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ABSTRACT

The performance of common spreading code scheme employing multiple-capture receiver is compared
to that of transmitter-oriented (T /O) code division multiple access (CDMA) scheme in view of the pos-
sibility of collision-free transmissions and the effect of secondary multiple-access interference. For
performance comparisons, secondary multiple-access interference is characterized for the common
code scheme and the T /0 CDMA scheme that assures perfectly collision-free transmissions. Through-
put performance is then evaluated for these two schemes with direct-sequence spread-spectrum /
differential-phase-shift-keying (DS-SS /DPSK) data modulation and forward-error-control coding
(BCH codes) in the presence of an additive white Gaussian noise (AWGN). It is shown that when
the number of radios is relatively large, the maximum normalized throughput is greater for the
common code scheme than for the T /O CDMA scheme at a moderate signal-to-noise ration (SNR),
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I. INTRODUCTION

Up to date, there have been a lot of works on
the single capture performance {DaGr80, PoSi87,
SoGe91] for the spread-spectrum networks which
employ receiver-oriented transmission policies,
that is, all transmissions to an intended receiver
are using the same SS code to compete for its at
tention, However, it is possible, for two or more
transmissions to succeed on the same code even
though they arrive at the receiver overlapped in
time, that refers to the multiple-capture capa-
bility [ Kim90]. For this reason, we here address a
multiple-capture issue for a common code net-
work with somewhat limited star topology, in
which all radios use the same SS code for spec-
tral spreading. Besides, we consider a conven-
tional CDMA network for performance compari-
sons with the common code network.

In a centralized SS packet radio network, to
achieve multiple simultaneous successful tran-
smissions, we may consider three different appro-
aches, namely, the common spreading code, ran-
dom code assignment, and transmitter-oriented
CDMA schemes. First, in the common code
scheme, all radios use @ common spreading code
for their packet transmissions. Hence all trans
mitted packets are strongly correlated if they ar
rive at the receiver with time offset less than a
few chip times, depending on the real implemen
tation of the receiver. In that case. these packets
will be destroyed because of uncorrectable num-
ber of errors caused by primary multiple-access
interference [SoGe9l]. But if the time offset be-
tween any two transmissions is sufficient to en-
able the receiver to lock on to them, there will be
collision-free transmissions to be successfully
captured with high probability.

For the random assignment scheme, each radio
randomly chooses one of distinct spreading codes
when he has a packet to send, in which the num
ber of distinct codes is considerably smaller than
the number of radios in the network, that was
first proposed and compared with the common
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code scheme employing the SS multiple-capture
receiver [KiSc91]. On the other hand, in the
T/0O CDMA scheme, each radio is assigned a
unique spreading code from a set of distinct
spreading codes with low cross-correlation. Hence
the packets transmitted by different radios will
be on different code channels and not collide with
each other. In this case, if AWGN is assumed
negligible, packet errors result only from second-
ary multiple-access interference.

For overall comparisons of the three trans-
mission schemes mentioned above, we summarize
their characteristics, advantages and disadvan-
tages to be expected in Table 1,

In this paper, we will investiagte throughput
performance for the common spreading code and
T/0 CDMA schemes with DS-SS /DPSK data
modulation and forward-error-control coding (BCH
codes). Here the common code scheme employs a
SS multiple-capture receiver to allow two or more
collision-free transmissions to be successfully
captured even though concurrent transmissions
using the same code are. overlapped in time. For
evaluation of throughput, secondary multiple-ac-
cess interference is characterized for these two
schmes which gradually affects throughput as
the number of radios increases| WeHuBa81].

II. SYSTEM AND NETWORK MODELS

A centralized SS packet radio network is con-
sidered in which a finite number K of mobile
radios communicate with a single central node in
a slotted random-access mode so that different
radios can synchronize their transmissions at the
packet level. In the common code network, all
radios adopt.a common spreading code for trans-
mussion of a particular packet, and hence the cen-
tral node needs only one receiving code for
packet dermodulation. However, in the transmit-
ter-oriented CDMA network, each radio has its
own spreading code for transmission, so the cen-
tral node should have a list of all transmitting
codes to be able to listen to several of them,
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Tabte 1. Overall comparisons of the three transmission schemes available in the centralized SS packet radio

networks,
Contents Common spreading Random spreading code Transmitter-oriented
code scheme assignment scheme CDMA scheme
Number of codes 1 More than one, but much K
to be used less than K
System complexity Small Medium Large

Collision occurs with rela-
tively high probability

Possibility of collision
-free transmission

Collision occurs with rela-
tively small probability

No collision and perfect
collision-free transmission

Effect of
multiple-access

Relatively small due to
the best common spread-

Relatively medium due to
the possiblity of good code

Relatively large due to the
limited possibility of good

traffic conditions

ment strategy

noise ing code selection selection code selection
Good performance under Overall good performance | Good performance under
Advantages i low traffic conditions with | with medium system com- | medium traffic conditions
| small system complexity plexity
- X I
High packet loss due to Transmitter’s burden due Poor performance under
Disadvantages collisions under heavy to the random code assign- | heavy traffic conditions and

large system complexity

We consider two different types of spreading
code sequences, that is, one is an auto optimal
phase m-sequence with least sidelobe energy
(AO/LSE) to be used for the common code
scheme, while the other is a random sequence of
infinite length with chip-by-chip independence
used for the T/0 CDMA scheme, It was
reported [PuRo79] that the AO/LSE m-se-
quence is optimal with respect to the peak corre-
lation parameters and the mean square corre-
lation parameters, and the m-sequence is
expected to be a good one as the common spread-
ing sequence. As the number of radios in the
T /0 CDMA network increases, it is difficult to
accurately model spreading sequences used by
different radios for performance evaluations, For-
tunately, the random sequences lead to a close
approximation for those CDMA systems which
require sets of distinct spreading sequences with
low cross-correlation,

A multiple-capture issue was restricted to a
centralized network with star topology, because
it appeared intractable to exactly model the cap-

ture phenomenon without avoiding the near-far
problem, With such a limited topology, it is
assumed that the received signal power can be
normalized for all radios by using the power con-
trol. The capture mechanism consists of two
phases : in the first phase, the receiver searches
for the presence of all transmutted packets by
processing the header attached to the data
packet. After the header detection process is suc-
cessfully completed, in the second phase, we in-
itiate the data demodulation process, For sim-
plicity, in the common code scheme, we assume
that the first phase is successfully completed if a
packet does not collide with adjacent packets. By
contrast, in the T /O CDMA scheme, we are ab-
sent from the collision problem and assume the
first phase to be always completed.

We adopt a simplified network model in which
all radios are identical and transmission processes
for different radios are assumed to be statistically
independent. In addition, we assume the heavy
traffic condition so that there is always a packet
for transmission at the beginning of every slot,
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The effect of acknowledgements is ignored, as-
suming a perfect and instantaneous acknowle-
dgement channel is available.

. THROUGHPUT PERFORMANCE

1. Common Code Scheme

In order for multiple simultaneous transmissions
to succeed on a common code, a DS-SS /DPSK
multiple-capture receiver is designed at the cen-
tral node in which the equivalent complex base-
band model is depicted in Fig. 1. This central re-
ceiver makes use of a high rate sampling tech-
nique with the code-matched filter rather than
code acquisition and tracking as in conventional
detection. Here decision statistics is sampled at a
high rate in which the sampling rate is equal to
the chip rate or even a higher rate, and compared
it with a zero threshold for differential decoding.
The decoded output is gated into a data file that
consists of a number of data sequences, each con-
taining either noise or useful signals. In the he-
ader detection process, we are able to eliminate
data sequences from only noise signals and also
achieve synchronization at the packet-level for
useful data sequences, Thereafter, each data se-
guence is simply decoded on a packet (or code-
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word) basis by using a forward-error-correction
scheme.

In the common code scheme, we encode each
bit of all transmitted packets by multiplying one
period of a common AO /LSE m-sequence so that
concurrent transmissions interfere with each
other at the bit-time level. Then collision occurs
between desired and interfering packets when
their relative bit-time offsets are within the order
of a chip time(T:). Given the m simultaneous
transmussions in a slot, the probability of packet
success Ps(m) can be expressed by

Po(m) =P (m) Ps(m|E)+[1= Py (m) 1Ps(m1E) (1)

where ¢ denotes the event of a desired packet be-
ing collision free and P (m) 2Pr{¢}. It is assumed
that a packet is collision-free if the relative bit-
time offsets of the packet from its adjacent
packets are larger than the minimum time offset
A:Tr(1+4—21;) depending on the sampling rate A,
the number of samples per T.. For a given A, we
then always have a collision-free sampling time
that gives rise to the largest correlation value of
a collision-free signal. The average contribution
to the packet success by collided packets is
expected very small and ignored, instead we de-

Code-matched N
Filter X
R(t)
Complex
Delay T Conjugate
Data File
<4—O Commutator
« O %o .
. High-rate Real( ) =
. ¥ Sampling ca I~

. -1.0

+——0

Fig. 1. DS-SS /DPSK multiple-capture receiver.
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rive a conservative packet success probability as
Ps(m) = Py(m)Ps(m|¢). (2)

We denote 1, as the time of arrival of the &-th
radio’s at the central node, assuming that without
loss of generality, {1,} are independent and uni-
formly distributed over [0,7:](a bit time). For
evaluation of system performance at the link-
level, we should be able to derive the conditional
distribution of the number of collision-free pa-
ckets, given m simultaneous transmissions. In a
continuous manner, it is not tractable to exactly
analyze the packet collisions so that we approxi-
mate {t,} to be uniformly distributed among the
set of L discrete times, equaly spaced over [0,7+]
with spacing 5.

By the combinatorial analysis in [Kim91], it
can be shown that

Prist(fim) EPri{F=f collision-free packets|
M=m simultaneous transmissions}

Stk

z

——172 (~1) (f-He)

(f+k)

=1

(F+e-11 L (S TRY (FT2UHR LY

[(L~2(f+k)—1]m/* (3)

where L=2N/(1+1/21) for a given A. In order
to validify theoretical evaluation of Prm(fim),
we can refer to the comparisons between the
theoretical and simulation results in [Kim91]
when a noncoherent scheme is employed for
header detection.

Because of the symmetry, the probability of a
desired packet being collision-free, given the
m—1 interfering packets in the common channel,
has the expression

Py (m) =k EF|M=m}

_:.,;i_ ;’; SPriv(flm), (4)

Let At denote the distance of the bit epoch
time 1,+!Ts (an integer ) from the nearest sam-
pling instant that yields the largest correlation
value of the 7-th desired signal. If we define &=
‘;—f' , we find that & is uniformly distributed over
(0,55 ). For a differential system with hard deci-
sions, if the multiple-access interference can be
assumed as Gaussian noise, we obtain the prob-
ability of data bit error, conditioned on ( g;, m),

in Appendix :

1 a[l pe(1)]7?
e"p[“*"m @

where the second-order moments can be evalua-
ted as

o2m) = ( ilib )”1

(m—1)
3(V-2)

(B2 +p2(1+1)+p1) pc1+1) ] (6)

o2m) =220 S Gnpan-n+L
(N—2) =1

W

(7)
in which *f—” is the bit signal-to-thermal-noise rat-
io, and the discrete partial autocorrelation func-
tion pc(/) is defined by

OH

,\“\‘ -7 r_
ﬁc(l)={~\ =0 G o+e, 0<ISN-1

0, I=N

in which {¢;} is the AO /LSE m-sequence,

As the forward-error-control coding, we employ
a BCH coding irf connection with interleaving, in
which the coding rate ¥ is bounded by

_t
Y<1-— 1, (8)
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where ¢ is the number of correctable errors and Ly
is the packet (or codeword) length, assumed Lp=
1024, If we assume independent bit errors at the
decoder input, the conditional probability of
packet success can be estimated as

Psiml &)= EE{EO (L) piteamio)
(1-Pile,ml )1 (9)

Since channel traffic can be modeled as a bi-
nomial random variable with parameters K and ¢
(transmission probability), the average number of
packet successes per slot becoms

Be= i mPs(m) fu{m) packets /slot
mel

(10)

= 5 Pl Po(ml €) f(m) (1

where fu(m)= ( f’){z ) 5 (1—9)5 " for m< K. For
the overall system performance incorporating the
effect of coding rate ¥, the throughput B 1s
normalized to be

Ef:y - ,Bc * (12)

On the other hand, to gain insights into the im-
pact of bursty traffic and the random access pro-
tocol on throughput, we assume the general ar-
rival model for channel traffic as follows :the
composite traffic consists of newly transmitted
packets and retransmitted packets after transmit -
ted packets were received in error, in which the
new packets are transmitted in a slot with prob
ability do, while the retransmissions occur in a
slot with probability ér,

First, given f of m simultaneously transmitted
packets are collision free, we specify the con-
ditional distribution of packet successes which 1s
defined by

Psiem(s| f,m) 2 PriS=s packet successes |
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F==f collision-free packets,
M=m simultaneous transmissions;.

Assuming the multiple-access interference is in-
dependent from packet to packet, we obtain the
approximation to the conditional distribution of
packet successes

Pyor(sim)= S Parls| fom) Priu(f lm) W)

=Y (L) Pimlon-rml )

Privul( fim). (14)

Next, the analysis for the general arrival model
is based on the approach used in [Rayc8l, PoSi87].
For derivation of the steady-state composite ar-
rival distribution fa(m), we need to obtain the
stationary probability nz{#) from the solution of

T ="nrl’

where a random variable R denotes the number of
packets for retransmission in a slot and P is the
state transition matrix of the Markov chain ac-
cording to R=mn, with one-step transition proba-

bilities
pu= Pr{RGH1)=IR(j)=n}
where j indicates the sequence number of slot.

Let my and m denote the number of newly
transmitted packets and retransmitted packets in
the 7-th slot, respectively, given the n packets
for retransmission in the slot. Since all transmit-
ted packets are equally likely to be collision-free,
by the symmetry condition and referring to
| PoSi&7]. the one-step transition probability is
given by

K—n
pu= : B(Wl(),K‘n,én)

my max(0,f - n)
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L. B(mané)Psiv(ntmo—!|motm:)
mr=max(0,2—1} (15)

where Blq,k,6) & (;) 81(1—8)k9 for g<k. If
the set of elements {px} are used for the stat-
e transition matrix P, the stationary probabilities

{ng{n) =0 result from the solution of nz=7nzP.
Finally, the steady-state throughput 8: in case
of 0% 6: can be calculated directly by

K

/96=i: E::l sPsiu(slm) L fuir(min) np(n)

n=0

packets /slot (16)

where the conditional arrival distribution faiz(m|
n) is found in [PoSi87]. The normalized through-
put Ac is then computed from (12).

2. Transmitter-Oriented CDMA Scheme

In the transmitter-oriented CDMA scheme, we
can employ a multi-receiver to allow multiple sim-
ultaneous transmissions to succeed on different
codes, that refers to the multi-code capability. In
this scheme, it is desirable to adopt different
spreading sequences for each bit of a given
packet’s by segmenting a single long sequence,
giving a low cross-correlation value among
segmented sequences. Then it is assumed that we
can acquire perfect synchronization at the packet
and symbol-levels by using a programmable
matched-filter {CaBrSt76] for each code channel.

In the literature, it is known that if we model
sets of different spreading sequences as random
binary sequences and invoke the Gaussian as-
sumption on the multiple-access interference, the
probability of data bit error for a differential sys-
tem with hard decisions, conditioned on m is
given by the expression

Pb(m)=—%— exp |: (17)

- ZGf(m—)

where the second-order moment ¢*(m) becomes

; 2Fe \ -1 —
aim = (51 R (18)
Similarly, when the BCH codes are employed for
the forward-error-control coding, the probability
of packet success can be computed using the con-
servative formula

Pstm) = ¥ (Y Pym 1= Putm) e <. (19)

Under the channel traffic with binomial distri-
bution, the average unmber of packet successes
per slot B¢ is simply found in (10), and then the
normalized throughput # in (12). In the general
arrival model of o # ér, if we assume independent
packet-error events for different code channels,
the conditional distribution of packet successes 1s
shown to be

Po(slm) = () Pilm1=Pstm) Im=s. (20)

Here we substitute (20) into (15) and (16) to de-
rive the steady-state throughput g and also the
normalized throughput g,

IV. RESULTS

At the link-level, numerical results on throu-
ghput are provided for both coded and uncoded
DS-SS /DPSK systems, in which the AO/LSE
m-sequence of period N =63 is chosen as the com-
mon spreading code, that is generated by the
polynomial g(x)=x%+x*+x*+x-+1 with initial se-
quence (1,1,0,0,0,1), and the coding rate ¥ is set
to one of ¥=1.0,0.89,0.78,0.67,0.57.

Figs. 2-4 show the maximum normalized throu-
ghputs that can be achieved by the use of for-
ward-error-control coding as a function of the
number of radios K for various sampling rates A
and signal-to-noise rations %‘ At the SNR of 8
dB, the common code scheme with rates A=5,10
outperforms the transmitter-oriented CDMA
scheme as K increases, since an increase of ther-
mal noise and the multiple-access interference
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caused by larger sidelobes in the T/0O CDMA using the common code scheme with rate A=10
scheme degrades severely the data bit-error rate. results in higher throughput compared to the
We also find that for the case of SNR=10dB, T/0 CDMA scheme. But as SNR increases
12
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a —
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2 L < RATE=1
5 ol O RATE=S
8 L X RATE=10
g
T + % T/0 CDMA
'- |
4
2 —
0 i X | : l ;i l "
20 40 60 80 100
NUMBER OF RADIOS, K
Fig. 2. Maximum normalized throughput versus K for
coded systems when SNR = 8dB
14
—A 2x
12 I
— O— ~
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$ 6 4 7/0 COMA
£ L
L
P o
2 —
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Fig. 3. Maximum normalized throughput versus K for
coded systems when SNR = 10dB
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Fig. 4. Maximum normalized throughput versus K for
coded systems when SNR = 12dB
further, the combined effect of thermal noise and nificant so that the T/0O CDMA gives a slightly
multiple-access interference is relatively less sig- better performance at the SNR of 12dB.
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Fig. 5. Throughput versus P[r] for common code
scheme when K=20, SNR=10dB
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Fig. 6. Throughput versus P[r] for T /O CDMA
scheme when K==2(), SNR=12dB

Under the general arrival model, Fig. 5 shows
throughput £ as a function of the retransmission
probability - for the common code scheme when
K=20, SNR=10dB, 1=5, ¥=1.0. We achieve a
nearly flattened maximum throughput over the
middle range of dr. This is because we expect a
gradual increase of the multiple access inter:
ference because of smaller sidelobes of the
AOQ /LSE m-sequence, In Fig. 6, we plot g ver-
sus or for the T /O CDMA scheme when K =20,
SNR=12dB, y=1.0. For this specific uncoded
case, the common code scheme is superior to the
T/0 CDMA scheme by 2dB in terms of the

maximum throughput.
V. CONCLUSION

We have seen that the common code scheme
with high rate sampling performs better than the
transmitter-oriented CDMA scheme in a moder-
ate range of SNR=8-10dB. For the common code
scheme, we have disadvatages such as the possi-

948

bility of packet collisions and the loss of detected
signal power because of imperfect bit sync. How-
ever, as the number of radios in the network
increases, the effect of secondary multiple-access
interference in the T /0 CDMA scheme over-
whelms these unfavorable factors, because the
cross-correlation properties of a set of distinct
spreading sequences is getting worse In pro-
portion to K, while the AO/LSE m-sequence as
the common spreading code has the optimum
autocorrelation properties and assures higher mul-
tiple-capture capability. In addition, the common
code scheme under the general arrival model
shows 2 dB performance gain with respect to the
T /0O CDMA scheme without forward-error-con-
trol coding.

Appendix
The Data Bit-Error Probability Py(€; , m| &) :

For the common DS-SS /DPSK signaling, the
complex envelope of the received signal can be
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expressed by

m Lp—1 _
=1 ; VePd'\® c(t—7i~1T+) exp(j0r)+7 (t)
(21)

where P is the received signal power, d/¥ is the x
-th radio’s differentially-encoded binary data se-
quence, each data taking values of +1 with equal
probability and mutually independent, 6« is the x
-th radio’s unknown signal phase, uniformly
distributed over [0, 2n]. c(#) is the common
spreading code waveform consisting of an
AQ /LSE m-sequence with period N =7+/T. in
which the chip waveform is a rectangular pulse of
duration T. %(¢) is a zero-mean complex AWGN
with power spectral density 2No

The normalized output of the code-matched fil-
ter with impulse response h(t) =~2L c(Tv—1) is given
by

E(t)=—le— \/:%: j‘i_,“ T(u) A(t—u)du

= = [duf Gtdun T~ 7) Texp( 00 +n(2)

(22)

where (x=[+=%14], 7, = (7,+T»—t) mod T, the
continuous-time partial autocorrelation function f
() is denfined by

Fo =] et ct-r+10) a1 (23)

and the complex Gaussian noise #(¢) has the form

1 jj " wlu)c(To—t+u)du

W= (24)
in which var {Rela(¢)}} = var {Im{ﬁ(t)}}z-éﬁ[;f’T and

cov {Refa (1)}, Imin(t)}} =0.

For differential decoding of a desired i-th
collision-free packet, the receiver forms the de-
cision statistics Relz(¢):*(t--T,)} and compares
it with a zero threshold at t=7;,+{Ty—¢;T.. Here

we require that 6 is constant over the duration of
two adjacent data bits for DPSK communication,
If the interference components of 2 (¢) and 2 (¢
—7%) can be modeled as complex Gaussian ran-
dom variables, the probability of data bit error
Pu(g,, m|&) can be written approximately as [Stei66]
[Stei66]
Grtm

Pile, mi&) =+ (1= 5 exp

T, (m)

2
—20,(m

(25)

where (n,(g;), n,(g;)) are the in-phase and quad-
rature components of the i-th desired signal in 2
(¢) with 4., ignored, which 1s given by

ni(e) +nile) = (1 —€(1—p(1)]1F, (26)

and the second-order moments are defined by

or(m) =var iRelz(H)} &, din,} (3 =0,1)

Fiim) = cov {Relz(t)}, Re {74 ~Tu)}| &, dus,}
3=-1,01
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