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Abstract. This work considers the performance of Direct Sequence Spread Spectrum Multiple
Access (DS/SSMA) transmission with space- and time diversity for the uplink of a cellular Indoor
Wireless Communication (IWC) channel. Due to fading associated with the IWC channel and the
asynchronous arrival of the received signals a coherent reference is difficult to obfain and hence Dif-
ferential Phase Shift Keying(DPSK) is assumed as modulation scheme. The indoor communication
channel, which is multipath faded, is modeled by a discrete set of Nakagami faded paths which has
been shown to fit empirical data of the IWC channel better than other distributions {1]. Instead of
using the commonly assumed Gaussian Assumption to describe the Inter User Interference (1UI},
the Maximum Entropy (MaxEnt) method [2] is used to infer the IUT distribution accurately {3]. The
average error rate and capacity of a DS/SSMA system under typical IWC channel conditions is there-
fore accurately calculated using the IUI distribution obtained by the MaxEni method. Numerical
results reveal that for non-diversity receivers, Nakagami fading is very hostile to the SSMA signal.
However, using space diversity with Maximuym Ratio Combining (MRC) and time diversity (in the
form of convolutional coding) at the base station, the average error rate can be reduced dramatically,

June 1996

allowing for reliable communication.
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1. Introduction

Spread spectrum signaling techniques, with its in-
herent anti-multipath, multiple access and rejec-
tion of interference capabilities have increasingly
received attention for cellular personal and mo-
bile communications. Until recently the standard
analysis of SSMA systems was rather pessimistic
about the capacity of these systems compared to
FDMA and TDMA. Gilhousen et al (4] recognized
that since SSMA capacity is only interference lim-
ited (unlike FDMA and TDMA) any reduction
in interference converts directly and linearly into
an increase in capacity. Therefore, by employing
a voice activity factor, sectorizing the cells and
using various forms of diversity it is possible to
achieve SSMA system capacity at least as good as
FDMA and TDMA. This improvement has been
indicated by [4] and others under AWGN condi-
tions.

In this paper a detailed analysis of the perfor-
mance of a cellular SSMA systemn with diversity
under frequency selective slowly fading Nakagami
and multipath conditions is presented. For the
channel to be frequency selective, the bandwidth
of the transmitted signal should exceed the coher-
ence bandwidth of the channel [5]. The coherence
bandwidth is related to the mean delay spread of
the channel which is typically 60-100 ns {6] for
the IWC channel. For diversity purposes, space

diversity with MRC and time diversity, realized
by convolutional error correcting coding, are con-
sidered to be present at the base station.

There is a sizable literature relating to the effects
of multiple access interference on the performance
of cellular DS/SSMA, among which are [7] and
[8]. Most literature, except Xiang 7], assume ei-
ther Rayleigh or Rician fading statistics to model
the IWC channel. It has been shown, however,
that the Nakagami distribution assumes the sig-
nals are received with random moduli and phases,
leading to more flexibility in matching experimen-
tal data than that of Rayleigh or Rice models, i.e.
[9] and [10] to mention a few. This is especially
true for the indoor wireless and densely built ur-
ban channels. A mathematical analysis have been
performed by Nakagami [11] and more recently by
Braun et al [12] to derive the Nakagami distribu-
tion and it has been shown to be a fundamental
physical model. For a detailed discussion of the
Nakagami distribution as a model for fading [5]
and [13] can be consulted.

Normally the IUI distribution (due to the non-
ideal correlation properties of the spreading
codes) of a DS/SSMA system is assumed to be
Gaussian distributed [14]. This assumption has
been shown to be inaccurate under certain condi-
tions [15]. In this paper we make use of the Max-
Ent principle to determine the actual IUI distri-
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bution by calculating the moments of the IUI vari-
able. However, for comparative purposes, closed
form expressions are derived when the TUT distri-
bution are assumed to be Gaussian distributed.
Therefore, using the equations derived in this
work it is possible to predict DS/SSMA capacity
under the mentioned conditions with space- and
time diversity. By introducing a voice activity fac-
tor of 3/8 and cell splitting of 3, the performance
of a cellular system is assessed. It is assumed that
hard decisions are made by the MRC demodulator
and that these hard decisions are fed to the con-
volutional decoder. It is further assumed that the
error-producing mechanism results in independent
error events. The latter assumption requires in-
terleaving at the transmitter and de-interleaving
at the receiver. Section 2 analyses and describes a
system model for a typical Nakagami fading chan-
nel. The analyses allows for the calculation of
the average error probabilities by means of closed
form expressions, making use of the Gaussian As-
sumption to model the multiple access interfer-
ence. A discussion of the diversity techniques and
numerical results are discussed in Sections 3 and
4 respectively. Finally, conclusions are presented
in the last section of the paper. The appendices
give an expression for the IUI moments and the
neccesary background to the MaxEnt method.

2. System model and evaluation

The model considered will be summarized briefly
and is based on the model developed by Kavehrad

8].

As mentioned earlier, the capacity of a DS/SSMA
system 1S Interference limited and therefore, re-
ducing the interference, increases the system ca-
pacity. Measurements by Qualcomm [20] indicate
that the adjacent cell interference in a cellular sys-
tem contribute approximately 50% of the total
interference (for equally loaded cells). Therefore,
assuming equally loaded cells, the maximum num-

ber of users a cellular system can support is given
by {21]

Nsect
Von

K'= k=215 (1)

where K is the total number of users per cell, V,,,
the voice activity factor and N,... the cell split-

ting factor. Our conjectural system will assume
Nycor .. g

Vﬂﬂ ]
The channel for the desired transmitter and re-
ceiver (k = 1) can be represented by an L-paths
Nakagami fading model where a single transmit-
ted pulse is received via L-paths at the random
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instant £;,{ = 1,---, L. We assume #; is uniformly
distributed over one bit period (0,7) and that
each user code sequence has a period of N = T/T,,

In the analysis we assume that average power con-
trol is assumed which also includes averaging the
channel fading characteristics. Baseband signal-
ing at a rate less than the channel coherence band-
width ensures that intersymbol interference can
be neglected. Therefore, the channel has a low-
pass equivalent impulse response, given by

L
h(t) =) Bid(t — t1)e?, (2)
i=1

where 4(-) is the delta function, 3; is the Nakagami
distributed path gain and ¢; is the random path
phase, uniformly distributed between (0, 2r}.

In the transmission model it is further assumed
that the kth interfering user of the multiple access
system 13 linked to the receiver via a single Nak-
agami fading path with a uniformly distributed
random delay 7 ranging from zero to one bit pe-
riod, 7. This will naturally result in a worst case
scenari0, rendering the results conservative.

In our formulation we specify the Nakagami dis-
tributed path gain of the K — 1 interfering users
by Vi, k=2,---, K. Thus, the received signal for
the fading model described is given by

r(t) = A Bar(t — )b (t — ;).  (3)
cos(wet + &) + AS 1, Viar(t — 7).
be(t — T ) cos(wet + ¥p) + nc(t) cos(w,t)
+n,4(t) sin(w,t)

where ‘-I'; — 91 — Wet + c;f?;, ‘I’k — Qk — WeTk and
0r the phase of the kth user. Also, n(t) has been
expressed in terms of its lowpass equivalent com-
ponents n,(t) and n.(t) {22]. The carrier phase 8;
has been absorbed in the random phase ¢; asso-
ciated with each channel path.

We arbitrarily choose user & = 1 as the reference
user and calculate the probability of error of the
data symbol by. At time ¢ = 7", the nominal sam-
pling point for matched filter detection, we have
23

Co(T) = AL, B {Bh, Runtr) + B3R ()} - (4)
cosdr + ATK v, {bk_le,l(Tk) + b{;m,l(n:)} .
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cos ¢ + 1,

and

CE (T) = A Ele )6! sin ¢‘I-
{bl_lRLl (t) + billﬁl,l(tf)}
+A Zf:ﬂ Vk sin tﬁk .

{bil Ry 1(me) + bgﬁk,l(fk)}
+v,

(5)

with the definitions of bﬁ, bﬁl, Ry(7) and ffk(f)
as defined in [14], and

T
1= [ @l (6
and
y:/ ay(s)ng(s)ds. (7)
0

The noise samples 17 and v are independent zero-
mean Gaussian random variables with equal vari-
ance g2 = NoT [24]. Notice that the intersym-
bol interference here is due to partial correlation
and involves only the previous bit. For most in-
door channels, the delay spread is considerably
less than the bit intervals of practical interest and
the partial correlation intersymbol interference is

the only type present.

Now, let us assume without loss of generality that
t; = 0 and ¢ = 0. That is, we assume that
the first path (I. = 1) between the transmitter
of user 1 and the corresponding receiver is the
reference path and all other paths constitute in-
terference. Let z; denote the complex envelope of
the matched filter output at the sampling instant,
i.e. 21 = (AT} + §(s(T). Since the fading is slow
compared to the data rate, we may assume that
the corresponding complex envelope at the previ-
ous sampling instant, denoted z,, differs from z;
only in the data bits involved and in the addi-
tive (Gaussian noise samples. It is therefore easily
shown that

= B, ATb

<1

(8)

L K
+ AT {Zﬁ;X; Cos ¢ + Z Ve Xy cos ﬁf?k}
1=2 k=2

a? K
+ AT BiXising + Y ViXgsingy
k=2

h.!':ﬂ
+ (ﬂl +jy1):r

and

B ATHL

+ (2 + ),

with

25
]

bL Ry (t) + B Ry 1 (&)

b | Re (7)) + bgﬁm(?'k)
LRy (t) + b1 Ry ()
b¥ S Rp 1 (1) + 05 R 1 (7).

(10}

S
) I | |

In (9), the data bit b*, of the kth user is trans-
mitted two-bit intervals prior to 5§. The noise
variables 17, 172, V1 and vy are independent of one
another, and the binary data bits are equal to
+1 or —1 with equal probability. The output of
the DPSK demodulator at the sampling instant is
given by

C = Re[zlz;]: (11)

where * denotes complex conjugate.

Let us indicate the transmitted DPSK signals as
s1(t} and so(t). In relation to the received signal,
z1(t) and z,(t), the following binary signal pair is
transmitted

or

(21 (t) y 21 (t))
(z1(t), 22(t))

(22(t), z2(1P)
(22(t), 21(2))

¥ |
b
——
i
o T —
|

Or

As explained before, the first T seconds of each

b

A

(9)

i K
+ AT {Zﬁzlﬁ cos ¢ + Z VY C‘Ds‘iﬁk}
[=2 k=2

L K
+ jAT {Z ﬁ;Y; S11 t;i’Jg + Z VY. sin qﬁk}
=2 k=2
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waveform are actually the last T seconds of the
previous waveform. Note that s;(¢) and s2(¢) can
each have either of two possible forms and that
z1(t) and z(t) are antipodal signals. Therefore,
pairs of DPSK signals can be represented as or-
thogonal signals 27 long. Detection could cor-
respond to non-coherent envelope detection with
four channels matched to each of the possible en-
velope outputs. Since the two envelope detec-
tors representing each symbol are negatives of
each other, the envelope of each will be the same.
Hence the detectors can be implemented as a sin-
gle channel matched to s;(t) or sy(%).

The probability of error can now be calculated by
realizing that

Pe = P(C g 32,22). (13)

where 39 18 used to indicate the random variable
of S (t)

Making the assumption that the variables z;(¢)
and z9(t) are Gaussian distributed the follow-
ing analysis can be performed. (The validity of
this assumption is investigated in Section 4.1 and

should not be confused with the previously stated
GA).

For the case where 2,(t) is sent, the output of
z1(t) will be only Gaussian noise, and therefore
the output of the envelope detector is noise having
a Rayleigh distribution, given by

<1 L’%
Pzi|s2 = J—gexp 552 Vz 20, (14)

where o2 is the noise at the filter output.

On the other hand z3(¢) has a Rice distribution
since the input to the envelope detector is Gaus-
sian noise plus a signal component. The pdf is
written as

2 2
Z: z5 -+ m ZoTn:
P(22|82) = H—EEXP {* 2 E}Iﬂ( 2 2) (15)

2

with

(31 + )AT
my == 9 ;

(16)
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which is the average of the Gaussian decision vari-
able and a the multiple access random variable.

Now, when s, is transmitted, the receiver makes
an error whenever the envelope sample z;(t) ex-
ceeds the envelope sample z5{t). Thus the proba-
bility of this error can be obtained by integrating
p(z1|82) with respect to 2z;(t) from 2z3(t) to infin-
ity, and then averaging over all possible values of
z5(t). That is,

P, = /ﬂm p(za|s2) {[mp(21|32)dzl}d32 (17)

<~

x4 22 + m? 21T
[ 2o (-} (2
0 ﬂ.ﬂ 2Jn Tx
o0 2
—exp{ ——— rdz 2 dzo.
{f o2 "'{ za;i} } :

Using integration tables by [25], the integral in
(17} is evaluated analytically as

1 ms
P, = Eexp{—é-ﬁ} (18)

After substituting (16) in (17) we have an expres-
sion for the conditional error rate for DPSK sig-
naling

1 1
Pe|f"1,cr — E exp {_(ﬁl + {};)EF{]} . (19)

The conditioning in o can be removed by the in-
tegration

Pas. = | P apla)da. (20)

— O

where p(a) is the distribution of the IUL.

2.1. Calculation of Error Probability using Maz-
Ent

At this point it is possible to determine (20) using
either the MaxEnt principle, or making use of the
Gaussian Approximation (GA), that is assuming
the IUI distribution to be Gaussian distributed.
The accuracy of the MaxEnt method relative to
the GA will be showed in a later section.

Using the MaxEnt principle p(a) can be accu-

49



50

THE TRANSACTIONS OF THE S.A. INSTITUTE OF ELECTRICAL ENGINEERS

rately assessed and by using

)
Vs = E{ﬂs}-ﬁg, (21)

p(m) = (%“;) %EXF’ ("ﬂ%&) (22)
Vv, 2 0,

i

and ¢ = mP {m the Nakagami fading parame-
ter and P the number of diversity branches) the
conditicning in & and 5 of (20) can be removed.

2.2, Calculation of Error Probability using the GA

One of the most popular approximations to the
IUT is the GA, in which the overall muitiple ac-
cess interference is approximated by a Gaussian
random variable. It is easy to apply and can be
eagily generalized to systems with more advanced
modulation schemes, such as MPSK and QAM.
The rationale behind the GA is that the overall
IUI consists of the contributions from many dif-
ferent interferers and the IUI from each interferer
consists of many contributions from many chips.
In such situations, central limit arguments may
apply and the overall IUI may be approximated
by a Gaussian random variable. In this section
the GA is used to derive the average probability
of error.

In this case p{a) is assumed to be a zero mean

Gaussian distribution with variance o2, = —f—gﬁl
The result after integrating (20) is

Fejg, = 5exp (—Aﬁl yﬂ) (23)
with

1 Ey .

—=142—"02_. 24

Using (21) and (22) the conditioning in 3; of (23).
The result after integration by parts is

A il
PE:1(1+%—) , (25)

2 m

which is the result for DPSK SSMA signaling un-

der Nakagami fading.

Without multiple access interference and m = 1,
(25) reduces to

PE=-1-{ ! (26)
2 {14

which is the well known performance of a single-
path Rayleigh fading channel, i.e. [5].

As m = oo and P = 1, that is no fading, and
using the identity [25]

lim (l + ——E)_m = exp{—=z) (27)

m-— 00

it is easily shown that

liti oo § (1+222) (28)

41
= %Exp{(%ﬁﬂﬂia) 2},

which is similar to an expression derived at under
non-fading conditions [15].

3. Diversity Techniques

In this section an overview of the two diversity
techniques to enhance the system performance are
discussed. Diversity techniques are based on the
notion that errors occur in reception when the
channel attenuation is large, i.e. when the chan-
nel is in a deep fade. If we can supply to the re-
ceiver several replicas of the same information sig-
nal transmitted over independently fading chan-
nels, the probability that all the signal compo-
nents will fade simultaneously is reduced consider-
ably. There are several ways in which we can pro-
vide the receiver with independent fading replicas
of the same information bearing signal. In this pa-
per it is assumed that space diversity is provided
by a number of antennas at the base station. It
is also assumed that an additional form of diver-
sity are provided by error control coding in the
time domain, that is by supplying the same infor-
mation signal spread over a number of redundant
bits.

The two diversity schemes, that is space- and time
diversity work together in the following fashion.
After the antennas at the base station receive the
faded signals, they are combined in an optimal
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way called Maximum Ratio Combing [5]. Hard
decisions are made after the combining process
and then passed on to the convolutional decoder
where error correction is performed.

The following two sections describe respectively
the combining process used after space diversity
and the bounds used to calculate the error control
coding gain.

3.1. Mazimum Ratio Combining

After the independently faded signals are received
by the base station the signals are combined to
form an estimate of the transmitted signal. The
combiner that achieves the best performance is
one in which each matched filter output is multi-
plied by the corresponding complex-valued chan-
nel gain. The effect of this multiplication is to
compensate for the phase shift in the channel and
to weight the signal by a factor that is propor-
tional to the signal strength. Thus, a strong sig-
nal carries a larger weight than a weak signal.
After the complex-valued weighting operation is
performed, two sums are formed. One consists of
the real parts of the weighted outputs from the
matched filters corresponding to a transmitted 0.
The second consists of the real part of the out-
puts from the matched filters corresponding to a
transmitted 1. The optimum combiner is called a
Maximum Ratio Combiner (MRC) [5]. Of course
the realization of this optimum combiner is based
on the assumption that the channel attenuations
and the phase shifts are known perfectly. That is,
the estimates of the parameters contain no noise.
Only the ideal case (no noise) condition is inves-
tigated in this paper.

3.2. Error Control Coding

Error control coding can be used with great suc-
cess in SSMA with no penalty paid in bandwidth
oy the addition of redundancy to the information
nits. 1t is further shown that low rate coding can
e used very efficiently in a SSMA system. In
this work rate R.q = {3, %, %} constrained length

v = {2,3,4} convolutional codes are considered.

It is assumed that the PN spreading sequence
spans one code symbol. This implies that under
the assumption of fixed throughput (i.e. constant
data rate), fixed maximum chip rate and fixed
complexity, a rate K.y code must employ a PN
spreading sequence shorter by a factor E.; than
that of the uncoded case. This results in increased
inter user interference due to the poorer cross cor-
relation properties of shorter PN sequences. In
our case we use PN sequences of N = 511 for the

uncoded case and N = 255,127 and 63 for rate
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Rca = {3, %, 3} codes respectively.

As explained in {5, 26, 27|, when considering max-
imum likelihood decoding (Viterbi decoding) with
hard decision decoding, the probability of select-
ing an incorrect path in the decoder trellis, can be
represented by

d
d _
p@ = Y (§)Pa-ryt
k=(d+1)/2
YV d odd
and
: d
P@ = 2 (f)Pra-ryt)
k—=d/2+1
1( d d/2/1 D \d/2
1) ey
v d even

The first event error probability can be bounded
by the sum of the error probabilities P (d) over
all possible paths which merge with the all zero
path at the given node. In (29) and (30) F. is
the probability of error obtained from (19). We
therefore obtain the union bound

P, < i aqPs(d), (31)

dzdfr‘ee

where the coefficients {a;} represent the number
of paths corresponding to the set of distances {d}.
These coeflicients are the coeflicients in the expan-
sion of the transfer function T(D) [5]. The coefhi-
cients of {aq} were obtained from [5] and [13].

The sum of (31) is approximated by a finite num-
ber of terms since it converges very quickly. Even
under fading conditions, with the assumption of
interleaving, a finite number of terms are sufficient
to obtain accurate results.

4. Numerical Results

In the subsequent evaluations, with no loss of gen-
erality, the normalization 2 = —10 dB is adopted
so that the received energy in the fading channel,
37 Ey, has an average value E{3?E,} = QFE, =
0.1F;. With @ = 0.1, the Nakagami pdf is re-
duced to a one-parameter distribution so that all
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the results can be expressed in terms of the sin-
gle parameter m. To investigate the influence of
the Nakagami parameter m, five values are inves-
tigated; m = {3,1,2,3,56}. For m = 1 the Nak-
agami pdf reduces to the Rayleigh pdf and hence
can be used for benchmark purposes. The param-
eter m is inversely proportional to the amount of
fading. In other words, as m increases the pdf
tends to an impulse response and consequently
represents no fading.

4.1. Comparison between MazEnt and the GA

To investigate the accuracy of the GA and the as-
sumption made earlier in Section 2, let us examine
Figure 1. We note that, as with most Gaussian
approximations, that the GA results in less con-
servative performance results. As m grows, it is
seen that the GA becomes less valid, which is also
the case when no diversity is present. As P in-
creases, the GA becomes less valid.

e=pr—m ¥ _—_p¥y_—_pE—

%!-‘___‘
%El"-:-'lzlz.

—— e A

Pe

Ideal PPOK

MaxbEnt, m=oo

GA, m=wx

MaxEnt, ma=1], P=1
GA, m=1, P=1
Simuloted, m=1, P=]}
GA, m=1, P=3
MaxFnt, m=1, P=3

—
GI
o
[
b > EH O A4 A 8 O

1077 \

]
v

10_10 { & L ]
O 10 20 30 40 S0

Eb/No

Fig. 1. Accuracy of the GA with DPSK signaling: m =
{00,1}, K =30, N =511 and P = {1, 3}

Also included in Figure 1 is a computer simulation
for P = 3 to quantify the GA and the assumption
of Section 2. It is clear that the MaxEnt result is
closer to the simulated curve than the GA result.
By making the assumption as described in Section
2 our results are slightly inaccurate but within
acceptable limits.

Results obtained with the GA is less valid since,
by examining the decision statistics carefully, it
can be seen that the contributions from different
interferers are, in general, dependent, and the con-
tributions from different chips of the same inter-
ferer are also dependent. Hence the widely used
Central Limit Theorem (CLT) for independent

random variables does not apply. The exact con-
ditions for the overall IUI to converge to a Gaus-
sian random variable are not clear. In fact, to
the best of our knowledge, there is no proof that
the overall IUT converges to a (Gaussian random
variable under any conditions. It is therefore nec-
essary to use more exact approximations of the
TUI One of the most accurate methods is to use
the MaxEnt method and it has been applied with
great success lately [28, 29, 3.

4.2. Nakagami Performance without Diversily

Figure 2 indicates the performance for K = 2 and
L = 1. It is apparent that the average error rate
decreases substantially as m increases. For m =
%, severest fading, the performance for as little as
two users is very poor and saturates at an error
rate of 1072 and consequently the system fails as

a multiple access system for m < 1.

10
10_1 \E:{“‘Fzmﬂ“'—ﬂmﬂ
\‘ T —_—
-2 \:\\"‘h"lx D'---D B D e ) —
10 n\v .'*--..___
\'\v .\.\"
.
1077 n\_\ﬁ\ i S
10—* \ \' T\v
. ™
E?: _5 \\! ?h‘\-‘v
“h-"?
10 ] \'\ .
&
10 0 me=1/2 \ v
e m=) o \'r
- ¢ m= : .
1077 A \ .
oD m=5 a Mt £
107° £ \
10_9 I | n’\ \
10 20 A0 40 50
Eb/No

Fig. 2. Nakagami faded DPSK performance: K = 2,
L =1and N =511

Table 1 indicates the capacity of a Nakagami faded
SSMA system for different values of m and L at
E, /Ny = 60 dB. The case m = oo represents the
unfaded performance and also the value that the
capacity of a Nakagami faded channel will satu-
rate at.

Using Table 1 and (25) it is possible to calculate
the capacity of a cellular system with voice activ-
ity monitoring and cell splitting. It is clear that
by virtue of a cellular architecture it is possible to
increase the system capacity by a factor of eight.
However, the capacity of such a system is still rel-
atively low and it is clear that some form of diver-
sity is needed to substantially increase the system
capacity, especially under multipath fading condi-
tions.
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P T L=1lL=510L =10
m=1/27 10—3 - - -
m = 10—% 2 - -
m = 2 10~= 18 13 7
10~° 2 - -
m=3 | 1073 37 32 26
105 8 || 2 ;
103 62 57 50
m=2>5 10~° 20 15 8
108 5 - ]
1073 115 - _
m = 00 10~° 63 - -
1038 36 - .

Table 1 K for non-diversity DPSK: /Ny = 60
dB, P =1 and L = {1,5,10}

4.3. Nakagami Performance with MRC Diversity

Figure 3 indicates the performance improvement
by using a MRC receiver for L = 3 and a three
branch (P = 3) diversity receiver for K = 30. For
m = 3 and a three tap MRC receiver the average
error rate is decreased substantially, ensuring at
least K = 30 at an error rate of 1073

Fe

v o m=1/2

10_? & m=1

\ v m=2

-8 o L+ L J rn-3

10 v \ o m=>
10 g | \ \ \?- |

10 20 30 40 o}
Eb/No

Fig. 3. Nakagami faded DPSK performance: K = 30,
L=3,P=3 N=51landm={2,1,23,5}

21 4

As benchmark, the performance for m = 1 is also
indicated in Figure 3. Again the performance is
substantially improved as the number of taps, P,
increases. For a three tap MRC receiver with m =
1, the performance is approximately three orders
better than for the m = = case.

Figure 4 indicates the capacity, K, as a function
of P for different values of m. We therefore note
that the capacity saturates to less than a 1000
users as P increases.
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1000

T ©* 11711l

100

Fig. 4. Capacity of a P branch system

3333
TRE
LM A N —

53

P [P=2P=3][P=4] P=
103 2 3 68 134
m=1/2 || 10~° - - 3 16
103 35 108 202 305
m=1 | 107° 3 [ 19 L 04
1078 - - 6 18
103 102 208 329 439
m=2 | 10°°% 27 73 130 191
1078 4 10 43 73
1079 i| 139 §| 254 372 492
m =3 1073 49 [ 75 171 236
1078 13 || 39 72 108
10~ 177 206 116 537
m=25 Il 107° 78 : 142 210 277
1038 30 65 104 143

Table 2 K for MRC diversity DPSK:
Ey/No =60dB, P={2,3,4,5} and
L =1{2,3,4,5}

Table 2 indicates the capacity of a single cell Nak-
agami faded system with MRC diversity up to five
branches. A linear increase in K with P is no-
ticeable. As before, the cellular capacity can be
obtained by multiplying the indicated values by a
factor of five when voice activity and sectorization
are included.

4.4. Nakagami Performance with Convolutional
Coding

As another form of diversity, we consider the per-
formance of a SSMA system under Nakagami fad-
ing with convolutional coding. As mentioned be-
fore, coding can be implemented very efficiently in
a spread spectrum system. Table 3 indicates the

capacity improvement due to rate R,y = { 5 3 4 ; 3
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convolutional codes with constrained length v =

4.

PE v=2 v=23 v =4

103 4 11 35

m =1/2 | 1073 - 9 16

10~% R - 6

10~3 28 28 61

m =1 10—° g 14 36

1072 2 6 19

103 68 44 78

m=2 | 10° 35 27 52

1078 14 15 33

10~3 80 58 85

m=3 | 10°° 52 33 58

10~® 26 20 38

10-3 [ 110 56 90

m=>5 | 10~ 71 38 63

108 40 25 43

10~° 135 122 08

m = 00 10—° 94 85 69

108 62 57 48

Table 3 K for convolutional coded DPSK at

Ey/Ng=60dB, P=1,L=1,Ry=13

It is interesting to note that low rate coding be-
comes effective as m increases. In other words if
the channel is highly faded, i.e. m = 5, low rate
convolutional coding can be used to increase sys-
tem capacity. However, as m = oo, that is no
fading, half rate coding is the most effective.

4.5. Nakagami Performance with MRC Diversity
and Coding

It is shown that low rate convolutional coding is
not very effective when m is small. Therefore, Ta-
ble 4 indicates only the performance of half rate
convolutional codes combined with a P branch di-
versity receiver. The performance is greatly en-
hanced by a combination of coding and diversity.
The improvement over the uncoded, non-diversity
case is 909% at m =5, P =5 and P. = 1072,

From this table it is clear that a combination of
convolutional coding and MRC diversity 1s very ef-
fective in enhancing the capacity. Moreover, com-
bining error control codes and diversity is band-
width and power eflicient since the average error
rate saturates at lower values of E;/Ny.

5. Conclusions

In this paper the MaxEnt technique was used

to accurately calculate the performance of a
DS/S5MA system. It has been shown that this
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P, P = P=3||P=4)) P=2>
103 54 150 267 305
m=1/2 [ 107° 17 66 136 217
10~8 2 18 51 04
103 135 265 401 541
m =1 10~° 69 153 247 344
1073 26 74 131 194
1073 202 342 484 628
m=2 10~° 124 223 323 425
T 67 131 198 267
103 | 229 371 515 658
m =3 10~° 149 250 352 455
103 88 156 295 206
10— 252 306 540 634
m=25 |[ 107° 171 274 377 480
10°-° 108 178 249 320

Table 4 K for convolutional coded and MRC

diversity DPSK, Rcq = 3, ¥ = 4 and
N = 255 .

technique delivers more accurate results than the
(Gaussian Assumption.

From the numerical results it is apparent that
Nakagami fading with small values of m is very
hostile to a SSMA signal. Small values of m cor-
respond to the more general Rayleigh fading chan-
nel (m = 1} and more severe fading than Rayleigh
fading (" < 1}. As m increases, the results indi-
cate that the performance gets more acceptable.
Using diversity, specifically MRC combining re-
ception and convolutional coding, it is possible to
increase the capacity of a Nakagami faded SSMA
signal substantially. Only hard decision decoding
was considered, but it i1s assumed that soft de-
cision decoding will further improve the system
performance.

Convolutional coding is probably a simpler means
to obtain diversity, but has the drawback that
interleaving is required. Especially in a speech
based system interleaving can lead to excessive
and unacceptable delays. MRC combining recep-
tion on the other hand is more complex, but with
advances in ASIC technology, this problem can be
surmounted in the near future.

The results presented can be applied to a typical
rural environment in an informal settlement area.
The communication channel in these settlements
is typical of a Nakagami fading environment since
it is similar to a build up urban area or IWC chan-
nel environment.

To conclude, to guarantee acceptable performance
under Nakagami fading conditions some form or
forms of diversity is absolutely necessary - the
type of diversity needed is to be dictated by the
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specific application and cost considerations.

6. Appendix A

This section briefly states an expression for the
moments used as input to the MaxEnt method.
For a detailed derivation of these moments [3] can
be consulted.

The IUI distribution, a is a function of the
independent random parameters 7, ©; and bF.
Furthermore, «a is symmetrically distributed and
hence the odd moments of o are all zero. There-
fore, having the even moments one can determine
the moments as

Nm_(?)E{VE}Z : ( ) r(3)

N2+l
n=0 r=0

with I'; v, Ay 1y By s }inu and E‘nk‘l as de-
fined in {13].

Further, we notice that for a Nakagami distribu-
tion

[(e+J) (”“*)jzi, (33)

E{V'} = e \m

where vg, = E{V}?/2} is the average strength of
the Nakagami faded path associated with the kth
interfering user.

7. Appendix B

In this section the MaxEnt method is summarized.
For a detailed discussion of the MaxEnt principle
13, 3] can be consulted.

In the MaxEnt method the missing information
(the information entropy) [16]

b
[ = —/ p(a) In p(a)da (34)

18 maximized subject to the constraints of the nor-
malization of the pdf and subject to the available
information. In our case the expectation values of
the moment operators must be equal to the mea-
sured or calculated moments. This is a standard
maximum entropy moments problem which has
been studied in great detail {17, 18]}. The con-
straints are introduced via Lagrange multipliers
and the resulting expression for the inferred pdf
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pla) = -—e:{p( Z)\ Q ) (35)

where the information about the normalization is
contained in the partition function

zzf exp( mea ) (36)

and the Lagrange multipliers are determined by
requiring that

{a™) E-/amp(a)dﬂ::,u,m m=1,...,

where the g, are the known moments of the IUI
random variable.

From (35) a closed form expression of the TUI dis-
tribution is available and it can be used to cal-
culate the average error rate. All the information
contained in the available moments (and no more)
are used to determine the IUI distribution.

Alhassid et al. [19] have noted that defining

M
F({An}) =InZ + Y Anpim (38)
m=1
yields
aF .
)W pm — {a™) (39)

Hence minimizing I is equivalent to solving the
set of coupled nonlinear equations (37). Further-
more, the authors have shown that the Hessian
matrix H with

O°F

Hpnm = = {a™F™) — (@™} {a™ ) (40)

DA O,

15 positive definite and thus that F is a strictly
convex function of the Lagrange multipliers {A,, }.
Consequently F' has a unique minimum {i.e. (37)
has a unique solution) and a Newton-Raphson
minimization procedure [18| is guaranteed to con-
verge. Define an error vector

er)” e = g — (@™) (41)

and let \ = (A1,...,Ax). Then the new guess
after a Newton Raphson step is

E:(El,...

e f

A = A-H'.g (42)

During each iteration we solve a set of coupled
x . — — _.!
linear equations for the Newton step § = X — )

H.6=¢ (43)

M (37)

35
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Since H is positive definite it is also non-singular.

We

solve equation (43) with a standard LU-

decomposition with a back-substitution algorithm
coded in C*F,
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