﬁ)
L-1
. [1—0){1)( ) -

. dzl.

A1
Z1/2L 1-k
(L=1-k)

(19)

For the general case of some hops jammed and others free
of interference, (19) must be evaluated numerically. By using
first the binomial theorem and then the multinomial theorem,
we can express the [o]‘”‘l term in (19) as a double summation
of powers of z;. Then, for the special cases of either all
hops jammed or all hops free of interference, (12) reduces
to (13), and replacing the modified Bessel function in (13)
with a series representation, we can integrate (19) analytically
term by term [10]. The result is in the form of a double
summation of the product of powers of rational functions,
exponentials, and confluent hypergeometric functions with
arguments depending on both summation indexes. As a resuit,
it is more straightforward to evaluate (19) numerically for
all cases even though an analytic expression is available in
two special cases. For a numerical evaluation of (19), it is
preferable to use [o]‘“ =1 rather than its expansion as a double
summation in powers of z;.

In many cases, the numerical evaluation of (19) can be made
substantially easier by noting that

L1 Lolop 1M1
. —21 (21/2)
=0
Hence, by adding and subtracting
/le (z71]i)dz =1 (1)
0

to the right-hand side of (19), we obtain a computationally
efficient expression for the conditional probability of symbol
error given that 7 hops of a symbol have interference as

i) = / fz (=i 1~ {1_@@,(“7”)
1]

L1 Je-Lk M1
71/2

SO B vy

k=0

dzy (22)

since the {e} term in (22) approaches zero as z; — 0.
For orthogonal MFSK the bit error probability can be related
to the symbol error probability by
M
Py= =D,
TPV
and the energy per bit E is related to the energy per symbol
E, by E, = (logy, M)Ey.

(23)

C. Probability of Bit Error For Coded Signals

The diversity combining discussed above is a form of
repetition coding. More complex codes may be used either
alone or in conjunction with diversity. For this paper we
consider the effects on the noise-normalization combining
receiver of both binary convolutional codes with hard-decision
Viterbi decoding and Q-ary, linear block codes with hard-
decision decoding. For each of the codes considered, the coded
energy per bit is related to the uncoded energy per bit and the
code rate r by E. = rE,.

The channel-bit error probability p of the system with
convolutional coding and hard-decision Viterbi decoding is
given by (23); that is, p = Mp,/2(M —~ 1) where p, is the
channel M-ary symbol error probability. Using the best rate
1/2, constraint length 7 convolutional code in [11], we obtain
the upper bound for the decoded bit error probability as

1 , ,
p< (36D +211D" 4 1404D™ + 11633D'° + - )
24)

and for the best rate 1/3, constraint length 7 convolutional
code [11], we have the upper bound for the decoded bit error
probability as

1 «
Py < 5 (DM +20D" +53D™ 4 184D% ) (25)
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where

D =2yp(1-p).

(26)

The decoded error probability for a block decoder which
accepts an n-tuple of Q-ary coded symbols and outputs a
k-tuple of Q-ary information symbols is [12]

d & ny . ; 1
Pp=— Z (z )102(1 -p)" T+ p
i=t+1

: pz(l —pg)" "

i=d+1
@7

where Q = 29, d is the minimum distance between codewords,
t = [(d — 1)/2] is the maximum number of correctable symbol
errors in a code word ({e] = integer part of e), and p, is
the channel @-ary symbol error probability. The channel Q-
ary symbol error probability is related to the channel M -ary
symbol error probability p, by (4]

pg=1—(1=p,)" "M when q/log, M = integer

(28)

or

M
M-1

(1—27%)p, when log, M/q = integer.
(29

Pq =

The decoded bit error probability is P, = QP,/2(Q — 1). The
linear block codes used in this paper are (n, k) Reed—Solomon
codes, for which the minimum distance between code words
is d = n —k+ 1 and the code rate is r = k/n.

III. NUMERICAL RESULTS

Computation of the probability of bit error involves a
numerical evaluation of (22) for each of the possible combina-
tions of jammed and unjammed hops given L hops per symbol.
In addition, except for the special cases of either all hops
jammed or all hops free of interference or for Rayleigh fading,
the probability density function of Z; given that 7 hops of a
bit have interference fz, (z1|¢) must be evaluated numerically.
Using (10) and (12), we can easily obtain an analytic expres-
sion for Fz, (s|i), the Laplace transform of fz, (z1]¢). Hence,
the most efficient way to evaluate fz (21]¢) numerically is
to invert Fz, (s|¢) numerically. This is accomplished using a
variation of the method detailed in [13] where

exp(az1)

fa(aali) = 25 Ty Gal

+2) " (-1)* Re{Fz,(a+ jkn/zi)}
k=1

+ Error. (30)

The variable a in (30) is related to the exponential order 3 of

F,(s]z) and the upper bound of the relative error E’ by

3 In E’

= E 221

(€Y
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The magnitude of the error term in (30) is controlled by the
choice of the maximum relative error E’.

To obtain worst case partial-band jamming, the jamming
fraction v which maximizes the probability of bit error is
found for various values of diversity, fading conditions, signal-
to-noise power density ratios, and order of modulation. Both
the coded and the uncoded cases are investigated. All results
presented in this paper are obtained by assuming that the ratio
of direct-to-diffuse signal energy a?/20? is the same for each
hop & of a symbol.

A. Uncoded Performance

Receiver performance for specific fractions of partial-band
interference are compared to worst case performance for a
relatively strong direct signal (/202 = 10) in Figs. 2-5 for
M = 4 and diversities of L. = 1, 2, 3, and 4, respectively. In
each of these figures, the ratio of bit energy-to-thermal noise
density is E,/No = 13.35 dB. This value of E,/Ny corre-
sponds to P, = 10~5 when there is no fading or interference,
M = 2, and L = 1. This corresponds to the signal-to-
thermal noise density ratio used in [2] and allows our results
to be compared directly to the nonfaded results presented
in [2]. As can be seen in Fig. 2, partial-band interference
results in a significant degradation in performance over a
broad range of bit energy-to-interference noise density ratios as
compared with uniform interference when no diversity is used.
As a general rule, as the ratio of bit energy-to-interference
noise density increases, the degradation due to partial-band
interference increases as the fraction of the spread bandwidth
being jammed v decreases; although, for both very large and
very small bit energy-to-interference noise density ratios, there
is very little degradation due to partial-band interference. As
can be seen in Figs. 3-5, the degradation due to partial-band
interference is progressively reduced as diversity increases.
At this value of E,/Ny, a diversity of four is sufficient
to virtually eliminate any degradation due to partial-band
interference. As can be seen in Fig. 5, for M = 4 and
L = 4 worst case performance is obtained for all bit energy-
to-interference noise density ratios when the interference is
uniform. Hence, for the case of a strong direct component,
diversity is capable of completely eliminating the degradation
introduced by partial-band interference when no diversity is
used. It is also interesting to note that for bit energy-to-
interference noise density ratios less than about 15 dB, receiver
performance improves dramatically when the interference is
partial-band rather than uniform. This is particularly true for
L > 2. Another interesting result is that for bit energy-to-
interference noise density ratios greater than roughly 12 dB
there is a distinct improvement when diversity is used. This
can be contrasted with the nonfaded results [2], where diversity
offers an improvement only for bit energy-to-interference noise
density ratios greater than roughly 15 dB and less than roughly
30-35 dB, depending on the order of diversity. Analogous
results are obtained when M = 2 except overall performance
is poorer and there is very little change in performance for
L > 1

Receiver performance for specific fractions of partial-band
interference are compared to worst case performance for a
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and L = 3.

relatively strong direct signal (a?/202 = 10) in Fig. 6, Fig. 5,
and Figs. 7-8 for L = 4 and modulation orders of M = 2, 4,
8, and 16, respectively. The ratio of bit energy-to-thermal noise
density is again taken to be Ej /Ny = 13.35 dB. As the order
of  modulation increases partial-band interference becomes
more effective in degrading relative receiver performance;
however, for each increase in modulation order there is
a significant improvement in receiver performance that far
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Fig. 7. Performance of the noise-normalization receiver for partial-band
jamming fractions of ¥ = 1.0, 0.25, 0.1, and 0.01 compared to worst case
performance for a strong direct signal with Ey/No = 13.35dB, L = 4,
and M = 8.

outweighs any degradation that is introduced by partial-band
interference.

When there is not a strong direct component to the signal,
partial-band interference results in virtually no degradation
of receiver performance. In this instance, the worst case
performance of the noise-normalization combining receiver is
virtually identical to the performance when the interference is
uniform. As in the case of a strong direct signal, performance



410

Ditfuse Signal Fower =3tiz = 2
3 L4 vl

13,35 43

s BLL breer

Fig. 8. Performance of the noise-normalization receiver for partial-band
jamming fractions of v = 1.0, 0.25, 0.1, and 0.01 compared to worst case
performance for a strong direct signal with E, /Ny = 13.35dB, L = 4,
and M = 16.
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Fig. 9. Performance of the noise-normalization receiver for diversities of
L =1, 2, 3, and 4 for a weak direct signal with E;, /Ny = 20.0 dB and
M = 8.

is dramatically improved for bit energy-to-interference noise
density ratios less than about 10 dB when the interference
is partial-band in nature. Receiver performance for various
values of diversity with modulation order fixed and for various
values of modulation order with the level of diversity fixed
for a relatively weak direct signal (a?/20% = 1) is shown in
Figs. 9-10, respectively. The ratio of bit energy-to-thermal
noise density is taken to be Fj/Ny = 20.0 dB. As can be
seen, when the direct signal is weak, significant improvements
in performance can be obtained by increasing either the order
of diversity or the modulation order.

B. Coded Performance

Coded receiver performance for the case of no diversity
with M = 8 for a relatively weak direct signal (az/Za2 = 1)
is shown in Fig. 11. Since partial-band interference does not
significantly affect performance when there is not a strong
direct signal component, the interference is taken to be broad-
band. The ratio of bit energy-to-thermal noise density is taken
to be E,/Ny = 20.0 dB. The performance obtained with
the best rate 1/2, constraint length 7 convolutional code,
the best rate 1/3, constraint length 7 convolutional code,
a (7,3) Reed—Solomon code with @ = 8, and a (15,7)
Reed—Solomon code with @ = 16 are all compared with
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Fig. 10. Performance of the noise-normalization receiver for modulation or-
ders of M = 2, 4, 8, and 16 for a weak direct signal with E; /Ny = 20.0 dB
and L = 4.
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Fig. 11. Performance of the noise-normalization receiver with no diversity
and M = 8 for various coded signals for a weak direct signal with Ej,/
Ny = 20.0 dB.

the uncoded receiver performance when a diversity of L =
4 is used. As can be seen, for bit energy-to-interference
noise density ratios in the 10-20 dB range, the uncoded
receiver with diversity performs substantially better than all
coded receivers except for the best rate 1/3, constraint length
7 convolutional code. The best rate 1/3, constraint length
7 convolutional code performs significantly better than the
uncoded receiver with diversity for bit energy-to-interference
noise density ratios above about 12 dB. Above bit energy-
to-interference noise density ratios of about 21 dB, the best
rate 1/2, constraint length 7 convolutional code also performs
better than the uncoded receiver with diversity. The coded
receiver performance plotted in Fig. 11 can also be compared
to the uncoded performance illustrated in Fig. 9. As can
be seen, for bit energy-to-interference noise density ratios
above about 14 dB the coded performance is significantly
better than the uncoded performance with no diversity. For
bit energy-to-interference noise density ratios in the 10 to
24 dB range, the (15,7) Reed—Solomon code with Q = 16
is roughly comparable to the uncoded receiver performance
with a diversity of L = 3. Of course, as the bit energy-to-
interference noise density ratio increases, the coded receiver
performance becomes extremely good.

Extremely good results can be obtained by combining diver-
sity and coding. Coded receiver performance for a relatively
weak direct signal (a?/20% = 1) when a diversity of L = 4
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Fig. 12. Performance of the noise-normalization receiver with L = 4 and
modulation orders M = 2 and M = 4 for various coded signals for a weak
direct signal with E; /No = 20.0 dB.

is used is shown in Fig. 12. As in the previous example,
the interference is taken to be broadband since there is no
strong direct signal component. The ratio of bit energy-to-
thermal noise density is again taken to be E/No = 20.0 dB.
Coded receiver performance is obtained for modulation orders
of M =2 and M = 4 for the best rate 1/2, constraint length
7 convolutional code, the best rate 1/3, constraint length 7
convolutional code, and a (15,7) Reed—Solomon code. As
can be seen, as the bit energy-to-interference noise density
ratio increases only a few dB, receiver performance improves
dramatically for all codes considered. These results can be
compared with those in Fig. 10, where the uncoded receiver
performance for a modulation order of M = 16 is substantially
poorer than any of the M = 2 coded receiver performances
considered for E; /Ny greater than about 18 dB.

Coded performance for the case of no diversity with M = 4
for a relatively strong direct signal (a?/202 = 10) is shown
in Fig. 13. The ratio of bit energy-to-thermal noise density
is taken to be E;/Np = 13.35 dB so that the results can be
compared to Figs. 2-8. A constant partial-band interference
ratio of v = 0.1 is used since this yields near worst case
results in the 10 to 20 dB range of bit energy-to-thermal noise
density ratio. The performance obtained with the best rate
1/2, constraint length 7 convolutional code, the best rate 1/3,
constraint length 7 convolutional code, a (7, 3) Reed—Solomon
code with Q = 8, and a (15,7) Reed—Solomon code with
@ = 16 are all compared to the uncoded receiver per-
formance when a diversity of L = 4 is used. As can be
seen, for bit energy-to-interference noise density ratios below
about 15 dB, the uncoded receiver with diversity performs
better than all coded receivers with no diversity except for
the best rate 1/3, constraint length 7 convolutional code.
Above bit energy-to-interference noise density ratios of about
18 dB, except for the (7,3) Reed—Solomon code, the coded
performance becomes significantly better than the uncoded
performance with diversity. As can be seen by comparings
Figs. 8 and 13, in the 14 to 24 dB range of bit energy-
to-interference noise density ratio the performance obtained
with no diversity and the best rate 1/2, constraint length 7
convolutional code is roughly comparable to the performance
obtained with a diversity of four and a modulation order of
16, while the performance obtained with no diversity and the
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Fig. 13. Performance of the noise-normalization receiver with no diversity
and M = 4 for various coded signals for a strong direct signal with Ej/
No = 13.35 dB.

(15,7) Reed—Solomon code is between 2 and 3 dB poorer.
The performance with no diversity and the best rate 1/3,
constraint length 7 convolutional code provides consistently
superior performance for the case of a strong direct signal.

IV. CONCLUSION

The noise-normalized receiver with diversity is seen to offer
dramatic improvement in probabilities of bit error over the
noise-normalization receiver with no diversity when fading is
present provided the signal-to-interference noise density ratio
is 12 dB or more. This is particularly true when the signal
does not contain a strong direct component. Even a diversity
of only two provides a significant advantage. In addition,
diversity is seen to dramatically reduce degradation in receiver
performance due to partial-band interference even when the .
signal contains a strong direct component. For signal-to-
interference noise density ratios of less than 10 dB, a superior
receiver is obtained when diversity is not used; however, the
degradation due to diversity at lower signal-to-interference
noise density ratios is slight. For a given diversity, increasing
the modulation order to M > 2 results in further significant
performance improvements regardless of how strong channel
fading is.

The use of forward error correction coding significantly
improves the performance of the noise-normalization receiver
for ratios of bit energy-to-interference noise density above
about 12 dB. Below a bit energy-to-interference noise density
ratio of about 16 dB, coded receiver performance with no
diversity is outperformed by the uncoded receiver performance
with a diversity of four. When channel fading is slight,
coded receiver performance with no diversity outperforms
uncoded receiver performance with a diversity of four for
bit energy-to-interference noise density ratios above about
16 dB. The exception to the above generalizations is the coded
performance obtained with the best rate 1/3, constraint length
7 convolutional code when no diversity is used. The best rate
1/3, constraint length 7 convolutional code provides dramati-
cally superior performance for bit energy-to-interference noise
density ratios above about 11 dB when fading is significant
and for all bit energy-to-interference noise density ratios when
fading is weak.




Significant improvements in receiver performance are ob-
tained by combining coding, diversity, and modulation orders
M > 2.

REFERENCES

[1] A.J. Viterbi and I. M. Jacobs, “Advances in coding and modulation for
noncoherent channels affected by fading, partial band, and multiple-
access interference,” in Advances in Communications Systems, Theory
and Applications, A.]. Viterbi, Ed. New York: Academic, 1975, vol. 4.

[2] 1.S. Lee, L.E. Miller, and Y.K. Kim, “Probability of error analysis
of a BFSK frequency-hopping system with diversity under partial-band
jamming interference— Part II: Performance of square-law nonlinear
combining soft decision receivers,” IEEE Trans. Commun., vol. COM-
32, pp. 1243-1250, Dec. 1984.

[3] J.S. Lee, L.E. Miller, and R.H. French, “The analyses of uncoded
performances for certain ECCM receiver design strategies for multi-
hops/symbol FH/MFSK waveforms,” IEEE J. Select. Areas Commun.,
vol. SAC-3, pp. 611-620, Sept. 1985.

[4] 1.S. Lee, R.H. French, and L.E. Miller, “Error-correcting codes and
nonlinear diversity combining against worst case partial-band noise
jamming of FH/MFSK systems,” IEEE Trans. Commun., vol. 36,
pp. 471478, Apr. 1988.

[5] C.M. Keller and M. B. Pursley, “Diversity combining for channels with
fading and partial-band interference,” JIEEE J. Select. Areas Commun.,
vol. SAC-5, pp. 248-260, Feb. 1987.

[6] I.G. Proakis, Digital Communications, 2nd ed. New York: McGraw-

Hill, 1989.

[7] C.M. Keller and M. B. Pursley, “Frequency spacing in MFSK frequency-
hopped spread spectrum communications over selective fading chan-
nels,” in Proc. 17th Conf. Inform. Sci. Syst, Johns Hopkins Univ.,
Baltimore, MD, Mar. 1983, pp. 749-754.

[8] A.D. Whalen, Detection of Signals in Noise.
1971.

[9] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions.
New York: Dover, 1972.

[10] W.C. Lindsey, “Error probabilities for Rician fading multichannel
reception of binary and N-ary signals,” IEEE Trans. Inform. Theory,
vol. IT-10, pp. 339-350, Oct. 1964.

[11] J.P. Oldenwalder, “Optimal decoding of convolutional codes,” Ph.D.
dissertation, Univ. California, Los Angeles, CA, 1970 (Univ. Microfilms
70-19, 875).

New York: Academic,

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 40, NO. 2, FEBRUARY 1992

[12] D.J. Torrieri, “The information-bit error rate for block codes,” IEEE
Trans. Commun., vol. COM-32, pp. 474476, Apr. 1984.

[13] R.S. Simon, M.T. Stroot, and G.H. Weiss, “Numerical inversion
of Laplace transforms with application to percentage labeled mitoses
experiments,” Comput. Biomed. Res., vol. S, pp. 596-607, 1972.

R. Clark Robertson (S’83-M’83-SM’88) was
born in Waco, TX, in 1950. He received the Bache-
lor of Science degree in electrical engineering (with
honors) from Texas Tech University in 1973. From
June 1973 to December 1979 he was employed
by the IBM Corporation where he designed analog
electronic circuits. He received the Master of Sci-
ence degree in engineering in December 1980 and
the Doctor of Philosophy degree in May 1983 from
the University of Texas at Austin.

He joined the faculty of the Electrical Engineering
Department at Virginia Polytechnic Institute and State University as an
Assistant Professor in September 1983. He later joined the faculty of the
Electrical and Computer Engineering Department at the Naval Postgraduate
School in June 1989 as an Associate Professor.

Dr. Robertson is a member of the International Union of Radio Science
(URSI) Commission F, a member of Tau Beta Pi, and a member of Eta
Kappa Nu. .

Tri T. Ha (M’78-SM’85) received the B.S.E.E. and the M.S.E.E. degrees
from Ohio University in 1972 and 1973, respectively, and the Ph.D. degree
from the University of Maryland in 1977.

He was with Fairchild Industries from 1977 to 1979, and with GTE from
1979 to 1983. He joined Virginia Polytechnic Institute and State University
in 1983. Since 1987 he has been with the Naval Postgraduate School.

Dr. Ha is the author of Digital Satellite Communications (New York:
MacMillan, 1986), Digital Satellite Communications, 2nd Ed. (New York:
McGraw-Hill, 1990), and Solid-State Microwave Amplifier Design (New York:
Wiley-Interscience, 1981). His current research interest is digital communi-
cations.



