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Performance of Fast Frequency-Hopped MFSK
Receivers with Linear and Self-Normalization
Combining in a Rician Fading Channel with
Partial-Band Interference
R. Clark Robertson, Senior Member, ZEEE, and Kang Yeun Lee

Abstract-An error probability analysis is performed for both
a self-normalized and conventional Mary orthogonal frequency-shift-keying (MFSK) noncoherent receiver employing
fast frequency-hopped (FFH) spread-spectrum waveforms
transmitted over a Rician fading channel with partial-band interference. The partial-band interference is modeled as a
Gaussian process. The self-normalization receiver employs a
nonlinear combination procedure to minimize performance
degradation due to partial-band interference. The performance
of the conventional receiver is found to be significantly degraded by worst-case partial-band interference regardless of
the modulation order or number of hops per data symbol used
for all channel conditions. The self-normalization receiver, on
the other hand, can provide a significant immunity to worstcase partial-band interference for many channel conditions
when diversity is used, provided the signal-to-thermal noise ratio is large enough to minimize degradation due to nonlinear
combining losses. The improvement afforded by higher modulation orders is dependent on channel conditions with a significantly greater improvement obtained for Rician channels as
compared with Rayleigh and near-Rayleigh channels.

I. INTRODUCTION
NE of the applications of frequency-hopped spreadspectrum signals is to reduce receiver performance
degradation due to narrow band interference (either intentional or otherwise). This is accomplished by transmitting
each symbol at a different carrier frequency according to
some apparently random pattern known only by the transmitter and receiver. The bandwidth of the frequencyhopped signal is generally much larger than the signal
bandwidth in the absence of frequency hopping. Consequently, in order to interfere with the entire spread-spectrum band, given a fixed total interference power the noise
power spectral density of the narrowband interference is
reduced. Rather than interfere with-the entire spread-spectrum bandwidth simultaneously with the consequent re-
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duction in noise power spectral density, the narrowband
interference may affect only a portion of the total spreadspectrum bandwidth at any one time, and the portion of
the total spread-spectrum bandwidth experiencing narrowband interference may also change in an apparently
random manner. This is referred to as partial-band interference. In the case of partial-band interference, only
some of the transmitted symbols will be affected by narrowband interference, and the question arises as to
whether performance can be improved by implementing
diversity in the form of fast frequency-hopping; that is,
each information symbol is transmitted multiple times,
and each transmission is at a different apparently random
carrier frequency within the overall spread-spectrum
bandwidth.
In this paper, the performance of two different fast frequency-hopped M-ary orthogonal frequency-shift-keyed
(FFH/MFSK) noncoherent receivers is investigated. For
both receivers, the channel is assumed to experience Rician fading and partial-band interference. By modeling the
fading as Rician, in which the signal is considered to consist of a direct signal component and a diffuse signal component, we obtain a general result that is valid in the limit
of large direct-to-diffuse signal power ratios for Gaussian
channels and in the limit of small direct-to-diffuse signal
power ratios for Rayleigh fading channels as well as the
general case where the effects of both the direct and diffuse components of the signal must be included in the
analysis. The first receiver to be investigated is the FFH/
MFSK self-normalized receiver [ 13, which is a receiver
design that is intended to provide immunity to partial-band
interference. The second receiver to be investigated is a
conventional FFH/MFSK receiver with noncoherent detection. The performance of the conventional FFH/MFSK
noncoherent receiver in a Rician fading channel with only
wideband noise (no partial-band interference) has been
previously investigated [2], as has the performance of a
conventional noncoherent FFH binary frequency-shiftkeyed receiver under conditions of worst-case partial-band
interference for a Gaussian channel [3]. For the self-normalized FFH/MFSK receiver, system performance is obtained as an upper bound on the probability of bit error
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while, for the conventional FFH/MFSK receiver, the actual probability of bit error is obtained. For both systems,
the transmitter is assumed to implement frequency diversity by fast hopping to provide L independent samples of
each transmitted symbol. Each receiver is assumed to dehop the signal with perfect timing and samples are demodulated with a bandpass filter and a quadratic detector.
For the conventional receiver, the L samples at the output
of the quadratic detectors are combined to provide the decision statistics for the M channel outputs. For the selfnormalized receiver, each of the M quadratic detector outputs are divided by the sum of the quadratic detector outputs from all M channels. The result is a sample that is
naturally deemphasized when a particular hop experiences significant interference. The L self-normalized samples of each channel for each transmitted symbol are combined to provide the decision statistics for the M channels.
The self-normalized FFH/MFSK receiver is shown in Fig.
1, and the conventional FFH/MFSK receiver is shown in
Fig. 2 .
In this paper, we assume that the smallest spacing between frequency hop slots is larger than the coherence
bandwidth of the channel [4],[ 5 ] . As a result, each hop
of a symbol experiences independent fading. In addition,
the channel for each hop of a symbol is modeled as a frequency-nonselective, slowly fading Rician process. This
implies 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 [4], [SI. 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 signal amplitude
can be modeled as a Rician random variable that remains
fixed at least for the duration of a single hop.
As mentioned previously, in addition to wideband
Gaussian noise, the channel is affected by narrowband
noise in the form of partial-band interference. The partialband interference may be due to either a partial-band jammer or some unintended narrowband noise source. The
partial-band interference is modeled as additive Gaussian
noise and is assumed to corrupt only a fraction y, where
1 1 y > 0, of the entire spread-spectrum bandwidth at
any one time. In addition, partial-band interference, when
present, is assumed to be present in each branch of the
MFSK demodulator, and the fraction of the spread-spectrum bandwidth experiencing partial-band interference is
assumed to be the same for all hops of a symbol. Hence,
y is the probability that partial-band interference is present in all M channels of the receiver, and 1 - y is the
probability that partial-band interference is not present in
all M channels of the receiver. If N 1 / 2 is defined to be the
average power spectral density of narrowband interference over the entire spread-spectrum bandwidth, then
y-’ N 1 / 2 is the power spectral density of partial-band interference when it is present. Thermal noise and other
wideband noise that corrupt the channel are modeled as
additive white Gaussian noise, and the power spectral
density of this wideband noise is defined as N 0 / 2 . Thus,
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Fig. 1. FFH/MFSK noncoherent receiver with self-normalization.
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Fig. 2. Conventional FFH/MFSK noncoherent receiver.

the power spectral density of the total noise is y-l N 1 / 2
N O / 2 when partial-band interference is present and
N O / 2otherwise. If the equivalent noise bandwidth of each
bandpass filter in both the conventional and self-normalized FFH/MFSK demodulators is B Hz, then for each hop
the signal is received with noise of power NOBwith probability 1 - y when partial-band interference is not present
and with noise of power (y-l NI N o )B with probability
y when partial-band interference is present.
The symbol rate is R, = Rb/log, M , where M is the
order of the MFSK modulation and Rb is the bit rate. Since
the MFSK signal is assumed to perform L hops per symbol, the hop rate is R,, = LR,. The equivalent noise bandwidth of the bandpass filters in each of the M channels of
both the self-normalized FFH/MFSK receiver and the
conventional FFH/MFSK receiver must be at least as wide
as the hop rate, and in this paper we use B = R,,. The
overall system bandwidth is assumed to be very large
compared to the hop rate.

+

+

11. SELF-NORMALIZED
FFH/MFSK RECEIVERANALYSIS
In this section, an upper bound on the probability of bit
error for the self-normalized FFH/MFSK receiver illustrated in Fig. 1 is obtained. The probability of bit error
of the self-normalized FFH/MFSK receiver is dependent
on the bit energy-to-interference density ratio, the bit en-

~
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ergy-to-wideband noise power spectral density ratio, the
fraction of the spread bandwidth experiencing partial-band
interference, the number of hops L per bit, and the number of symbols M .
A . Probability of Bit Error
Because of the symmetry of the receiver, the probability of symbol error can be obtained by assuming that the
desired signal is present in channel 1 of the receiver. We
also assume equally likely M-ary symbols, and we assume
that partial-band interference, when present, is uniformly
present in all channels. Designating Z,, i = 1, 2, *
,
M as the random variables that represent the self-normalized outputs of each of the M channels of the self-normalized receiver and using the symmetry of the receiver,
we can obtain the probability of symbol error conditioned
on i out of L hops experiencing partial-band interference
as either:
M

P , ( i ) = Pr
L

U (z, < q l i ) ]

(1)

2

density ratio by:

5=
NT

(2)

log2 M .

+

In ( 6 ) , NT is either No or y - ' N ,
No depending on
whether partial-band interference is absent or present, respectively.

B. Formulation of an Alternative Decision Variable
As can be seen from ( 3 ) , computation of the upper
bound for the conditional probability of symbol error P , ( i )
requires Pr ( Z , < Z m l i ) ,m = 2, 3 , * , M . The joint
probability density function required to obtain this probability can be obtained in a straightforward manner when
the random variables in question are independent. In this
case, however, the random variables are dependent, and
it is difficult to obtain an analytic expression for the joint
probability density function directly.
As can be seen from Fig. 1, the random variables that
represent the self-normalized outputs of each of the M
channels after diversity combining are obtained as:

-

or

L

P,(i)

=

1 - Pr [ Z , > Z,

> z3 n . -

e

z,= kc= 1 Zlk,

n Z,

n z, > Z , l i ] .

(2)

The performance of a conventional MFSK receiver can
be analyzed by using (2) and the independence of each
channel of the receiver to obtain an exact expression for
the probability of symbol error. In the case of the selfnormalized receiver, the outputs of the various channels
are all dependent due to the nature of the self-normalized
receiver. As a result, (2) cannot be used to obtain an exact
expression for the probability of symbol error. Instead,
(1) is used to obtain a union bound, and since all Zl's, i
= 2, 3 , * * . , M are identically distributed, the union
bound in the present case is:
P,(i)

I( M -

m

1) x Pr ( Z , < Z m l i ) ,
=

2, 3,

*

9

M.

= 1, 2,

*

.,M

(7)

w h e r e Z , k , i = l , 2 , . . . , M , k = l , 2 , . . . , L are the
random variables that represent the self-normalized outputs of each of the M channels for hop k of a symbol.
These random variables are expressed in terms of the independent random variables Xlk,i = 1, 2, . , M , k =
1 , 2 , * . * , L representing the M independent outputs of
the M quadratic detectors for each channel of the receiver
for hop k of a symbol as:
zik

=

+ x2k +

Xlk

k
*

* *

(8)

+ XMk

where 0 Iz,k I 1 since 0 IX,, < 00, i = 1, 2,
M . Using (7), we can express Pr ( Z , < Z, J i )as:

(3)

Given the upper bound on the conditional probability
of symbol error from ( 3 ) , we obtain an upper bound on
the probability of symbol error as:

i

-

*

,

L

Pr

(z,< Z,,,li> = Pr ( k C
11
/

=

Pr

Zlk <

C

k= I

)

Zmkli

L

\

C zlk- z,, < 01i

(k= I

Defining the random variable Wk = Z l k - Zmk,we obtain:
where y is the fraction of the spread bandwidth experiencing partial-band interference. Now an upper bound on
the probability of bit error for the self-normalized receiver
is obtained from (4) as:
where
L

where the bit energy-to-noise power spectral density ratio
is related to the symbol energy-to-noise power spectral

w = kC= 1 w,
is our alternative decision variable.
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wk above, we have

From ( 8 ) and the definition of

where - 1 5

wk

I1. Defining

the new random variable:

M

vk
where

vk <

=

c xi,

vk is clearly
00,

Xlk

and Xmk and 0 5

vk and Xlk as auxiliary

random variables

independent of
we can rewrite (12) as:

If we designate
[ 6 ] , then:

(13)

i=2
i#m

C. Probability Density Function of the Alternative
Decision Variable
Since the noise, whether it contains partial-band interference or only wideband interference, is assumed to be
a Gaussian process, the probability density function at the
output of the quadratic detector for one of the M receiver
channels when a signal is present in that channel is the
probability density function of the square of the envelope
of a sine wave with random phase plus a narrowband
Gaussian process. The result is a special case of the noncentral chi-squared distribution, and assuming the signal
is present in channel 1 and for a signal amplitude h a k ,
the probability density function for the random variable
Xlk is given by ["I:
fXik(Xlk lak)

=

1
7exp
2a k

and the Jacobian of the transformation is:

J =

(1 +
&lk

WkI2

+ uk

Now the joint probability density function for the random
variables wk, X l k ,and vk is obtained in terms of the joint
probability density function of the independent random
variables XI,, Xmk, and vk as:

(

Xlk(1 -

' fxn'k

*

fVk

(uk 1.

1

wk) wk

+

where U ( . ) is the unit step function, lo(.) is the modified
Bessel function of the first kind and zero order, and a:
represents the noise power in hop k of a symbol. As previously noted, 0: = BNo with probability 1 - y and a:
= B(No N , / y ) with probability y. Since a Rician fading
channel is assumed, ak is a Rician random variable representing the fading of hop k of a symbol, and the unconditional probability density function for Xlk is found by
evaluating:

+

The Rician probability density function is [7]
(17)

The probability density function for random variable
is now obtained from:

wk
where a: is the power of the direct signal component and
2a2 is the power of the diffuse signal component. Hence,
the total average signal power of hop k of a symbol is a 2
2a2 and in this paper is assumed to remain constant
from hop to hop. Substituting (22) and (20) into (21) and
integrating, we get:

+

is nonzero only for
when - 1 I wk I: 0. Since fxmk(.)
positive values of its argument, then:

The probability density function at the output of the quadratic detector for each of the M - l channels with only
Gaussian noise present is a special case of (20) when ak
-+ 0. Hence,

-
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The Laplace transform of ( 2 4 ) is:

Since the random variables representing the quadratic detector outputs of each channel of the MFSK demodulator
that do not contain a signal are assumed to be identical
and independent for each hop k of a symbol, the Laplace
transform of the probability density function of the random variable Vk defined by ( 1 3 ) is:

which can be inverted to yield

where r ( 0 ) is the Gamma function.
The probability density function for the alternative decision variable Wk is now obtained by substituting ( 2 3 ) ,
( 2 4 ) , and ( 2 7 ) into (18) and ( 1 9 ) and integrating. This
procedure yields:

and

are the signal-to-noise ratios of the direct signal component and the diffuse (or faded) signal component, respectively. It is interesting to note that ( 1 8 ) and ( 1 9 ) cannot
be evaluated analytically if the order of integration is reversed from that shown.
Now defining f & : ( w k )as the probability density function of the alternative decision variable of a single hop
when the hop experiences partial-band interference and
f @ ( w k )when partial-band interference is not present, we
obtain the probability density function of the alternative
decision variable when i out of L hops experience partialband interference as:

fw(zli) =

[f&;(WkPi

0 [ f $ ; ( w k ) l @ ( L - i ) (32)

since the individual hops are assumed to be independent
and where 0 implies convolution and @i implies an
i-fold convolution. Because of the convolution operations, we have -L s W s L. Now an upper bound for
the probability of symbol error conditional on i out of L
hops experiencing partial-band interference is found from:

P,(i)= ( M
=

(M

-

1 ) Pr (W

- 1)

so
-L

where

c O(i)

f w ( w ) i )d w .

(33)

Due to the complexity of ( 2 8 ) , the convolutions indicated
in ( 3 2 ) must be done numerically, and in turn ( 3 3 ) must
be evaluated numerically.
The upper bound for the conditional probability of symbol error is obtained for all possibilities of jammed and
unjammed hops ranging from no hops jammed (when i =
0) to all hops jammed (when i = L). These conditional
probabilities are then used in ( 4 ) to obtain an upper bound
for the total probability of symbol error.
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111. CONVENTIONAL
FFH/MFSK RECEIVER
ANALYSIS
In this section, the probability of bit error for the conventional FFH/MFSK receiver illustrated in Fig. 2 is obtained. As for the self-normalized FFH/MFSK receiver,
the probability of bit error of the conventional FFHIMFSK
receiver is dependent on the bit energy-to-interference
density ratio, the bit energy-to-wideband noise power
spectral density ratio, the fraction of the spread bandwidth
experiencing partial-band interference, the number of hops
L per bit, and the number of symbols M .
A . Probability of Bit Error

The most significant difference in the analysis of the
self-normalized FFH/MFSK receiver and the conventional FFH/MFSK receiver is the fact that the random
variables that represent the outputs of each of the M channels of the conventional receiver are independent. Otherwise, the analyses of the two receivers are very similar.
As in the case of the self-normalized receiver, due to the
symmetry of the conventional FFH/MFSK receiver, the
probability of symbol error can be obtained by assuming
that the desired signal is present in channel 1 of the receiver. As previously, we also assume equally likely Mary symbols, and we assume that partial-band interference, when present, is uniformly present in all channels.
, M as the random variables
Designating X i , i = 1 , 2 ,
that represent the outputs of each of the M channels of the
receiver and using the symmetry of the receiver, we can
obtain the probability of symbol error conditioned on i out
of L hops experiencing partial-band interference as either:
M

P , ( i ) = Pr
L

U (XI < X , l i )
2

1

(34)

power of hop k of a symbol when partial-band interference is present and when it is not, respectively, and using
( 2 5 ) , we obtain the Laplace transform of the probability
density function of the decision variable for the channels
with no signal when i of L hops experience partial-band
interference as:

Rather than invert ( 3 7 ) to obtain fXm (x, 1 i ) , we obtain
the Laplace transform of the integral of fxm(xmli) as
Fxm,,(s)/s. This can be inverted to yield:
PXI

K l l j + K I Z i x l+

-

7 '1
K,,;xf- l)!

+ (1

where the coefficients K,,, j = 1 , 2 ,
* , i and K2k(Li),
k = 1 , 2,
, ( L - i ) depend upon L and i . Specific
coefficients for several values of L and i are given in Table
I.
In order to obtain the probability density function of the
decision variable for the channel containing the signal, we
first obtain the Laplace transform of ( 2 3 ) :

or
P , ( i ) = 1 - Pr [Xi> X, r l X I

> x3 n

n x, > x M l i ] .

(35)

Since the outputs of each channel of the conventional
FFH/MFSK are assumed to be independent and since the
random variables that represent the outputs of each channel that do not contain the signal are assumed to be identical, ( 3 5 ) simplifies to:
p s ( i ) = 1 - s,xf.i(xl l i )

[

M- I

~ ~ ' . t x m ( x mh 1mi ) j

m # 1.
(36)
The conditional probability of symbol error given by (36)
is used in ( 4 ) and ( 5 ) to obtain the probability of bit error
of the conventional FFH/MFSK receiver.
B. Decision Variable Probability Density Functions
The probability density functions for the random variables that represent the outputs of the quadratic detectors
of each of the M channels for hop k of a symbol are given
by (23) and ( 2 4 ) . Designating u i l and ui2 as the noise

where

Since the L hops are independent, we obtain the conditional probability density function for the decision variable X I given that i hops of a symbol experience partialband interference as:

fXi(x1 ( i ) =

[fX{~)(XU)l@'@

@(L-i)

[fX($(xlk)l

(41)

where fx$)(xlk), n = 1, 2 denotes the probability density
function of the random variable Xlk for the two possibilities of hop k of a symbol with (n = 1 ) and without (n =
2 ) partial-band interference. Hence, P k , P k , and f k are now
written as op), p p ' , and f p ) , respectively, in order to differentiate between hops with and without partial-band interference. The c, fold convolutions [ fxr.,)(x!$))]
"' required by ( 4 1 ) are obtained as the inverse Laplace
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COEFFICIENTS
FOR (38)

TABLE I
FOR i = 1, 2

transform of [ F x ~ ) ( s ) ] cwhich
n , is given by:

x exp
*

lim

[-0t'(xlk + 2 a i n c n p t ) ) l

IC,- 1(2P~'J2a~"c,p~)xlk)U(xlk)
(42)

j

XI

0

fxm(x,li) cix,

=

(43)

1.

Hence, by adding and subtracting

(44)
to the right-hand side of (36), we obtain the computationally efficient expression:

(45)
since the

(e>

term in (45)approaches zero as xl

L -i

=

1, 2

A, Self-Normalized Receiver

where cl = i and c2 = L - i . The final convolution required by (41) to obtain fxl(xlJi) is performed numerically. The conditional probability of symbol error P s ( i )
is now found by using this result and (38) in (36). In general, (36) must be evaluated numerically. In the special
cases of i = 0 (no hops experience partial-band interference) and i = L (all hops experience partial-band interference), fx, (xi Ii) is obtained analytically, and (36) can
then be evaluated analytically [ 2 ] . This analytic solution
is extremely complicated, however, and numerical integration is preferable even in these cases. This is especially true since the convergence of the numerical integration can be accelerated since:

x1-m

AND

+

03.

IV. NUMERICAL
RESULTS
The performance of both the self-normalized and conventional FFH/MFSK noncoherent receivers are investigated for various values of &/NO, fraction of spread
bandwidth experiencing partial-band interference, diversity order, and modulation order as a function of E b / N , .
In addition, the effect of a broad range of channel fading,
from near the Gaussian limit where a : / 2 0 2 is very large
down to near the Rayleigh limit where ( r i / 2 a 2 is very
small, on system performance is examined.

As a result of its design, the self-normalized receiver
with diversity is always capable of eliminating the negative effects on receiver performance due to worst-case
partial-band interference by increasing the order of diversity; however, increasing the order of diversity also increases nonlinear combining losses in the receiver. For
some combination of system parameters, the performance
of a conventional MFSK receiver with no diversity (which
is identical to the performance of the self-normalized
MFSK receiver with no diversity) under conditions of
worst-case partial-band interference is superior to the performance of the self-normalized receiver with diversity
sufficient to eliminate performance degradation due to
worst-case partial-band interference. Hence, whether or
not the self-normalized receiver offers an overall improvement in receiver performance is dependent upon a
number of parameters. Generally speaking, the effect of
worst-case partial-band interference on the performance
of the self-normalized receiver can be eliminated by using
is large enough to minimize the
diversity whenever
effects of nonlinear combining losses.
As an illustration of the preceding remarks, system performance for several different values of diversity, modulation order, and channel type are shown in Figs. 3-10.
Again, note that the performance of the conventional and
the self-normalized MFSK noncoherent receivers is identical when there is no diversity (i.e., slow hopping).
Figs. 3-8 are representative of the ty e of performance
obtained for a Rician channel (03 > a k / 2 a 2 > 3) where
system performance is obtained specifically for
a i / 2 a 2 = 10. In Figs. 3 and 4, where L = 1 and M = 4
and M = 8, respectively, the degradation in performance
due to worst-case partial-band interference is apparent.
Comparing Figs. 3 and 4 with Figs. 5 and 6, respectively,
we see for E 6 / N I greater than about 8 dB that not only is
the effect of worst-case partial-band interference significantly reduced but that overall system performance is improved over the performance obtained when L = 1. We
can also see that, while the performance obtained with M
= 8 is more sensitive to worst-case partial-band interference than the performance obtained with M = 4, the use
of a higher modulation order results in a significant overall improvement in system performance. This is a specific
example of a general result. For fixed E,/N,, increasing
the modulation order of the self-normalized receiver generally improves overall system performance, especially for
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noncoherent receiver for slow hopping ( L = l ) , M = 4, and moderate
Rician fading ( c i k / 2 0 2 = 10) with E,/N,, = 16 dB.

Fig. 5 . Performance of the self-normalized FFH/MFSK noncoherent receiver for L = 4,M = 4, and moderate Rician fading ( ( r k / 2 o z= 10) with
Eb/No = 16dB.
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Fig. 4. Performance of the conventional and self-normalized FFH/MFSK
noncoherent receiver for slow hopping ( L = l ) , M = 8, and moderate
Rician fading ( ( r k / 2 a z= 10) with E b / N o = 16 dB.

Fig. 6 . Performance o f the self-normalized FFHIMFSK noncoherent re= 10) with
ceiver for L = 4, M = 8, and moderate Rician fading (an/20Z
Eb/No = 16dB.
I

channel fading ranging from Gaussian to Rician; but
higher modulation orders show a greater sensitivity to
worst-case partial-band interference for Gaussian and Rician channels. Generally, the additional degradation due
to partial-band interference is more than offset by the
overall improvement derived from using a higher modulation order.
System performance with diversity as a parameter under conditions of worst-case partial-band interference is
illustrated in Figs. 7 and 8 for E b / N o = 16 dB and Eb/No
= 13.35 dB, respectively. In these cases, system performance over a wide range of E b / N I is dramatically improved by diversity. An examination of Figs. 7 and 8 re-

veals examples of two trends that are generally true for
the Rician channel. First, when ,!?,/NI is less than about
8 dB, the effects of nonlinear combining losses are such
that increasing diversity degrades system performance although the performance degradation in this range due to
diversity is small and overall performance is very poor
regardless of diversity or modulation order. Second, when
E b / N l is greater than about 8 dB, the effects of nonlinear
combining losses are reduced significantly when Eb/ N o is
large. Not only is overall system performance superior,
but a higher order of diversity is achievable before the
point of diminishing returns is reached. For a Gaussian or
nearly Gaussian channel, the improvement in system per-
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tial-band interference has virtually no negative effect on
system performance, and diversity can provide a significant improvement in overall system performance except
when &,/NI and/or &/No are small. System performance
with diversity as a parameter under conditions of worstcase partial-band interference (which, for this type of
channel, is synonymous with wideband interference) is
illustrated in Fig. 9 for M = 4, while system performance
with modulation order as a parameter under conditions of
worst-case partial-band interference is illustrated in Fig.
10 for L = 4. As can be seen from Fig. 9, system performance over a wide range of E b / N , is dramatically improved by diversity. As with the Rician channel, when
Eb/Nl is less than about 8 dB, the effects of nonlinear
combining losses are such that increasing diversity slightly
degrades system performance. A comparison of Fig. 10
with Figs. 5 and 6 reveals that increasing the modulation
order is significantly less effective in improving system
performance when the channel is weakly Rician.
It is interesting to note that the union bound used to
obtain the preceding results does not yield anomalous behavior (i.e., system performance is poorer as the modulation order increases) as it does for other MFSK receivers
[8], [9]. This is perhaps due to the fact that, unlike other
MFSK receivers that demonstrate anomalous union bound
behavior, the outputs of each of the M branches of the
self-normalized MFSK receiver are not independent. The
results presented here are anomalous for small E b / N ,
where the probability of bit error is large, but this behavior is expected.
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Fig. 8 . Performance of the self-normalized FFHIMFSK noncoherent receiver with diversity L as a parameter under conditions of worst-case partial-band interference for Eb/No= 13.35 dB, M = 4, and moderate Rician
fading ( a r / 2 0 Z= 10).

formance due to diversity can be limited to a range of
&/NI when ,??,/No is not sufficiently large to outweigh
the disadvantages of increased nonlinear combining losses
introduced by diversity. In other words, for & , / N I greater
than some value, overall system performance with diversity is poorer than that without diversity for worst-case
partial-band interference.
For channel fading ranging from Gaussian to Rician,
the worst-case interference ratio y typically increases as
interference power increases.
System performance for weakly Rician channels
((r;/202 < 3) is very similar to system performance for
Rayleigh fading channels. For channels of this type, par-

B. Conventional Receiver
The performance of the conventional noncoherent FFH/
MFSK receiver for a Rician channel (00 > a;/2a2 > 3)
under conditions of worst-case partial-band interference
offers a sharp contrast to that of the self-normalized receiver when fast hopping is used. Figs. 11 and 12 are
representative of the type of performance obtained for a
Rician channel where system performance is obtained
specifically for a:/2a2 = 10 and L = 4. As expected,
higher modulation orders and greater diversity improve
overall system performance when only wideband interference is encountered. However, worst-case partial-band
interference significantly degrades system performance
regardless of the amount of diversity or the modulation
order. In fact, as is evident from a comparison of Fig. 3
with Fig. 11 and Fig. 4 with Fig. 12, the use of diversity
under conditions of worst-case partial-band interference
actually degrades overall receiver performance as compared with that obtained with no diversity, while the effect
of higher modulation orders on system performance under
conditions of worst-case partial-case interference is negligible. Diversity does not offer any improvement in this
case since the receiver does not have any way of distinguishing between hops that are strongly jammed and those
that are not. Since the decision variables are obtained by
assigning an equal weighting to each hop, hops that are
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Fig. 11. Performance of the conventional FFH/MFSK noncoherent receiver for L = 4, M = 4, and moderate Rician fading ( a k / 2 0 2= 10) with
& / N o = 16dB.
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Fig. 12. Performance of the conventional FFH/MFSK noncoherent receiver for L = 4, M = 8, and moderate Rician fading ( a , / 2 a Z = 10) with
E b / N o = 16dB.
,

strongly jammed influence the decision equally with those
that are not.
As with the self-normalized receiver, system performance for weakly Rician channels (a:/2a2 < 3) is very
similar to system performance for Rayleigh fading channels. Unlike the self-normalized receiver, worst-case partial-band interference significantly degrades system performance regardless of the amount of diversity of the
modulation order. Nevertheless, the performance degradation experienced by the conventional receiver is not as
severe for weakly Rician and Rayleigh channels as it is
for more strongly Rician channels, and overall system

performance is improved by diversity. Increasing the
modulation order has very little effect on receiver performance under conditions of worst-case partial-band interference. Figs. 13 and 14 are representative of the type of
performance obtained for weakly Rician and Rayleigh
channels where system performance is obtained specifically for (r;/2a2 = 0.01 and L = 4. Comparing Fig. 9
with Fig. 13, we see that, for weakly Rician and Rayleigh
channels, the use of diversity under conditions of worstcase partial-band interference yields an improvement in
receiver performance over that obtained with no diversity.
Furthermore, in this case the self-normalized receiver with
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Fig. 13. Performance of the conventional FFH/MFSK noncoherent receiver for L = 4, M = 4, and nearly Rayleigh fading ( a k / 2 u 2 = 0.01)
with E b / N o = 16 dB.

tional FFH/MFSK noncoherent receiver under conditions
of worst-case partial-band interference.
In sharp contrast, for a wide range of channel conditions, by using diversity the FFH/MFSK self-normalized
noncoherent receiver can be made immune to the negative
effects of worst-case partial-band interference while
simultaneously experiencing an overall performance improvement. In general, the key to obtaining an overall
performance improvement with the self-normalized receiver is to maintain a sufficiently large signal-to-thermal
noise ratio so that degradation due to nonlinear combining
losses is minimized. For all channel conditions, increasing the modulation order of the self-normalized receiver
results in improved receiver performance. For Rician
channels, increasing the modulation order increases the
sensitivity of the self-normalized receiver to worst-case
partial-band interference, but the improvement in overall
receiver performance that results from increasing the
modulation order generally offsets this additional sensitivity.
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diversity is superior to the conventional receiver only over
the range 3 0 d B > E b / N I > 10dB.
V. CONCLUSIONS
The performance of the conventional FFH/MFSK noncoherent receiver is significantly degraded by worst-case
partial-band interference regardless of the amount of diversity or modulation order and regardless of channel fading conditions although there is an overall improvement
in system performance due to diversity for
~
i
and Rayleigh
Increasing the
Order
has Very little effect on the performance of the conven-

R. Clark Robertson (S’83-M’83-SM’88), for a photograph and biogp. 723’
raphy’ see this

Kang
~ Yeuni Lee received
~
~the B.S. degree in ekCtnCa1 engineering from
the Korean Airforce Academy, and the M.S. degree in systems engineering
from the Naval Postgraduate School, Monterey, CA, in 1991.
He is currently a Major in the Korean Airforce.

