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ABSTRACT

Packetized random access based on Code Division Mul-
tiple Access (CDMA) is considered. Our primary aim

is to assess the impact of (uncoded) multi-user (MU)

detectors on the performance of CDMA with slotted

ALOHA. The impact of respective multiple packet re-

ception capability for the matched filter and MMSE

detector on delay/throughput improvements (vis-a-vis

narrowband slotted ALOHA that are collision limited)

is investigated.

1. INTRODUCTION

Next generation broadband PCS services systems are
expected to accommodate heterogeneous traffic (i.e.
integrated voice/data services) with enhanced bursti-
ness. Premier candidates for multiple accessing in such

networks include packetized CDMA random access meth-

ods that simultaneously exploit the well-documented
benefits of code-division multiple access (CDMA) (ro-

bustness to fading and multi-user interference, soft degra-

dation and hand-off capabilities in cellular systems)
and packet switching [3].

A key advance in recent years has been the evolu-
tion of a class of advanced detector designs - known as
multi user (MU) detection - that treat interfering users
as structured signals (and not additive noise) and seek
to jointly estimate them along with the desired sig-
nal. An important class of such MU detectors have lin-
ear complexity (in the number of users) and yield sig-
nificantly superior link error rates as compared to the
(single-user optimal) matched filter detector in near-far
dominated scenarios, i.e., when the desired signal to
interfering users’ power is low. The primary objective
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of this work is to assess the impact of such MU detec-
tors on the performance of CDMA (slotted) S-ALOHA
access. The potential contribution of MU detectors to-
wards improving the throughput/delay characteristics
of CDMA S-ALOHA over a wireless link is best un-
derstood by examining the fundamental assumptions
behind the celebrated throughput-offered load relation
for narrowband S-ALOHA (infinite population model)
S = GeC where S, G measured in packets/slot de-
notes the average number of successful packets trans-
mitted (throughput) and the net (newly arrived plus
backlogged) traffic (offered load), respectively. The
above follows from key assumptions that (i) a success-
ful packet transmission occurs with probability 1 if and
only if one user attempts to transmit in a slot and (ii)
whenever K > 1 users simultaneously transmit, the
probability of any successful transmission is identi-
cally zero. From a link-level perspective, assumption
(1) is somewhat optimistic (assumes essentially no ad-
ditive noise or equivalently, infinite SNR) while (ii)
is most conservative as it negates the possibility of
successful transmission in the presence of any multi-

_ple access interference (MAI). The second assumption

is reasonably justified in the context of a wired local
area network (LAN) bus with repeaters where the re-
ceived signal powers from all transmitters at any des-
tination is approximately identical, thereby leading to
large probabilities of packet error with simple detec-
tors that were not specifically designed for multiple ac-
cess. However, even with sub-optimal detectors (such
as the matched filter), multiple packets may be occa-
sionally detected correctly at the receiver, thereby in-
creasing throughput. In summary, the key assumptions
of ‘perfect collision’ (when multiple users transmit) or
‘perfect transmission’ (when a single user transmits)
are directly responsible for the Ge~C throughput char-
acteristic of S~ALOHA. In packet radio/wireless LAN
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networks, the variations in power of the received signal
from different users (near-far effect) allow the possi-
bility that the strongest user’s packets may be detected
correctly (‘capture’) even if K > 1 users attempt to
transmit simultaneously. The resultant throughput with
capture S, = Ge 2%, 0 < a < 1 (where « is de-
termined by the threshold used for defining capture)
showed improved throughput vis-a-vis S-ALOHA for
higher G. Multi-user detection can be thought of gen-
eralization of the notion of capture to include multiple
reception of 2 or more packets.

The analysis and performance evaluation reported
here complement the recent investigations of [5, 6, 7]
on the same topic. The assumption of non-orthogonal
yet slot-synchronized users is invoked as a convenient
representation for the useful scenario where loss of de-
sign orthogonality occurs due to a combination of user
asynchronism (on the uplink) and multipath channels.
As is well-known, both these scenarios can be con-
ceptualized as being equivalent to a synchronous sys-
tem with a larger number of interfering users. Sec. II
contains a self-contained summary of key results from
MU detectors necessary for subsequent performance
analysis. Sec. III derives the throughput of CDMA
S-ALOHA over an AWGN channel. :

2. CDMA MULTIPLE-ACCESS MODEL

Consider K -user packet-oriented communication with
BPSK modulation using normalized (i.e., f;
1) signature waveforms s; (), s2(¢), - - - , sk (t) over an
additive white Gaussian noise channel. The received
signal at the receiver input is 7(t) = S(t) + on(t)
where n(t) is white Gaussian noise with unit power
spectral density. S(t) is the superposition of the data
signals of K synchronous users, given by

K Ly
(t) =D Ap Y be(i)sk(t —iT) (1)
k=1 i=1

where Ay is received amplitude of the kth user, L,
is the packet length (assumed identical for all users),
bi(4) is the ith symbol of the kth user (assumed to be
binary, 1), 7 is the relative delay of the kth user, T is
bit interval and ¢ is standard deviation of the additive
Gaussian noise.

The sampled output of a filter matched to si(t) in
the ith data interval yy ()

-, K yields the K -vector (using 7 = 0 without loss

si(t)dt =

= [T 5, (t—iT)r(t)dt, k =

= [yh' .- 7yK]T
y =RAb+on 2)

of generality) y

where R is the normalized crosscorrelation matrix of
. A

the K signature waveforms, Ry; = pri = (s, ;)
where () denotes the standard Euclidean inner prod-
uct. A = diag{Al,Ag,n-,AK}; b = [b...b%]7T,
and i = f(”l s(t — iT) n(t)dt. Thus fi is a K-dim.
Normal random vector, i.e. i ~ Ng(0,R), indepen-
dent of b.
Linear Multiuser Detectors

Linear MU detectors arrive at bit decisions based
on by, = sgn((Ly)x) where L is a linear operator. We
will use the matched filter (L. = I) as a baseline, the

MU receiver considered is the MMSE detector (L = (R

%A ~?)~1) Consider
L
=M=bk+ > B bi + ——(Lii)s
B ’ B
kk i€{1,K} ik kk
5 3
where (i = =*~, By = Ai(LR)y; i€ {1, --
By

From [1], the exact bit error rate (BER) for the desired
user can be written as

P,(mmse) = (Z Br,i bi + —B—(Ln);c > 1)

i£k
4
A Gaussian approximation (GA) to the above ex-
pression is given by

LRL) i
( Iclc+ Z /Bkz)

Fe(mmse) = Q@ (AQ(LR)kk i=1ik

(3)
and has been shown to be excellent for the MMSE de-
tector [1] over a wide range of parameters. We remark
that for the matched filter, the GA is known to be prob-
lematic in the region of high SNR and large MAI [1]
and should be invoked (as below) with care for regions
that exclude the above. To further simplify matters, we
invoke two additional assumptions as in [1]

o Al Ideal Power control - The MU detector em-
ploys ideal power control such that the signal en-
ergies at the receiver input are identical;

e A2 Eguicorrelated spreading code - The syn-
chronous crosscorrelation py; between any two
user’s codes is identically equal to p, i.e., inde-
pendent of the user’s codes.
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a) Conventional Detector: L=I, Ay, = A, px; = p
Using the above, (5) becomes

. —1/2
Pmf) = Q ((ﬁ + (K = 1)) ) ©

where SNR £ A%/g?. Note that the expressions
are independent of k (i.e., the BER is user indepen-
dent) due to the ‘symmetrizing’ assumptions of perfect
power control and equi-correlated spreading codes, and
hence the user superscript has been dropped.

b) MMSE Detector: L = (R + 02A~2)"!, A; =
Apri=p _ :
Since LR = L(R+a2A “2_02A7%) =I-0’LA72,

we have (LR)j x = 1_7Lk Kk (LR)g; =
k. Also LRL=1L — 2LA 21, and hence
K L2

(LRL)x = ka_azz
K (LR)2 A2
= LixLR)kr— . —;f;-—’——,
i=1,ik
. (LRka
A (IR, ;c .
o2 Lig K (LR); ;A2
= P L, + Bk:
A} (LR)kk #Z,C(LR)ik Ap l% '
_ 9_2_ Ly x
A; (LR)gk

Using the above, the Gaussian approximation for
MMSE detector simplifies to

) 4, [T - A2
o 559 o ()
@)

With (A1, A2), the diagonal elements
' 2 2 K —1 \ L
Ly, (H}Zﬁ" -gz(:' ) ) ®)
' 1+ 5+ (K-2)p
Substituting (8) into (7), the GA for the probability
of bit error for MMSE detector becomes

A _AlA P (K -1)
P,(mmse) = Q (0 \‘1 Tz T K )p)
®

l—p)

Note thataso — 0, Pe(mmse) - Q (é
rapidly for K p >> 1.

2 .
— &z Lii #
k3

3. CDMA S-ALOHA IN AWGN CHANNEL

In a CDMA uplink, users are assumed to communicate
with each other synchronously but are otherwise unco-
ordinated with respect to channel access. In contrast to
narrowband S-ALOHA, due to CDMA and the nature
of the MU receiver employed, multiple users’ packets
may be transmitted successfully in a single packet in-
terval. As is customary for S-ALOHA, unsuccessful
packets enter the user’s buffer and are queued (along
with any newly generated packet arrivals) for retrans-
mission in the next slot interval.

Throughput-Delay Analysis

We assume that the number of users NV in a sys-
tem is large (effectively infinite) and the probability of
a user transmitting (either due to new or backlogged
packets) in an interval p is small such that the product

"N p is a constant, implying that the net offered traffic

is well approximated by the Poisson distribution with

mean G = Np, i.e., the probability that exactly K
users transmit in in a slot is
GKe G
P[K] = ~—5— (10)

Following [2], the average throughput of CDMA

slotted ALOHA system can be written as S = Ex E(S|K)

where E(S|K) is the throughput conditioned on K
attempted transmissions (active users) in a slot. The
assumptions (A1, A2) of equi power users with equi-
correlated spreading codes implies that when K users
transmit simultaneously, the number of successful pack-
ets is Binomial with parameters (K, P;), where FP;, the
probability of a successful packet transmission is iden-
tical for all users. Since for the Binomial distribution
E(S|K) =K Ps, '

S =Y KP(K,SNR,p,L,) P[K] (11)
K

where P[K] is given by (10). For a packet consisting
of L, data bits with no error control coding, the packet
success probability P; = (1 — P,)L» is obtained by
substituting (6) or (9) inthe above, and the throughput
S is numerically evaluated from (11). The results from
numerical evaluation is verified by bit-level simulation
of the S-ALOHA protocol that uses the above BER
expresssions as inputs.

While P; increases with SIVR and decreases with
p and L, for both conventional and MMSE detectors,

841

Authorized licensed use limited to: University of Washington Libraries. Downloaded on July 9, 2009 at 15:01 from IEEE Xplore. Restrictions apply.



as expected, the sensitivity of P, to K (number of ac-
. tive users) is much less for the MMSE detector than
the matched filter. This is in accordance with the fact
that P, for MMSE detector converges to a constant for
sufficiently large K for given SN R and p. This fact
has important implications for the throughput of the
MMSE detector, since in (11), we may approximate
Py(K,SNR, p, L,) to be independent of K (while this
is strictly true only for K sufficiently large, the varia-
tions of P; for small K has neghglble effect as verified
by s1mulat10ns) leading to

S = Z K P,PIK] ~
K=1

Py(SNR,p,L,) G (12)
Thus the throughput S is a linear function of the of-
fered load GG with slope P;, which is determined by
SNR,pand Ly,

Throughput vs offered load curves for conventional
and MMSE receiver are plotted in Figs. 2-3 as function
of L,, p and SNR, respectively. First, we note that for
the matched filter, the S — G curve is qualitatively simi-
lar to Ge~C for narrowband S-ALOHA. Nevertheless,
the normalized peak throughput §/N (where N = 1
is the processing gain, assuming that the user codes
are M-sequences) for the matched filter can exceed
e~} = 0.36 (as for the p = 0.05 curve in Fig.2) at-
testing to some (but limited) multiple packet reception
capability - this is insufficient to overcome the inher-
ent bottlenecks (at high G) of the S-ALOHA protocol.
Also, the peak throughput for the matched filter is very
sensitive to SNR, p and L,. In contrast, the through-
put of the MMSE detector is linear with G' and outper-
forms the conventional detector for all G. Note in Fig.
3 that for SNR=12 dB, the slope of the MMSE detector
throughput is very nearly equal to unity, which is the
theoretical maximum.

To obtain the average delay for a given test packet,
the average probability of a successful packet trans-

mission in a slot as
o0

E K)P[K — 1]

Note that the averaging over K allows for dynamic
variations in the number of packet transmissions. The
probability that a packet is successfully transmitted af-
terd € {1,2,---} attempts (d — 1 unsuccessful trans-
missions followed by a successful transmission) is the
well-known geometric distribution

Pp(d) = (1-P,)*'P,

(13)

(14)
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from which the average delay (number of transmis-
sions prior to success) D is given by D = E_l. Note
that for the MMSE detector, since Ps(K) is approxi-
mately independent of K over the range of interest in
G, it follows that Py ~ P, 3"%_, P[K] = P, yielding
D = B,"' ~ P,~!. The results in Figs. 4,5 show
that while the matched filter delay again qualitatively
conforms to that of narrowband S-ALOHA (e©), that
for the MMSE detector is approximately constant.
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