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MTJ Performance Analysis of Hybrid DS/SFH Spread-Spectrum System
using MSK or QPSK Modulation over Rayleigh Fading Channel
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Abstract

Performance analysis and comparison of the hybrid DS-SFH. spread-spectrum (SS) system using coherent MSK
and QPSK modulation techniques over Rayleigh fading channel are considered in the presence of MTJ(multi-tone
jamming). To analyze the BER performance of the hybrid systems with or without the Rake receiver,
signal-to-noise plus interference ratio is derived as a function of the average signal-to-noise ratio, the
jammer-to-signal ratio and other system parameters. Numerical results show that the performance difference
between the two modulation schemes, MSK and QPSK, is negligible for low JSR, while it becomes significant
with the increase of JSR. In multi-path Rayleigh fading channel without Rake receiver, the performances of the
two modulation schemes are slightly improved as the DS spreading gain is increased when the total SS bandwidth
is fixed. In particular, there is an optimum DS spreading gain for large JSR, in which a minimum BER is
achieved, while only DS spreading gives the best performance for small JSR. For hybrid systems with Rake
receiver, it is shown that the hybrid system of the MSK modulation scheme provides better anti-jamming
performance and larger performance improvement with the increase of multi-path resolution capability of Rake
receiver than that of QPSK modulation for all conditions.
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MT) Performance Analysis of Hybrid DS/SFH Spread-Spectrum System using MSK or QPSK Modulation

1. Introduction

It has been known that SS communication systems
are very effective under environments of multi-path
fading channel, multiple-access interference and
intentional jamming. Although DS SS system is
effective in multi-path fading channel, power control
is needed to overcome the near-far problem. But if
this system is used with FH SS system, the problem
can be overcome!' . However, a hybrid SS system
has a difficulty of system implementation,

A great deal of studies on SS system has been
accomplished for various modulation techniques®®
" The previous results have shown that system
performance differs according to the modulation
techniques. MSK modulation scheme is highly
bandwidth-efficient as compared to others, ie.,
QPSK or OQPSK!"!. In this paper, MSK modulation
scheme is novelly considered and compared with
QPSK system over Rayleigh fading channel under
the multi-tone jamming.

The performance of a hybrid SS system for
various modulation techniques was also considered in
the presence of multi-tone jamming. In the literature
we have studied, there is no paper on the analytical
derivation of BER equation for DS/SFH SS using
MSK modulation over Rayleigh fading channel in
the presence of multi-tone jamming. Among the
previous results, Zheng and Zhang, and Gangadhar
and Gandhi have studied for hybrid SS system using
MSK modulation technique in [7] and [8], respec-
tively. However, Zheng and Zhang did not consider
fading channel, and Gangadhar and Gandhi did not
consider the jamming environment. In this paper, the
performance of hybrid SS systems using MSK and
QPSK  modulation techniques are analyzed over
Rayleigh fading channel in the multi-tone jamming
environment. Both information and jamming signals
are faded. To analyze the performance improvement
by diversity in the worst jamming, the system using
a Rake receiver is also considered.
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Fig. 1. Transmitter structure(/ channel).
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II. Hybrid Spread Spectrum System

In a hybrid DS/SFH SS system, each of K
simultaneous users is assigned a code sequence to
spread the data sequence by DS spreading gain N
and to hop the carrier frequency by FH processing
gain Npy within a total SS bandwidth Wy, ie.. the
total processing gain is G=NNyy

2-1 Hybrid DS/SFH MSK SS System

In a hybrid DS/SFH MSK SS system, the
transmitted signal for kth user is

s,‘(l)=w/§{ck’,(t)dkl,(t)cos[2/t(fc + fup(t)t+m /.T[ +6]

+ero(Ddyolt)sinf 2l f, + fr( )+ )T, + 6} (1)

where f. is the carrier frequency, P is the transmitted
power of the information signal, di() and dif) of
duration 7T, are data sequences of / and Q channels,
and c/(f) and cx(f) of duration T are DS spreading
seq- uences of [ and Q channel. It is assumed that
there are N chips in T,, ie., N=T/T.. The hopping
frequency fi(f) of duration T, is derived from a set
of Nrx frequencies equally spaced, ie., the hopping
frequency spacing is equal to the DS spreading
bandwidth, Wps, and the number of transmitted data
per hop is a positive integer Ny=TwT;. € is the
random phase generated from the transmitter and
uniformly distributed in [0,2 z]. In this paper, only
I channel is considered for simplicity of analysis.
The multi-tone jamming signal takes the form

Ny
J(t)=42P, /N, ZCos(szjt+¢i) - (2)
j=1 )
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where Py is the total jamming power, Ny is the
number of the jamming tones, i.e., the jammer does
equally distribute P, for N; jamming tones, £ is the
Jth jamming frequency and g is the random phase
of jth jamming tone signal uniformly distributed in
[0. 27] It is assumed that jammer does not know
the pattern of hopping frequency, but it does place
its jamming tone on the center of hopping frequency
for the jammed hop slot. In this paper, we consider
the multi-path Rayleigh fading channel with impulse
response represented as [9]

1.
hi)=Y Bid(t-1) (3)
k=t

where # and B, are the time delay and the path
gain, respectively, and & (7) is Dirac delta function.
In eq. (3), the path gain & has Rayleigh distribution
and it is given by [12],[13]

26 g1,
Pul Be) =5t e “)

where . is the second moment of 4y

Regarding the first path as a reference path, 2 is
assumed to be related to the second moment of the
reference path gain Q,, and its relation is given by

@ = 2,70 (%)

where § is the decay rate of gain due to the multi-
path fading. Equation (5) is referred to as the multi-
path intensity profile (MIP)®.

From eq. (3), the received signal #(¢) is given by

rt)=r(t)+r (1) +n(t) (6)
where

13

’v(‘)=2,5k5m1<(t‘tk) (7a)
k=1
13

rj([)=2ﬂk,l-](t‘tk) (7b)
k=1

£ s is the kth path gain of jamming signal, and n()
is additive white Gaussian noise (AWGN) of the
two-sided spectral density of Ny/2.
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Fig. 2. Receiver structure(/ channel).

Consider the first of L paths as a reference, i.e.,
the receiver is perfectly synchronized to the first
path. Then, the dehopping frequency in the receiver
is denoted by £, /(). Passing through the second BPF
after dehopping, the signal r(f) becomes x{(f) written

by

x(t)=BPF{r(t)cos[2a( f, + fu (t )t + @ ()]}
=x,(1)+x;(1)+x,(1) @®

where

L
x:(t)=\'P/22ﬂk6[fh,l(t)lfh,k(’_[k Ne(t—t)

&

xd(t—1t, Jeos[ /T, + P, (t)] (92)

%) =B 12N, Eﬂu COS[27(f, - fya(t) - £.) + 6 1 s1(9b)

x(f) is the band-limited version of AWGN. In eq.
(%a), fid®) is the hopping frequency of ith path
signal and & {«,v] is Kronecker function, which is 1
for w=v and 0 for u=v (both » and v are real).
Assume that the fading is frequency-nonselective, so
that the phase estimation can be achieved from the
received signal without error. In eq. (9a) and (9b),
#4it) and Ji,A2) are constant for symbol duration,
T;, and given by ZuN=0 -2 (. +furt(t — tbe- 1
WT.— #ni(t) and Fidty= ;-2 nfiti— Fni(f), respe-
ctively, where ¢, ,(f) is the phase generated by the
frequency dehopper of the receiver. Integrating x(¢)
for symbol duration T gives Z expressed as

z =ﬁ;:“7‘"x(')cl(‘)COS[m/Tc/dt

=Z +Z;,+Z,+Z, (10)

where Z; is the desired signal component received
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through the reference path(the first path), Z; is the
total ISI (intersymbol interference) component
received through L -1 paths, Z; is the jamming
component received from L paths, and Z, is the
noise component.

Since the first path is taken as reference, the
hopping pattern f,,(r) and the PN code c,(f) are
known to the receiver. Hence the receiver is
synchronized correctly, and the integrator output of

the desired signal is
Zd =VP/8 ITsd],n (11)

where d;, is the nth symbol data.
Next, the integrator output by ISI component is

i .
7, = \/I’/82/3’kcos(¢k) x [ ey e -y -n0a (12)

The contribution from multi-tone jamming is
obtained as [7]

I N-1 T
Z, =\2P,IN e
J 7Ny g[;{)ﬁucl, e (274, I
x(=1)" sinf 7AfT (2i+ 1)+ Dy s | cos(nAT, ) (13)
where ¢, is the ith chip of I channel PN sequence
and Af is the frequency difference between the

jamming tone frequency and the dehopping center
frequency.

2-2 Hybrid DS/SFH QPSK System

From Fig. I, the transmitted 1 channel QPSK
signal takes the form

Sersx (1) = V2Pe,(0)d (D cos[2(f, + f, () +6)  (14)

where all terms of eq. (14) are the same as the MSK
system,

Through the same procedure with previous
section, the integrator outputs are written by

7 =ﬂly”“r‘ x(tjcos(2y t)dt =2, + X, + 2, +Z,

7, =P78p1.d,, (15)

1L
z, =\’P/8;ﬂk cos(@y ) x [0 e (e, (-t )y (1=t 0t (16)
=2

n
InT,
L N-1 .
Z, =\2P /N, T,;lzo/f“c“ sine( AT, )

xcos[aAf(2i+1)T . + P, ; | (17)

where gut)=0 -2 n (e +fslt~ )t — Fni(d), Zrsd)
=g,-2nfti— #rit), sinc(x)=sin(xx)/ xx and Af =
Ji=Fui®) = fe.

Il. Performance Analysis

3-1 Hybrid DS/SFH MSK System

In this paper, the performance analysis is focused
on the worst case multi-tone jamming , ie., 4/0.
Using eq. (11), the variance of signal component can
be obtained as

var{Z,} = 2,PT.% |8 (18)

where Q~E{ g3} is the second moment of the
reference path gain.

If the period of the PN sequence c;(f) is
considerably large, then the sequence may be
modelled as random binary sequence, where each
chip in the sequence is independently determined.
Thus the integral in eq. (12) is a random variable
with zero-mean and conditional variance of 27%/3N
conditioned on the PN sequence (03] Therefore, the
variance of Z; can be written as

PT? L s
VA = s 02 (k-1)
var{Z, } ~24N k,ze (19)
where Q=E{ 83%}.

In the case of the worst-case multi-tone jamming,
the variance of Z; is

P, NT,?

var{Z; } = N 7
J

L
2 Qe (20)
=1

where Qi~E{ 8% ,}. Then, the total signal-to-noise

plus interference power ratio A can be written as
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where 15=9E4/N, is the average received SNR per

jam

bit and y,=0+/ 2, is the second moment ratio of
jammer and signal.

Next, consider the Rayleigh fading channel effect
on the BER performance. For fixed 5, in eq. (4),
the conditional error probability is given by

[11.21.012]
P, - olVz) 2)

whereand Q)= [« %ai/27 7 is the average signal to
noise plus interference ratio given by eq. (21).
Since J; is a Rayleigh-distributed random
variable, A% has chi-squarg density function with
two-degree of freedom. Therefore, a random variable
z in eq. (22) is chi-square distributed. Then the
probability density function of z is given by [12]

1 .
pz)-2e™ 23)

Consequently, the average error probability takes
the form

P = [ oWz)p(2)az 24)

After integrating, the above equation becomes [1,2]

et fE)

Then A in eq. (25) is substituted into Ajm of eq.
(21). To discriminate the jamming and the

non-jamming case, let us denote that Pejon and Ajum
are the jamming case, and that P.,, and A are the
non-jamming case, respectively. From the above
results, the total error probability of hybrid DS/SFH
MSK system is

Py = PP jom +(1-pIF, (26)
where o=Ny/NFH.

3-2 Hybrid DS/SFH QPSK System
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Through similar derivation, under the worst case
multi-tone jamming the total signal-to-interference
power ratio for QPSK can be written as

-1
1 & sy SRS sue 1
A =|— Y 2D L e 27
Jam [ZN Z NN, Z Vi 24, @7)

and the total error probability is the same as eq.
(26), except that only Ajen is different from eq. (21).

3-3 Hybrid DS/SFH System with a Coherent Rake
Receiver

In this subsection, we consider the effect of a
Rake receiver on the system performance in the
worst case multi-tone jamming over multi-path
Rayleigh fading channel. It is assumed that this
receiver is a coherent Rake receiver and capable of
resolving L,-path out of L-multi-path. Also, the Rake
receiver is assumed to have perfect estimates for the
fading chanenel. To demonstrate the performance
improvement by diversity in a hybrid DS/SFH
system with a Rake receiver, it is assumed that a
condition L, <L is always satisfied. Also, for the
simplicity of analysis, we consider only a Rayleigh
fading channel with uniform MIP, ie., 6=0.

Using the result of [5], the average error
probability for Rayleigh fading channel with §=0 is
given by

k
I~;¢z

4

1
P -3 u |08

s 2+ 4

L-1
1-u gy (%)
=0

where A is the average signal to noise plus

interference ratio given as eq. (21) or eq. (27). In a
Rayleigh faidng channel without Rake receiver, i.e.,
L~1, eq. (28) is reduced to eq.(25). Then, the total
average bit error probability is given by eq. (26).

IV. Numerical Results and Discussions

In this section, we evaluate the system performan-
ce for different values of DS spreading gain, N, and
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the number of FH slots, Npy, when the total
processing gain is 30 dB (NNm=30 dB). Also, we
investigate the performance difference between the
two hybrid DS/ SFH systems using MSK and QPSK
modulation sche- mes with or without the Rake
receiver. Fig. 3 shows the BER versus N for hybrid
systems with MSK and QPSK modulation schemes.
It is shown that MSK modulation scheme always
outperforms QPSK one and the performance diffe-
rence between the two modulation schemes becomes
larger with increase of JSR. When JSR is large or
average SNR is small, the overall BER performance
is almost constant for all DS spreading gains,
irrespective of the modulation scheme. It is because
that although the effect of the jamming power in a
jammed slot can be reduced by DS spreading gain,
the effect of multi-tone jamming in the overall
spread-spectrum bandwidth becomes larger with de-
crease of the number of FH slots since the total
spreading bandwidth is fixed.

Fig. 4 plots the effect of the number of jamming
tones, Nj, on the BER performances of the two
hybrid systems for the average SNR. It is observed
that the performance difference between the two
hybrid systems becomes larger as both average SNR
and JSR are increased. It means that the system
performance is more deteriorated as the jamming

power is distributed to more jamming tones, when

[
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Fig. 3. BER versus DS spreading gain for the two
hybrid systems when §=3, y#1, L=4, L,=1
and N~4.
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Fig. 4. The effect of the number of jamming
tones, N;, on the BER when N=10 dB, §
=3, y#1, L=4, and L~=1.
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Fig. 5. BER versus average SNR according to L,
when N=10 dB, L=10, §=0, y+~1 and N; =
8.

"JSR are relatively large. Furthermore, it becomes
more significant in the case using a hybrid system
with QPSK modulation scheme when both JSR and
average SNR are large. Therefore, the communicator
should allocate the small number of hopping slots as
possible in a given spread spectrum bandwidth, in
particular for high JSR and average SNR. In other
words, it is more efficient to use only DS spreading
than hybrid spread spectrum system for large JSR.
To show the performance improvement by a Rake
receiver in multi-path Rayleigh fading channel, Fig.
5 plots the average BER as functions of N, JSR and
L. It is apparent that BER performances of both
hybrid systems are significantly improved as the
number of resolvable paths, L, is increased and
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show an error floor although all multi-path is
resolved by the Rake receiver, that is, L,=L. We also
observe that the performance difference between the
two hybrid systems becomes large, in particular for
high JSR, ie., JSR=10 dB as the multi-path reso-
jution capability of the Rake receiver is increased.
However, for a small JSR the two hybrid systems
show almost the same BER performance, indepen-
dent of other system parameters such as the number
of resolved paths or average SNR. Consider the case
that Rake receiver can resolve all multi-path. It is
plotted in Fig. 6. As shown, if the Rake receiver can
resolve all multi-path, ie., L=L, the performance
improvement becomes larger as the number of
multi-path, L, is increased. In Fig. 5 and 6, it is also
shown the hybrid system with MSK modulation
scheme outperforms that of QPSK one, irrespective
of the number of resolved paths, except for non-
diversity reception, L~1, in the worst case multi-tone
jamming environment with high JSR. Also, the
amount of improved performance becomes larger in
a hybrid MSK system with increase of L,.

In Table I, it is summarized that the worst case
number of jamming tones, in which the multi-tone
jammer causes the largest BER for each hybrid
system. according to JSR and the number of resolved
paths under given conditions. It is observed that BER
is constant for all N, independent JSR when L~1,

Averaye Bil Erur Rate

-1 K 0 5 10 15 2 P k1)
Average SNR [dB]

Fig. 6. BER versus average SNR according to L
and L, when N=10 dB, =10, §=0, y~1
and N, =8.

498

Table 1. Worst case N, corresponding to L, and JSR
for each hybrid system when N=10 dB,
=10, =0, 7,~1 and A,= 30dB.

MSK L= L =5 L =10
JSR=0 dB - - Ny =
JSR=10 dB - No=4 | M= 2

QPSK L=1 L=5 | L=10
JSR=0 dB - - Ny =1
JSR=10 dB - N>6 | N= 4 |

10?
3 JSR= 1048 - ﬁ-—i
+ JSR= 0dB S
o JSR=-10dB 7
F I p— »',f""’//j = E
E - QPSK E// . 2
= S >
E, ,5?§;i“\* - © oY
3 0] D zfz/:f‘v“"ﬁ‘ N ) \:A et
10°

10 10° 10 10° 1! 10’
Jamming Fractional Ratio

Fig. 7. BER versus jamming fractional ratio,
o when 21,=30dB, N=10dB, L=L~=10,
=0, 7L

while there is a value of the worst case N, as L, is
increased. Based on these results, Fig. 7 illustrates
the worst case jamming fractional ratio, ©w. for
different JSRs. When JSR is small, both hybrid
systems show nearly constant BER performances for
all jamming fractional ratios and have almost the
same pw. But they have different pou.. and the
performance difference between them becomes more

significant with increase of JSR.

V. Conclusion

In this paper, we investigated the performances of
hybrid DS/SFH spread spectrum systems using MSK
and QPSK modulation schemes under the worst-case
multi-tone jamming environment and compared for
several system parameters over multi-path Rayleigh
fading channel.
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For hybrid systems without a Rake receiver, BER
is very sensitive to JSR when the average SNR is
large. In particular, there is an optimum DS
spreading gain for large JSR, in which a minimum
BER is achieved, while only DS spreading gives the
best performance for small JSR. Therefore, for large
JSR the communicator should allocate more hopping
slots within a given spread spectrum bandwidth to
reduce the jamming fractional ratio. A Rake receiver
can provide better performance than non-diversity
reception, independent of JSR, but there is an error
floor due to the multi-tone jamming. Also, it is
shown that a hybrid system with MSK modulation
scheme has better anti-jamming performance against
the worst-case multi-tone jamming and provides
larger performance improvement than that with
QPSK modulation scheme for all conditions. It
means that in the worst-case multi-tone jamming
environment we should shape the chip waveform
with a half-sine waveform rather than a rectangular
one.
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