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Transmission Characteristics of
FFH-SS Communication System
in Fading Media
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ABSTRACT

In this paper, the transmission characteristics of a frequency-hopped spread spectrum communica-
tion system operating in the presence of both time and frequency-selective fading channel is presented,
The receiver is a binary noncoherent matched-filter FFH-SS system with square-law combiner, The
probability of error to the variations of the parameters such as signal-to-noise ratio, selectivity of a chan-
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nel, and power ratio is derived with the use of diversity concept without considering the data rate. The
analysis of the data for probability of error showes that the performance of FFH-8S system in time-
selective fading channel is better than in frequency-selective fading channel.

1. INTRODUCTION

Since about the mid-1950’s the spread
spectrum systems have been developed primarily
for military antijjamming tactical communica-
tions, guidance systems, and antimultipathe
system (1), etc. Recently, Cooper and Nettleton
{2) proposed a spread spectrum system for

cellutar mobile communication and presented

some results that the spectrum efficiency and
the flexibility of the system were superior
to the conventional techniques, for éexample,
the frequency division multiple-access(FDMA)
with frequency modulation.

Gardner et al. {3), and Borth et al. (4)
analyzed the effects of fading for direct sequence
systems, and Milstein et al. (5) and Geraniotis
et al. (6) for frequency hopping systems with
strict assumptions and approximations,

In this paper, the performance of nonco-
herent frequency hopped spread spectrum
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Fig.1 Mechanization of a Rician Fading Channel.

communication systems over general fading
dispersive channels, is presented in terms of the
probability of error as a performance measure.

II. CHANNEL CHARACTERIZATION

The type of fading considered in this paper
is Rician or specular-plus-Rayleigh fading (7)
(8). That is, for a single transmitted signal,
the received signal consists of a replica of the
transmitted signal plus a weaker Rayleigh-
faded version of this signal. This will be the
situation whenever the transmission medium is
such that there is a strong path and a number
of weak paths,

The mechanism that the fading effects
occur is shown in Fig. 1, where the differences
in propagation path cause the differences in
relative propagation deley, hence the frequency
selectivity, and the relative movement of trans-
mitter andfor receiver or scatter cause the
Doppler shift, hence the time selectivity.

A systematic model of a Rician channel is
shown in Fig. 2, where the channel is the parallel

- combination of a deterministic and a random

time-varian linear filters.
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Fig.2 Systematic Model or a Rician channel.
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The c.input complex signal si(t) feeds to both
filters. The output of the deterministic filter
d{t), the output of the random filter r(t), and a
Gaussian additive noise n{t) are combined to
form So(t), the complex signal of the channel
output,

T, BINARY FFH-SS COMMUNICATION
SYSTEM MODELS

3-1. Tramsmitter Modei

The transmitter for the binary nonccherent
fast frequency-hopped spread spectrum (9) signal
is shown in Fig. 3. The data signal of d(t)
is a sequence of positive and negative rectangular
pulses of duration T. The amplitude of the
1th pulse is denoted by dy for ITst <(1+1)T,
and d, is either +1 or -1 for each 1.

Dete FSK % Bandpass
4y Modulator | ¢,y Filter wi(t)

cos {2rfu( O t+@u(th

Frequency
synthesizer

CODE
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Fig.3 Binary FFH-SS Transmitter Model.

The data signal d(t) is the input to a2 FSK
modulator, and the corresponding output is

f(t) =cos {{ 2fc+d(t) af)t+8(t)} (3-1

whetre fc is the carrier frequency, f is one-
half the spacing between the two tone fre-
quencies, and (t) is the phase introduced by the

FSK modulator. For the simpilicity of analyses,
it is assumed that the two FSK tones are ortho-
gonal, i.e,,

Afm% for positive integer n {3-2)

However the analyses can be easily extended
for non-orthogonal cases with the aid of cor-
relation coefficient between the signaling alph-
abets,

3-2. Receiver Mode!

A block diagram for a binary fast frequency-
hopped spread spectrum communication system
with incoherent matched-filters is shown in
Fig. 4. Apart from a phase shift, two matched-
fiiters are matched to one of the two possible
waveforms that are sucessively repeated to
form the transmitted binary signal, Assuming
the code at the receiver is synchronized to that
at the transmitter, the input signal to the match-
ed-filters is an ordinary FSK modulated signal.
The outputs of the matched-filters are envelope
detected by the square-law detector and sub-
tracted for bit decision. Diversity combining
is performed by accumulating the successive
L hops of an information. When the hops are
bit interleaved, some delay and suraming circuits
are required, (10)

The dehopped signal, neglecting the higher
frequency components, is

Sk(t)_Re {xx(t)exp(jz.!rfct)}
1=2k=sL 3-3)

where

Xu(t) = \/*.ZFTK exp {j 2 n (d(t) Af+ gl t)

+ou(t)+ ot}
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Fig.4 Binary FFH-SS Receiver Model.

and the @« (t) is the phase of the dehopper at the
recejver which has identical statistics to ¢, (1)

IV, DERIVATION FOR THE PROBABILITY
OF ERROR

The cutput at the kth hop period is

die= lug |*—lvy!® 4-1)
Where uy, and v, are the matched-filter
outputs at the sampling instant, (11) that is,
u =u(t)and vy = v(t,).
In a matrix notation, Eq. {3-1) is rewritten
as
de=Zy¢ *QZy (4-2)
where’ and * stand for the transpose and
complex conjugate of the matrix.
The random variable for making binary decision
based on all the L hops is then

L
D=2} Z*QZx

K=1

4-3)

We shall derive an expression for the pro-
bability of error given a particular transmitted
signal and order of diversity L. Thus, assuming
a Mark was transmitted during a particular data
signaling interval, we shall compute

P{error {mark, L) =Pr{D< 0 Imark} (4—-4)
To derive the statistical characteristics of the
decision variable D, we first obtain the moment-
generating function of decision variable D, that
is,

My(S) =E {exp {(sD)} (4-5)

where E f } menas the ensemble average,

Since the matrix Q is Hermitian and Eq.
(3-3) is a Hermitian quadratic form, it is shown
(12) that the moment-generating function
of the kth hop decision variable dk are assumed
independent,

Mo(s) = 5 May(s) (4-6)
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From the literature (3), Eq. (4-14) reduces to

exple; 2, s/2{1—e s)i

Mol o) = T = e o

’Mn.l(s)- MB.:(S) 4-7)
where e,i= 1, 2 are the two real eigenvalues

of the matrix KZQ

The probability density function of the decision

variable D is then the inverse Laplace transform

of Eq. (4-7}.

Then, the probability density function is
Folx) = {7 PLn Pty 0 dy 4-8)

and the probability of error equivalent to Eq.

(4-4) is

P(error 1 mark, L) = So.,. Fo{x) dx

exp i— (al +ai) /2!
{1+a,) ™

=-1*Q(a1, 2.) +

golm(ﬂl a:)

o 2L—-1 1y ]{ a

& \k—m / o &y ) mas— (1~ 8mo)
{“a;—a"} m ast ™" | (4-9)

where &m, is the Kronecker delta and

2 _Zras

a~ 1+a;
%2
a l+a,
p— €1
AP

and Q {.,.) is the Marcum’s Q-function defined
as

Qla. b) - S:x exp {—(x*+a?) 72} To{ ax) dx
(4-10)

For the covariance function or the *fre-
quency-time” scattering function of the channel
W (7, u), we arbitrarily select the Gaussian-
shaped function since there are no experimental
datas or specifications on it. The alternatives
are the exponential or triangular-shaped function

as shown in Fig. 5.

Bc 3 2
W M ._251_ exp anil — ‘\JTB T}
(rl j B; | \ B!) <

4-11)

where &° is just equal to the average power
received when a sinusoid of unity peak value is
transmitted, and B and By are the correlation
and fading bandwidth, respectively, equal to the
frequency separation at which the correlation
drops to /e of its maximum value.

Gaussian

Expone}ltial
Triangular

Fading or
correlation

bandwidthX2:

- e

Fig.5 Possible fading or correlation functions.

The average probability of error over the
two adjacent data bits is then conditional on
L, ,and

Plerror|L, 6., 8+)==-‘II g Plerror |L, a, b.
3-. 81—) (4_ 12J
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and over the random variable

32
P{errorlLJ-—!,—vSS " P(error |L, 8-, 4.)
in 3

- dg-de, (4-13)

If the hopping pattern is mutually independent

and identically distributed over the band which
the signals can hop,

P(erroriL)} =(*N%2—} i P(errorlL, f., #f,,

f.#1,)
2(N—2)
N!
+ P{error|L, f_=#f,, f.=f,)!}

+ {PlerrorIL, f_=f,, f.+f,)

+£—, Plerror|L, f_=f,, f.=f,) (4-14)

where N is the total number of hops in one
code sequence period, and fp, p=-1,0,+1 are the
hopping frequency of the pro-eed-ceeding,
present, and next hop, respectively.

V. NUMERICAL RESULTS

The general expression for the probability
of error is now calculated for a class of the fading
channel. This is, we only consider in this sec-
tion the cases when the channel is timeselective
and the fading bandwidth of the channel is not
greater than the inverse of one hop duration.

When the channel concerned is frequency-
flat or purely time-selective, the cross-ambi-
guity functions are simply

Al(#1)=25_5i“¢fﬂi_ (5-1)
i
o Sinda(x + 1} _
Aol )=2E o+ 1) {(5-2)
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If we normalize the fading bandwidth to
the hop rate, i.e.,

B,

G= 1/T, (5-3}

then the cross-vovariance of random fading
components becomes

Kum =20 55 Ada) An*(if)

o
exp :-—{%}z Id,u’ (5-4)

And the parameters a,, a,, and a, in Eq. (4-9)
can be determined with the normalized fading
bandwidth and the power ratio of the scatter
component to the specular component, and SNR
the signal-to-rioise ratio of the specular com-
ponent to the white Gaussian noise,

When the normalized fading bandwidth
is relatively small (G=0,1, as shown in Fig. 6),
the diversity gain of a FFH-SS system increases
rapidly with increasing the order of diversity
L. And the order of diversity at which the
performances over a Rayleigh channel are better
than those over a Rician channel is 3, However,
as is shown in Fig. .7, diversity gain decreases
as the normalized fading bandwidth G increases,
and the order of diversity at which the perform-
ances over a Rayleigh fading is superior to those
over a Rician fading is now 4. Also, it can be
shown that the system is not operated properly
with no diversity (L=1) or low order of diversity
when G is Jarge (G>0.5). In Fig. 8, the error
probabilities are shown for Rayleigh fading with
the variations of the SNR and normalized fading
bandwidth (G=0.3 and 0.6). In this case, the
error probabilities are roughly the same as
those when the channel is Rician.
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To see the effect of varying the relative
amount of power in the scatter components
of the received signal, Fig. 9 shows the pro-
bability of error for G=0.5 and L=5 when y=
0.1, 0.2,0.5, 1, 2, and 5. It can be seen from the
figure that when the power ratio is small, increas-
ing the relative power in the specular com-
ponents does not significantly affect the system
performance. On the other hand, when the 7y
is large, doubling the power ratio can result
in marked improvement in system performance.

In Figs. 10, 11 and 12, the effect of varying
the relative fading bandwidth to the hope rate
are shown for the various order of diversity
given SNR = 10 (dB). The curves of Fig. 10
correspond to 7y = 0.2, 2, those of Fig. 11 and 12
correspond to ¥ = 0 (Rayleigh), 0.5 (Rician)
and ¥ = 0, 1, respectively. As can be seen from
Fig. 10, the diversity improvement decreases
as the normalized fading bandwidth G increases,
and is remarkable when the v is small. In Figs.
11 and 12, the fact that the performance of the
square-law combined over a Rayleigh channel
is better than that over a Rician channel is shown
as also shown in Figs, 6 and 7. For the order
of diversity greater than 2, the normalized fading
bandwidths at which this occur are approximate-
ly 0.7 for L=3, and greater than one for L=3
and § in Fig, 11, and 0.4 for L=3, 0.66 for L=4
and greater than one for L=5 in Fig. 15.

Finally, the irreducable error probabilities
over the power ratio 7y are shown in Fig. 13
for G = 0.1 and 0.5. This figure shows the
effect of fading alone on the probability of
error.

V1. CONCLUSIONS

An analysis of the performance of a binary
noncoherent FFH-SS communication system

13

operating over a selective-Rician fading channel
including a Rayleigh channel has been presented.
Given the number of hops per data or alter-
natively the order of diversity, the average
probability of error was determined, and the
sensitivity of the error rate to such factors as
the ratio of fading bandwidth to the hop rate,
and relative amount of the received power in the
scatter component of the selective channel to
that in the specular component was inversigat-
ed,

As the tesults of numerical calculation when
the channel is time-selective, it was seen that the
performance of a system is degraded rapidly
with increasing the relative fading band width,
and there are no performance differences with
the order of diversity as the normalized fading
bandwidth increases. Also, for a given power
in the scatter component, there are some fading
bandwidth at which the performance of a system
over Rayleigh fading channel is better than that
over a Rician fading channel,

The expression for the probability of error
presented in this paper is also applicable to the
channel in which the more complicatéed channel
impairments exist.
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