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Abstract.

In this work we consider the application of channel coding to cellular DS-SSMA

digital radio. A simple, yet effective, model is proposed to evaluate cellular system performance and
capacity. Cellular system performance is further investigated with voice activity monitoring and cell
splitting under AWGN, Rayleigh fading and multipath conditions typical for personal and mobile
communications. Block- and convolutional codes of relative low complexity are investigated when
Gold sequences of length 511 and 255 are employed for purposes of PN spreading. The average
degradation due to interuser interference is determined by employing exact aperiodic correlation
parameters as defined by Pursley [1]. Numerical results indicate that for a given processing gain
and number of interfering users, appropriate coding can allow for reliable communication even under

multipath fading conditions.
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1. INTRODUCTION

Spread spectrum signalling techniques, with their
inherent antl- multipath, multiple access and re-
jection of interference capabilities have increas-
ingly received attention for cellular personal and
mobile communications. Until recently the stan-
dard analysis of SSMA systems was rather pes-
simistic about the capacity of these systems com-
pared to FDMA and TDMA. Gilhousen et al [2]
recognized that since SSMA capacity 1s only 1n-
terference limited (unlike FDMA and TDMA} any
reduction in interference converts directly and lin-
early 1nto an increase 1n capacity. Therefore, by
employing a voice activity factor, sectorizing the
cells and using.various forms of diversity it 1s pos-
sible to achieve SSMA system capacity at least as
good as FDMA and TDMA. This improvement
has been indicated by [3] and others under AWGN

conditions.

In this paper we give a detailed analysis of the
performance of a block and convolutional coded
cellular SSMA system under frequency-selective
slowly fading Rayleigh and multipath conditions
which are typical to the indoor wireless channel.
For benchmark purposes we present the achieve-
ment of a coded SSMA system under AWGN con-

ditions.

There 1s a sizable literature relating to the effects

of multiple access interference on the performance
of cellular DS-SSMA, among which are [4] and

[6). Yung [4] considered a cellular SSMA system
under Rayleigh fading conditions, modelling the
multiuser interference as Gaussian noise (as for-
mulated by Pursley [1]). We also make use of the
(Gaussain assumption, but calculate exact correla-
tion parameters under fading and multipath con-
ditions. This is accomplished by a family of bal-
anced Gold sequences, of length 511 and 255, with
correlation parameters as defined by Sarwarte and

Pursley [6].

Using the equations derived in this work 1t is
possible to predict DS/SSMA capacity under the
mentioned conditions. We do not, however, set
out to predict system capacity, but rather give
some comparative results and show that simple
hlock- and convolutional coding can allow for reli-
able communication under fading conditions. By
introducing a voice activity factor of 3/8 and cell
splitting of 3, the performance of a 7 cell sys-
tem with block coding are assessed. We assume
hard decisions are made by the demodulator and
that the error-producing mechanism results n 1n-
dependent error events or that fading would not
cause more than & errors in a block of n bits in the
block coded case. The latter assumption requires
interleaving at the transmitter and de-interleaving
at the receiver.

Section 2 analyses and describes our proposed cel-
lular system model, typical for an indoor wire-
less communication channel. Numerical results
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are presented and discussed in Section 3. Finally,
a summary and conclusions are presented in the
last section of this paper.

2. MODEL AND ANALYSIS

The 1hodel considered will be summarized briefly
and 1s based on the non-cellular model developed

by Kavehrad [5].

Measurements by Qualcomm [7] indicate that the
inter- and 1ntracell interference contribute approx-
imately 50% of the total interference (for equally
loaded cells). Therefore, making use of this as-
sumption, the maximum number of users a cellu-
lar system can support 1s given by

ch
N.s ect

K' = K 1.5 (1)

where K 1s the total number of multiple ac-
cess users per cell, V,, the voice activity factor
and N,.. the cell splitting factor. Consequently

Nyect

_

Vﬂ"ﬂ- — 8-

Our conjectural system will assume N—fﬁﬂL = 8 and

K = 10 for a total of approximately 5§ﬂusers/ cell.

An equivalent spread spectrum multipath sys-
tem model for K users is indicated in Figure 1.
The channel for the desired transmitter and re-
ceiver (k = 1) can be represented by an L- paths
Rayleigh fading model where a single transmitted
pulse is received via L-paths at the random 1nstant
ti,d = 1,---, L. We assume {; 1s uniformly dis-
tributed over one bit period (0,7) and that each
user’s code sequence has a period of N = T/T,.

User #1 _.EIL*I [oF

User #2—» VE —3

{
> *Q-r-(—)' Recelver

n(t)

|;J5er #K— Vi

Iig. 1. General system architecture

In the analysis we assume that average power
control 1s assumed which also includes averaging
the channel fading characteristics. Baseband sig-
nalling at a rate less than the channel coherence
bandwidth ensures that intersymbol interference
can be neglected. Therefore, the channel has a

low-pass equivalent impulse response, given by

L
h(t) =) Bib(t — i)’ (2)
=1

where 6(-) 1s the Kronecker delta function, [
1s the Rayleigh distributed path gain and ¢; 1s
the random path phase, uniformly distributed be-
tween (0, 27].

[n the transmission model it 18 further assumed
that the kth interfering user of the multiple ac-
cess system 1s linked to the receiver of Figure 1
via a single Rayleigh fading path with a uniformly
distributed random delay 7 ranging from zero to
one bit period, T'. Since, on average, multipath re-
duces the signal quality this assumption will ren-
der our results conservative.

In our formulation we specify the Rayleigh 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

L
r(t) =AY Bt - )bt — t). (3)
i=1

K
cos{wel + @)+ A Z Viarp(t — 1).
' k=—2

br(t — 1) cos(wet + Wi} + n(t)

where &; = 8y — w.d; + ¢;, ¥ = 6 — w1 and
0 the phase of the kth user. Also, n() 1s white
(Gaussian noise with double sided spectral density
of level Ny/2 and #; can be assumed zero with no
loss of generality. Since coherent PSK i1s consid-
ered, the receiver 1s assumed to coherently recover
the carrier phase and delay lock to the first arriv-
ing desired signal. Following Kavehrad [5] and
standard procedures, after matched filter recep-

tion, the conditional probability of error 1s given
by

1 E
Pelgy,a = geric { Fz[ﬁl + ﬂf]} (4)

where
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a=z+y, (5)

L
3
=2 7l

=2

1R1 (8 + Ry 1(8)).

cos{P;),
K

y=3 7

E=2

6% Ry 1(7) + b5 Ry 1(7)].

cos(Wp ),

and by represents the information bit being de-
tected and b', i1s the preceding bit, which, due
to the channel delay spread, affects the detection
of b} received on the first path between the de-
sired transmitter and receiver. The energy/bit
and noise spectral density are represented by F)
and Ny respectively. The parameters 3; and Vi
are sample values of a Rayleigh variable. The dis-
crete partial auto- and crosscorrelation functions
are given by

Rk,l(T) — Aﬂ,k,ch T ﬂ1k,l(T — ”T{:) (6)
R (1) = Ap i 1T + Bpga(r — nT)) (7)
and, together with the vari-

ables Aﬂﬁhl,Bn‘k,],Aﬂ‘k.l and E'ﬂ,k,l, defined 1n
[1], enable us to evaluate the system performance
for specific code parameters.

The spreading codes used are Gold sequences with
generator polynomials 1314553 and 153071 (in oc-
tal) for N = 511 and N = 255 respectively. Initial
loadings of these codes were chosen in such a way
as to generate balanced codes (because of their de-

sirable spectral properties) and not necessarily for
optimum correlation properties.

Neglecting fading and multipath (4} reduces to

Pely = %erfC{Vi—z[l—l—y]} (8)

with Vi = 1 in (3).

There are two ways to remove the conditioning
in (4) and (8). The more accurate way is to em-
ploy Gauss Quadrature integration [8] by averag-
ing the conditional probability in (4) and (8) over
the interference term « and y respectively. Briefly,
this 1s accomplished by evaluating the moments
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of & and y, which are applied 1n evaluation of the
weights and nodes of the Quadrature Rule. In our
analysis we will not use the GQR method, but
rather the Gaussian assumption, to be described
next, since 1t has been shown to be sufficiently
accurate when error control coding 1s used [9].

The alternative method 1s to assume o« and y to

be Gaussian distributed variables with zero mean

and variance o2, given by the second moment of

(34) in [5, pp 1191-1195]. With this assumption,
a closed form expression for {4) and (8) can be
derived at as

1 A7y
_ — 9
Fe 2{1 \/1+A’r&} )

and

respectively, with

——14928 11
A= AN Tma (1)
and
E .
Y5 = — B2, (12)

We notice that (10) is similar to an expression
derived by Pursley [1] for PSK signalling under
AWGN conditions and that in the absence of mul-
tiple access interference and a single-path fading
of the desired signal (9) simplifies to

1 Yo }
P.o==<1- , 13
2{ \/l'l"ru (13)

which 1s the ideal performance of a single-path
Rayleigh fading channel [10j.
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2.1. Channel Coding

brror control coding can be used with great
success In SSMA with no penalty paid in
bandwidth by the addition of redundancy to
the information bits. In this work the
block codes considered are the (n,k,t) =
(7,4,1) Hamming code and five BCH codes.
The BCH codes under investigation are the
(15,7,2),(31,16,3),(63,30,6),(127,64,10) and
the (255,123,19) tEdes. These are all approxi-
1

mately rate K.z = ~ 72 5 codes.

For a block code that corrects t-errors, the bit
error probability bound is given by [11]

n . 4 | |
<y “1‘ (?)Pg(1—a)"-=, (14)

t=141

where n 1s the coded block length and P, is the
average bit error probability of (9) or (10).

All convolutional codes chosen are rate R.; = %
with constraint lengths v = 2,3,4,6 and genera-
tor polynomials as given in Clark and Cane [12].
(Rate R.y = %, constraint length v = 6 VLSI
convolutional encoders and decoders are commer-

ctally available.)

Performance bounds for convolutional codes are
given by

. d

Pydy= ") (g)Pf(l—Pe)d_k, (15)

k=(d41)/2

for d odd, and

tor d even. Using the union bound we can upper
bound the bit error probability as

-

Po= Y  aqPy(d), (17)

d=dsree

where the coefficients {a;} are dependent on the
code structure and tabulated by Clark and Cane
[12] for the convolutional codes under considera-

tion.

We assume that the PN spreading sequence spans
one code symbol. This implies that under the as-
sumption of fixed throughput (1.e. constant data
rate), fixed maximum chip rate and fixed complex-
ity, a rate R.q4 code must employ a PN spreading
sequence shorter by a factor K.z than that of the
uncoded case. This results in increased interuser
Interference due to the poorer cross correlation
properties of shorter PN sequences. In our case
we use PN sequences of N = 511 and N = 255 for
the uncoded case and coded cases respectively.

3. Numenrical results

We will present tables that represent the multiple
access variance, o2 _, under fading and multipath
conditions for N = 511 and N = 255. These
values, in conjunction with (9) and (10), allow us
to evaluate the average error rate and capacity of
a cellular SSMA system simply and efficiently.

We will investigate the performance of three hy-
pothetical SSMA cases, which is described below,
and determine the influence of convolutional and
block coding to each of these cases.

3.1. Faded Multiple Access Variance

In Tables 1 and 2 the multiple access variance,
02,4, is indicated for N = 511 with average path
strengths of E{8} = —10 dB and E{#?} = —20
dB, respectively, for alli = 1,2,... K, where E{-}

indicates expected value.

Indicated in Tables 3 and 4 are the multiple access
variance for ¥ = 255, also with £{8?} = —10 dB
and E{B82} = —20 dB, respectively.

Since the variance for fixed K and variable L
varies linearly, these tables can be graphically ex-
tended and interpolated to determine the variance
for a different value of L. The same argument ap-

“plies for a fixed L and variable K

3.2. Case study

To assess the performance of a cellular SSMA sys-
tem we consider three separate cases:

Case 1 - All signals from transmitter to receiver
are corrupted by AWGN. That is, the variables 3,
Vr and L, as depicted in Figure 1 and (3), are all
unity. We use (10) to calculate the average prob-
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2

J

10

15

20
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30

6.68E-05

0.000261

0.000589

0.000911

0.001236

0.001573

0.001833

0.000154

0.000348

0.000676

0.000998

0.001323

0.00166

0.00192

0.00024

0.000430

0.000763

0.001085

0.00141

0.001747

0.002007

0.000327

0.0005621

0.G00849

0.001171

0.001497

0.001834

0.002094

0.000414

0.000608

0.000936

0.001258

0.001584

0.001921

0.00218

0.000501

0.000695

0.001023

0.001345

0.00167

0.00266G7

0.002267

0.000088

0.000782

0.00111

0.001432

0.001757

0.002094

0.002354

0.000679

0.000869

0.001197

0.001019

0.001344

0.002181

0.002441

0.000761

0.000955

0.001284

0.001605

0.001931

0.002268

0.002528

E:s:m-qm';nmwm_-h

0.000848

0.001042

0.00137

0.001692

0.0020138

0.002355

0.002614

Table 1

Variance of Multipath faded SSMA, N = 511, E{g?} = —10 dB
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D
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30

6.08E-06

2.61F-05

5.89E-05

9.11E-05

0.000124

0.000157

0.000183

1.54E-09

3.48E-05

6.76E-00

9.98E-05

0.000132

0.000166

0.000192

2.4E-05

4.351-00

7.63E-05

0.000108

0.000141

0.000175

0.000201

3.27E-05

5.21E-05

8.49E-05

0.000117

0.00015

0.000183

0.000209

4.14E-05

6.08E-05

9.36E-05

0.000126

0.0001538

0.000192

0.000218

5.01E-05

6.90E-05

0.000102

0.000134

0.000167

0.000201

0.000227

5.88E-05

7.82E-05

0.000111

0.000143

(.000176

0.000209

0.000235

6.75E-05

8.69E-09

0.00012

0.000152

0.000134

0.000213

0.000244

| Co| ~3| | G| W] 2| B2 =] b

7.61E-05

9.90E-09

0.000128

0.000161

0.000193

0.000227

0.000253

[—
-

8.48E-0a

0.000104

0.000137

0.000169

0.000202

0.000235

0.000261

Table 2 Variance of Multipath faded SSMA, N = 511, F{8%} = —20 dB

O jdealt PSK
® Uncoded

Pe

v vw=27

& Ideal PSK
* Uncoded

69
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Fig. 2. Average error performance for AWGN channel Fig. 3. Average error performance for AWGN channel
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L 2 5 10 15 20

1 || 0.000142 | 0.000537 | 0.001156 | 0.001829 | 0.002386
2 || 0.000317 | 0.000712 | 0.001331 | 0.002004 | 0.002561
3 |} 0.000492 | 0.000887 | 0.001506 | 0.002179 | 0.002737
4 || 0.000668 ; 0.001063 | 0.001682 | 0.002354 | 0.002912
o 11 0.000843 | 0.001238 | 0.001857 | 0.00253 | 0.003087
6 11 0.001018 | 0.001413 | 0.002032 | 0.002705 | 0.003263
7 || 0.001193 | 6.001589 | 0.002208 | 0.00288 | 0.003438
8 || 0.001369 | 0.001764 | 0.002383 | 0.003056 | 0.003613
9 { 0.001544 | 0.001939 | 0.002558 | 0.003231 | 0.003789
10§} 0.001719 | 0.002115 | 0.002733 | 0.003406 | 0.003964

Table 3 Variance of Multipath faded SSMA, N = 255, F{8?} = —10 dB
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5

10

15

20

1.42E-05

5.37E-05

0.000116

0.000183

0.000239

3.17E-05

7.12E-05

0.000133

0.0002

0.000256

4.92E-05

8.87E-05

0.000151

0.000218

0.000274

6.68E-05

0.000106

0.000168

0.000235

0.000291

8.43E-05

(.000124

0.000186

0.000253

0.000309

0.000102

0.000141

0.000203

0.000271

0.000326

0.000119

0.000159

0.000221

0.000288

0.000344

0.000137

0.000176

0.000238

0.000306

0.000361

0.000154

0.000194

0.000256

0.000323

0.000379

E@m—qmm#wm.—rh

0.000172

0.000211

0.000273

0.000341

0.000396

Table 4 Variance of Multipath faded SSMA, N = 255, E{32} = —20 dB
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Fig. 4. Block coded error performance under maulti-

path conditions (L = 1)
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Fig. 5. Convolutional error performance under multi-

path conditions (L = 1)
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ability of error. This will serve as benchmark to
the faded and multipath cases.

Case 2 - Here we consider the case where L = 1,
thus eliminating multipath effects on the desired
user. All the signals arriving via different paths
at the receiver have Rayleigh distributed random
gains and therefore o2, is calculated for L = 1.
Case 3 - All the desired signals arriving via differ-
ent paths at the receiver together with the inter-
fering signals have Rayleigh distributed random
gains. The number of desired paths 1s hmited to
ten and o2, in (9) include both fading for the &
users and the L paths. This is a scenario 1n which
the transmitter terminals are mobile and gains are

Rayleigh with respect to geographic positioning.

In Cases 2 and 3 all average path gains between
the desired transmitier and recelver were assumed
to be equal. This assumption will result in con-
servative error probabihity values for a fixed total
interference power.

3.3. Detailed Results

Figure 2 and 3 illustrate the block and convolu-
ticnal coded average error probability as a func-
tion of unfaded signal-to-noise ratio, correspond-
g to Case 1, respectively. In the same figure,

performance of an 1deal coherent PSK demodula-
tor 1s shown.

For K = 150 (K’=800 users/cell), it is clear that
the performance is not acceptable for voice com-
munication. By introducing coding, be that block
or convolutional, the situation is tmproved consid-
erably. It 1s interesting to note that convolutional
codes, with comparable complexity and minimum
distance, outperform block codes. Also, convo-
lutional codes are more effective at low signal-

to-noise ratios; specifically the v = 6 case, from
Eb/f\rg > 6.

Considering Case 2, where the transmitters are
mobile and multipath 1s neglected, the picture
looks a lot worse than that of Figures 2 and 3.
We assume a hypothetical average path strength
of the Rayleigh faded path associated with the kth
user to be -20 dB. It 1s evident that the perfor-
mance with K = 10 (K’=53 users/cell) is totally
unacceptable (Figures 4 and 5); the curve satu-
rates at an average error probability of approx-
imately 0.03. By introducing a block code that
can correct six or fewer errors, the BCH (63, 30, 6)
code 1n this case, the average error probability sat-
urates at less than 1072, which is already accept-
able for speech (Figure 4). More powerful codes
improve the situation even further.
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Pe
o
|

¢ Uncoded
o (7.4,1)
10" v (31,16,3)

» (63.30.8)
o {127.64,10)
m {255,123,19)

—4 l [ i |

10 20 30 40 50 60

Fb/No

Fig. 6. Block coded error performance under multi-
path conditions (L = 10}

The commercially available R.4 = 1/2, v = 6 con-
volutional code also 1mproves the error rate suf-
ficiently for reliable communication, as indicated
In Figure 5. However, coding, be that block or
convolutional coding, 1s only beneficial at high
signal-to-noise ratios, typical 30 dB in this sce-
nario. If lower signal-to-noise ratios are required
other forms of diversity has to be considered. Nev-
ertheless, error control alone, without additional
forms of diversity, 1s sufficient to allow for accept-
able communication under Rayleigh fading condi-
tlons.

From Figures 6 and 7 we see the atrocious per-
formance of the uncoded signal with ten paths for
block and convolutional coding respectively. Pow-
erful coding 1s needed to improve the situation. At

least a BCH (127,64,10) is needed to rescue the sit-
uation, although the (255,123,19) code would be
preferred (Figure 6). From Figure 7 we see that
at least the v = 6 convolutional code is needed to
ensure acceptable communication quality. As was
the case in the previous situation (L = 1), coding
only improves the situation at high signal-to-noise
ratios, in this case 30 dB.

It 1s thus evident that error control coding plays
an 1mportant role in cellular SSMA systems.

4. Summary and Conclusions

The work reported extends previous results in the
following respects. Accurate closed form expres-
sions were derived using the Gaussian assump-
tion and an efficient cellular system model was
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Fig. 7. Convolutional error performance under multi-
path conditions (L = 10}

proposed to evaluate system performance over
Rayleigh and multipath fading channels.

From our numerical results we draw the following
conclusions:

In an AWGN environment with modest coding, a
cellular DS-SSMA system delivers sufhcient per-
formance, comparing favourably to TDMA when
speech 18 transmitted. SSMA 15 not as promising
when data 1s transmitted since the voice activity
factor gain can not be utilized. However, cod-
ing is very effective when used with SSMA since
no bandwidth penalty 1s paid, making a coded
SSMA system very competitive waith any of the
other multiple access schemes.

When Rayleigh fading and multipath conditions
are constdered without coding, it seems absolutely
necessary to include some form of diversity; other-
wise, much higher processing gain 1s needed to de-
crease the error probability. When simple block or
convolutional codes are used as a form of diversity,
the performance 1s acceptable under these condi-
tions. If better performance 1s required under fad-
mg and multipath conditions, additional forms of
diversity and/or more powerful error control codes
(with perhaps soft decision) are required.
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