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Performance Evaluation of Hybrid DS/SFH-CDMA Noncoherent
MFSK Signal with Channel Coding and MRC Diversity Techniques
in Mobile Communication Nakagami Fading Channels
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Abstract

This paper presents an analytical evaluation of a hybrid direct-sequence /slow frequency-hopped
code division multiple-access (DS /SFH-CDMA) system employing noncoherent M-ary frequency shift
keying (MFSK) modulation in a multiple Nakagami fading (m) environment. Multipath interference
(MPI) and multi-access interference (MAI) is taken into account and the spectral efficiency is
calculated for uncoded as well as channel coding systems. Predetection multipath maximal ratio com-
bining (MRC) diversity in conjunction with interleaved channel coding (Hamming(7, 4) code, BCH
(15, 7) code and RS (7, 4), (15, 9) code) is employed for improving the bit error rate (BER) perform-
ance. The BER of noncoherent hybrid system is obtained using a Gaussian intereference approxi-
mation.
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Performance Evaluation of Hybrid DS / SFH-CDMA Noncoherent MFSK Signal with
Channel Coding and MRC Diversity Techniques in Mobile Communication N akagami Fading Channels

From the results, we know that the bit error rate performance more deteriorates as depth of fading
becomes deeper. The DS portion of the modulation combats the multipath interference, whereas the
FH portion is a protection against large multi-access interference. It is shown that, for the considered
types of a channel coding, the use of a predetection diversity is still essential for obtaining a satisfac-

tory bit error performance,

1. Introduction

Code division multiple-access(CDMA) sche-
mes have received considerable attention in
the 30years and have been purposed for use in
a wide variety of applications, Spread spec-
trum multiple-access(SSMA) is by far the
most popular form of CDMA because, in ad-
dition to its multiple-access capabilities, it sim-
ultaneously provides other desirable qualities
including considerable effectiveness in combat-
ing various types of hostile or nonhostile inter-
ference. The most commonly used forms of
CDMA are direct-sequence SSMA(DS-
SSMA), in which a high rate code is used to
phase modulate, together with the data signal,
the carrier signal: frequency-hopped SSMA
(FH-SSMA), in which a high rate code is
used to control a frequency synthesized carrier
signal into which data are modulated: and hy-
brid SSMA where a DS /SS modulated signal
frequency-hopped according to a specific fre-
quency-hopping patterntt-i],

Frequency-hopped code division multiple-ac-
cess(FH-CDMA) system can provide fre-
quency diversity by hopping a symbol into
multiple frequency slots that are separated by
a frequency separation greater than the coher-
ence bandwidth of the channel, FH-CDMA
systems are not sensitive to the near far prob-
lem. However, operating these systems at an
acceptable bit error rate(eg, 1073), generally
yields low spectral efficiency's,

Hybrid systems are attractive because they

can combine the good features of both DS /SS
and FH /SS systems while avoiding some of
their short comings. For example a hybrid sys-
tem can combine the antimultipath effective-
ness of DS/SS system with the good
antipartial band jamming features of FH /SS
system. Hybrid systems may also use shorter
signature sequences and hopping patterns,
thus reducing the overall acquisition time, A
disadvantage of hybrid systems is the
increased complexity of their transmitters and
receivers Geraniotis analyzed hybrid DS-SFH
/SSMA communication systems with non-
coherent and coherent reception over additive
white Gaussian channels™#, Wang and Mo-
eneclaey analyzed the BER performance of
noncoherent DPSK hybrid DS /SFH-SSMA
systems in diversity and coding(BCH, Ham-
ming, Golay) operating multipath Rayleigh
and Rician fading channels!®1,

In this paper model can describe the
Nakagami fading envelope variations of the
signal carrier on the mobile receiver moving in
urban, suburban and open areas by adequately
selecting the number of multipath interference
numbers(L)
numbers(X).

This paper analyzes and compares the bit er-
ror rate(BER) performance of noncoherent hy-
brid direct sequence/slow frequency-hop-
ped code multple-access(DS /SFH-CDMA)
systems with diversity and coding for mobile
radio multipath Nakagami fading channels,
Predetection multipath  diversity(maximal
ratio combining(MRC)) is used in conjunction

and multiaccess interference
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with error correction channel coding(Ham-
ming, BCH, RS) and interhop interleaving
(whereby each bit of a code word is trans-
mitted during a different hop, to reduce the
effect of hits from nonreference users).

The paper 1s organized as follows. In Section
I the analysis models (transmitter, Nakagami
fading channel and receiver) are described.
The average error probability of hybrid
systems employing interleaved coding and di-
versity are derived in Section II. This is fol-
lowed by some numerical results in Section IV,
Finally, conclusions is given in Section V.,

II. Analysis Model
2-1 Transmitter and receiver model

The transmitter for the kth user(1<k<K,
where K is the number of active users)
consists of five parts: the channel encoder(the
use of a block code is assumed), the inter-
leaver, noncoherent encoder, DS modulator (or
spreader) and the frequency hopper,

For noncoherent FSK modulation, the out-
put of the kth DS modulator C,(¢) is given by:

Celt)=2/2P¥ (1) a(t) cos{2nfi+be(t) At
+a(6)} (1)

where W(t) ; chip waveform,
/. ; frequency carrier,
P ; transmitted signal power,
alt) ; code waveform,
b(t) ; data signal,
6.(z) ; phase angle,
A frequency tone,
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Fig. 1. Transmitter for a hybrid DS-SFH /CDMA

systems,

The signal transmitted by the kth user is
given by

S(1)=22ZP¥(t) ar(t)cos{2rfHfi () +bu(t) At
6:.(8)+a(1)} (2)

During a given hop interval, one of M poss-
ible signals is transmitted, The M signals are
sinusoidal tones of duration T,, with frequency
spacing of 2A. In order that these tones be or-
thogonal when aligned in time, 2AT, must be
integer; 2AT,=N. Taking the spacing between
hopping frequencies equals to 2M A, the mini-
mum spacing between sinusoidal tones trans-
mitted with different hopping frequencies
equals 2A as well. Multipath and multi-user
interference signals are not time aligned with
the useful signal.

We assume that the channel between the
kth transmitter and the corresponding receiver
is a multipath Nakagami slow fading channel,
Each path is characterised by three random
variables B, 7. and 8. which are defined as the
gain, delay and phase, respectively, of the ith
path from the kth user to the receiver. We as-
sume that the number of paths between the
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kth transmitter and the receiver equals L for
all users and that the gains 8, are independent
Nakagami random variables with the para-
meters. The path delays =, also independent,
are allowed to have uniform distribution in [0,
T.], where T, is the hop duration. That is, we
restrict our attention to channels for which
the multipath time delay spread is less than
the coded bit duration T.. This, together with
the fact that two consecutive hopping
frequencies are always different, guarantees
that channel does not introduce multipath in-
terference from the same user. Further, we as-
sume, that the path phase 6, is uniformly
distributed in [0, 2z]. Finally, the channel
introduces additive white Gaussian noise n(z),
with two side power spectral density N,/2,
statistically independent of the multipath.
Hence, the received signal is given by

r(t)zx/ﬁ’ké [Z:L:lﬂm‘l’(l—'ru)ak(t—‘rkl) - cos{2n

Uetfelt =) +bielt — ) A Jt g (2) }
+n(t) (3)

where, Y1) =ai(t — 1) — 2n[fetfilt — ma) +be
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Fig. 2. Receiver for a hybrid DS-SFH /CDMA
system employing MFSK modulation.

Sx(t) [Band-Pass

dats_ |8/ Convert M-ary
4 1SymhuHE"°°d°'] l dulator . Fibes

Cely [ Frequency
Synthesizer
il - Jx
FHCode ["FH Coge
Clock Generstor

m-Distribution
Fading Channel

Fig. 3. Block diagrams of hybrid DS /SFH trans-

mitter, channel and receiver.
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The receiver, shown in Figure 2, consists of
a frequency-dehopper, an MFSK demodulator
(consisting of a bank of M matched filters and
square law envelope detectors Figure 3, a
combing circuit, a hard decision device, a
Reed Solomon (RS) decoder and Parallel to
Serial (P/S) convertor. Figure 3 shows the
configuration of the hybrid DS /SFH.

The received signal r(¢) enters a bandpass
filter which removes out of band noise. The
mixer of the dehopper performs the appropri-
ate 'for frequency translation, according to
hopping sequence f(t) of user i, which is arbi-
trarily chosen as the reference user. We as-
sume that the hopping pattern of the receiver
is synchronized with the hopping pattern of
the signal associated with the jth path of user
i. The dehopper introduces a phase d(z),
which is the constant over a hopping interval;
d", stands for the constant phase during the
Jth hop. The bandpass filter which follows the
mixer removes high frequency terms,
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The resulting dehopper output signal is
given by

) =VEPY. 1 Bu Slflt=m), fli=7)]

W(1—7u) ac(t—7u) - cos{2zlfe
+b(t— 71 A]H'l//k[ Vi4n(t) (4)

where n(t) can be treated as additive white
Gaussian noise with two side power spectral
density N, /2. The phase waveform y(r) is de-
fined yu(t)=yu—d(s), and the Kronecker
function &( -, - )is defined by &{u, v)=1 for
u=v and &8(u, v)=0 for u#v Note that the
dehopper suppresses, at any instant f, all
path signals whose hopping frequency at in
stant ¢ differs from f(t+—;). Evidently, the
reference path signal is not suppressed; the
other path signals from the reference user are
suppressed only during a part of a hop,
depending on the relative delay of the con-
sidered path with respect to the reference
path. Path signals from users different from
the reference user contribute to the dehopper
output only during those time intervals for
which their frequencies accidentally equal the
frequency of the reference path signal. The M
square-law detector outputs are sampled at
the instants AT+ 7 +uT(u=1, 2,, U;A=1, 2,
-+): this yields the M random variables {|Z%
(A) |3 for I=+1, +3,--, +(M—1), where

Z% ()= j OEEnH ) o)W (1)

AT 7t ul

expl2n(fi AL )t Jidt (5)

The receiver bases its hard decision about
the coded symbol ¥ on the M combined ran-
dom variables {|Z% (1) |3 for I=+1, +3,---, *
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(M—1), where |Z,(1 )IZ_Z [Z¥ (1) ]2 by sel-
ecting the largest |Z,(1) l2 and declaring that
the symbol with the corresponding value of A
has been transmitted.

2-2 Channel model

In this paper, we consider the mobile com-
munication channel which is characterized by
AWGN, MAI, MPI and Nakagami fading, As
a fading model, we consider the frequency
non-selective Nakagami fading which provides
more flexibility in matching experimental data
than Rayleigh, lognormal, or Rician distri-
bution!, It has the advantage of including the
Rayleigh and the one sided Gaussian distri-
butions as a special cases. Also according to
the reference!, there is a close fit between
the Nakagami distribution and the Rician dis-
tribution when the following parameter re-
lationship holds:

(mt—m
Kr = ’ 3
m—/C=m) m=1 (6)
where K, ; direct to diffuse signal power ratio,
m ; fading index (mZ% ).

In Nakagami fading ehannel the probability
density function (p. d. f) of ¥(k=1, 2, 3,-+,L)
is given by!¥

i Vi ~1 mde ), ()
paz('yk) —‘_j exp( —— /s
Tlm) y, Yk
where I'( + ) ; gamma function,
¥, : instantaneous SNR (= a?% )
0

"7, : average SNR,
a ; Nakagami random variable.
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[I. System performance

To evaluate the error probabilities of the
systems under consideration, we first need to
provide a detailed description of the outputs of
the various matched filter receivers. The vari-
ous components of the interference must be
identified and characterized. Although for hy-
brid DS /SFH-CDMA systems these com-
ponents resemble the corresponding entities of
the DS /CDMA systems described in™, there
are also essential differences which make their
accurate description necessary,

For hybrid systems with MFSK modulation
we can use the description of the various
components of the M branches of the demodu-
lator of Fig. 3 are given

Z‘f)(l)=ﬁ(l)+N1(l)+[£i Iy

+ T Y I (8)

X L
k =1k

#1 =
Let us consider the right-hand side of (8) in
more detail,

F(1) is a complex-valued useful signal term
which 1s due to the specular component and

the fading component of the /th path signal
from the reference user,

F(A)=</2P BT}, b™ )exp[ V1] (9)

where V), 1s a phase angle, uniformly distri-
buted in (0, 27). The real and imaginary parts
of the useful term are uncorrelated and have
the same variance equal to 2Pp,T? .

N(1) is a complex-valued Gaussian noise

term, Its real and imaginary parts of the use-
ful term are uncorrelated and have the same
variance equal to N, T

I;(I'#1) is a complex-valued multipath inter-
ference term, which is due to the L—1 other
path signals of the reference user. The contri-
butions from different paths are uncorrelated.

L/(k#i) as a complex-valued multi-access in-
terference term, which is due to the path sig-
nal from the K—1 nonreference user,

The random variable k, takes the values 0,
1,---, K—1, with

K-1 -
Ph(kh)'__( K ) Pl (1-p)* 178
A

0<k<K (10)

Frequency hits occur when signals from
other users hop into the desired users fre-
quency slots during the interval [aT, (n+1)T].
Two kinds of frequency hits are considered,
full hits and partial hits. A full hit from an in-
terfering user occurs when the signal is pres-
ent in the desired user’s frequency slot during
the entire symbol duration, A partial hit
occurs when the interfering signal is present
for only part of the symbol duration,

For asynchronous hybrid DS /FH spread
spectrum systems, and a nonselective random
memoryless fading channel, a full hit from the
kth user occurs during the nth data symbol if
flt==)=f(1). for all values of ¢ in the interval
[nT, (n+1)T]. In this case, the probability of
a full hit is given by

Pr={1-Ny(1—¢g 1) ]g™ (11)
where N, is the number of symbols transmitted
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during a dwell time. A partial hit from the kth
user for a nonselective fading channel occurs
when (8) is satisfied for some but not all
values of ¢ in the interval [nT, (n+1)T). The
probability of this event is

=2N;' {(1—¢1)g! (12)

Thus the probability of a hit is given by
Ph:Pf+Pp.

In the case of synchronous hybrid DS /FH
spread spectrum systems operating in a non-
selective random memoryless fading channel,
the interfering users can only cause full hits
with probability

P=q! (13)

where g denotes the number of available
hopping frequencies,

The above result for the multi-access inter-
ference assumes that all paths signals of a hit-
ting user cause full hits, and neglects the ef-
fects that occur when the considered refer-
ence user bit is only partially hit. By consider-
ing upper and lower bounds it has been shown
in'9) ) that these effects are negligibly small,
because full hits are much more probable than
partial hits in the case of SFH (i. e., N,>1).

The average bit error probability, P. at the
hard decision ouput is then given by

P= :X;:; Py(kn) Pulks) (14)

where P.(k,) is given by (10) and P,(k.) is the
bit error probability after decoding, condi-
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tioned on the number of interfering nonre-
ference users.

When the interhop interleaving technique is
used, each bit of a code word is transmitted
during different hop. Therefore, all bits of the
code word are hit independently by nonre-
ference users, The resulting bit error rate
(BER) after hard decision decoding is appro-
ximately given by

kh)—[— X ('i')P; (k)
(1-P.(kn))" ] (15)

where n 1s the number is bits in a code word
and ¢t denotes the errors that the code can cor-
rect. In our discussion, the considered black
codes are Hamming (7, 4) code, the BCH (15,
7) code and the RS (7, 4), (15, 7) code. Fol-
lowing Barrow, we find the symbol error prob-
ability for Nakagami m-fading by averaging
the nonfading symbol error probability over
the underling fading random variable, Barrow
considered the binary case only, but in the fol-
lowing we generalize to MFSK, Here the sym-
bol error probability is given by

ooM 1 ( 1):+1
M_jO i=1 l+1
—i Esaz ,
exp( i+1 N, ) (Yk) k (16)
M E,
_—— E=——
where P, 2(M=1) Py and E, logM

we find the MFSK bit error probability

Pom(kn)= M Mil (

M-1
2AM—-1) = )

i
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(_1)i+1
i+1

’ mT ’ (17)
Yo
"t

where

b

> {(ﬁbIngM ) -1

- 20ksLy+(L—1)] }—1
Ny

(SMngM)
3-1 MRC diversity techniques

The ¥ at the output of L branches MRC di-
versity is given by

If we assume the fading as well as noise of
each branch is to be statistically independent
and the ratio m /% is the same for all
branches, then the p. d. f of the composite ¥ is

mLb—1 m
(r)=—L= — \mi
P =y (7)o

(-2 (18)

14

The average error probability of non-
coherent M-ary FSK signal over the Nakagami
fading channel with MRC diversity reception
is

PA)=[ Pu pbO=T (-1 (19)

M-1\ 1 N 7b1 —mL,
'(j )j+1 (1 m(j+1) )

where

— (/ 2EJogM \ -1 | 2lkaly+(L—1)] 4
7,= +

b { ( No ) 3Nlog2M }
, L is diversity branch number,

IV. Numerical Results and Discussions

In this section, we present numerical results
about the BER of hybrid DS /SFH-CDMA sys-
tem employing noncoherent M-ary frequency
shift keying (MFSK) modulation in a multiple
Nakagami fading channel with diversity and
coding. Multipath interference number (L)
and multi-access interference number (K) is
taken into account and the spectral efficiency
is calculated for uncoded as well as channel
coding systems. Predetection multipath maxi-
mal ratio combining diversity in conjunction
with interleaved channel coding (Hamming(7,
4) code, BCH(15, 7) code and RS(7, 4), (15,
9) code) is employed for improving the bit er-
ror rate (BER) performance,

Fig. 4 illustrates the error performance in
Nakagami fading channel. m=0.5 half Gaus-

10 3 T T T T T T T T T 3
F 3
10’
o
L
a
10724
10_3 1 1 ] L A Il 1 1 -
—-10-5 © S5 10 15 20 25,30 35 40
SNR (dB)

Fig. 4. BER of hybrid DS /SFH 4, 8FSK signal
with the variation of m (K=15 L=8§,
N=63, ¢=30).
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10”4 2 L ! ! 1 1 t 1 !
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SNR (dB)

Fig. 5. BER of hybrid DS /SFH 4FSK signal with
the variation of a number of frequency
hopping in Nakagami fading (K=15, L=8,
N=63).

sian fading, m=1 Rayleigh fading. As m incre-
ases, the depth of fading becomes shallower.
As shown in the figure not adopting any im-
provement techniques, we could not obtain a
reliable performance even in high SNR region.

Shown in Fig. 5 for different values of ¢, the

10 E T T T T T T T T T
107"
o
3] -
m L
4]"5]&
1072 § oy
E K=10
E q=30
10"3 [ 1 L L L t L 1 1

—-10-5 © 5 10 15 20 25 30 35 40
SNR (dB)

Fig. 6. BER of hybrid DS/SFH 4 FSK signal
with the variation of N (K=10, L=4,
q=30, m=1).

350

number of available hopping frequencies, In-
creasing ¢ reduces the effect of multi-access
interference, because of the decreasing prob-
ability of a hit. When ¢ is much larger than
the number of users (X), the BER at high
SNR is dominated by the multipath inter-
ference while the multi-access interference is
negligible. At low SNR, the BER is essentially
independent of ¢ because additive noise is the
dominating disturbance,

Fig. 6 shown the uncoded BER in the case
of PN sequence, for various N of codelength.
It is clearly seen that increasing the PN code
number considerably reduces the BER,

Fig. 7 shown the uncoded BER in the case
of MRC, for various (Lb) of diversity. It is
clearly seen that increasing the order of diver-
sity considerably reduces the BER.

In Fig. 8, the BER’s corresponding to the
coding and m=1 is shown for with MRC diver-
sity respectively. Also, noncoding and non-
diversity BER’s are plotted in order to allow
for comparison. It is obvious from Fig. 8, that
using in order to obtain a satisfactory BER

o

10 E T T T T T AL T T T E
107" .~
107704 N g TS e
103
m
107"
107% g B
3 =200 3
L —400\*9-—._.._..-
10”8 1 L 1 |<l L Gz‘\. Il L 1
—10~-5 © 5 10 15 20 25 30 35 40

SNR (dB)

Fig. 7. BER of hybrid DS/SFH 4FSK signal
adopting diversity (K=15 L=8, N=63,
q=50).
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Fig. 8. BER of hybrid DS/SFH 8FSK signal

adopting Hamming, BCH and RS code
plus diversity (K=15, L=8, N=31, q=50,

m=1).
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Fig. 9. BER of hybrid DS /SFH CDMA systems
adopting RS code plus diversity in differ-
ent interference powers (K=15 L=8§,
Lb=2, m=1).

performance, diversity and coding should be
combined.

The asymptotic E,/N,=20(dB) the average
bit error probabilities MRC diversity combined
with RS(15, 9) coding is shown in Fig. 9, as a

function of the nonreference user average path
power ratio Y==p,/p,. We have considered
various combinations of numbers of hopping
frequencies (g) and PN sequence periods (N),
yielding the same transmission bandwidth
(constant value of gN).

V. Conclusion

The BER performance of noncoherent DS/
SFH CDMA with predetection multipath di-
versity and interleaved coding for mobile com-
munication multipath Nagakami fading chan-
nels has been evaluated. System performance
1s affected by the multipath fading and multi-
access interferences.

It is known that system performance can be
improved by process gain (N, ¢), MRC diver-
sity, error correcting, and MRC diversity plus
error correcting codes.

From our results, we know that the error
performance more deteriorates as depth of
fading becomes deeper. In Rayleigh fading en-
vironment (m=1), increasing of the the num-
ber of frequency hopping (gq) reduces the ef-
fect of multi-access interference, because it
decreases the probability a hit. When ¢ is
much larger than the number of user (K), the
probability of error in high E,/N, region is
domunated by the multipath interference while
the multi-access interference is negligible, Hy-
brid system with MRC diversity plus
interleaved coding for mobile communication
multipath Nakagami fading channels, and
show that hybrid CDMA system can have the
appropriate performance even though there is
a near far problem.
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