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Abstract—In this paper, the capacity region of Low Density we derive the information-theoretic capacity of LDS structure.
Signature Multiple Access Channel (LDS-MAC) is calculated The simulation results for different LDS characteristics are

through information theoretic analysis..LDS Code Division Multi- presented in section IV. Conclusions are drawn in section V.
ple Access (LDS-CDMA) uses spreading sequences of low densit

for spreading the data symbols in time domain. This technique
benefits from a less complex Multiuser Detector (MUD) compared
to conventional CDMA with optimum MUD; while keeping the

performance close to the single user scenario for up to 200%
loaded conditions. Also evaluated is the effect of different factors

Il. LDS SCHEME SYSTEM MODEL

In LDS scheme, the low density spreading sequences are
assigned uniquely to each user and are fully transparent to

on the capacity of LDS MAC. the receiver. So each user is intentionally arranged to spread
its data over a small number of chips and then zero padding
Index Terms—Capacity, Low density signature. is done such that the processing gain stays the same as
conventional CDMA systems. We focus on an LDS-CDMA
|. INTRODUCTION system with K users and user indicds= 1, ..., K and the

. . , ) ~multi access memoryless channel with probability transitions
In multiuser de_tectlon _the_op'umum maximunposteriori p(y|z1, .., z5). Input distributionp(z1)p(zs)...p(zx) is con-
(MAP) and Maximum Likelihood Multiuser Detectors (ML gigered independent.

MUDs) [1], [2], [3] are capable of achieving the optimum | o density codebook with density factor< ¢ < 1 is
BER performance tha'F is close to the_ single-user _BER bou']fenerated using the following steps.

However, the complexity of these optimum MUDs is exponen-
tially proportional to the number of users supported, which
becomes extreme even when a moderate number of users
are considered. Consequently, the application of the optimum
MUDs in practice is limited.

Spreading sequences of the low-density type (containing
many zeros) were theoretically presented in [4] for the pur- )
pose of allowing low-complexity multiuser detection. These
sequences, when designed in accordance with suitable ruleg)
[5] allow application of a belief-propagation algorithm at the
receiver. This was shown to result in promising performance ) .
for overloaded systems; i.e. systems with more spreading the none zero components of coq_ewords will appear in
sequences than chips; and for Binary Phase Shift Keying St = {mk (1), m(2), ..., m(v)} positions.

(BPSK) modulated data in [6]. Recently, Low-Density Sig- Leét P = {mi,m2,..,mx} denote the set of all users’
nature (LDS) Structure complemented with more-affordabigterleavers. For a given time instande= 1,...,N; let
MAP-based Chip-Level iterated (CLi) MUD has been showff; denote the set of users active at this time instance,
to achieve performance very close to single-user even i& Ki = {k € K :i€ Q}. For any subsetS C K of
200% overloaded condition [6], [7]. The LDS structure can bésers, we further defin€2(S) as the ordered set of time
captured by a low density graph thus the detection of differeifstances that users &f are only active at that time, i.e.
users’ symbols could be based on Message Passing AlgoritfthS) = {i = 1,..., N : S = K;}. For a fixed density factof
(MPA) presented in [6] for LDS-CDMA systems. as the overall codeword length approaches infinity, the length

In this contribution we investigate the information-theoretief the full density part will also approach to infinity. We can
capacity of LDS structure for uplink CDMA systems. Furtherextend the joint typicality definition to low density codewords
more; using the calculated rate region, the effect of densfdy applying the original definition over the support s&265)
factor and maximum number of allowed users per chip dar everyS C K.
the capacity of LDS MAC is investigated using Monte carlo For time varying fading MAC we will have [8]:
simulations. K

The rest of the paper is outlined as follows: Sectio_n Il Y (i) = ZHk(i)Xk(i) + Z(i), 1)
presents the system architecture for LDS scheme. In section IlI =1

1) Full density codebook generation: Generate the set of
full density codewords (signatures) with length= ( NV
where N is the number of total chips or the length of
the low density codewords for each ugeaccording to

its distributionp(zy,).

Zero padding: AddN — v zeros at the end of each
codeword.

Interleaving: For each user randomly choose an inter-
leaving patternm, = {mx(1), 7x(2),...,m(N)} and
interleave the zero-padded codewords of the user. Thus



wherei is the time index, X (i) and Hy (¢) are the transmitted of being 1 equal ta. Therefore the rate region will be:
symbol and the fading process of userrespectively, and

Z (i) is white Gaussian noise with variané,. So for LDS _
structure Eq.(1) can be modified as: {(Rl’ - Ri) : R(S) < Bamr {log <1+
2
Y(i) = Y Heli)Xi(i) + Z(0). ) Dres @ [Hl" Pe/CN ] o (.. xk1b 6
he ks, N() ) = ) )
Il CAPACITY REGION OFLDS MAC wherea = (ay,...,ax) € {0,1}" with Bernoulli compo-

We shall now focus on the scenario of interest in this pap&?nts W|th_prpb§1b|hg(. S
Bernoulli distribution of users’ activity allows any number

where the channels are time-varying due to the motion of th o b fve i : bol. In thi d I
users. When the receiver can perfectly track the channel glusers to be active in a given symbol. In this regard, we ca

the transmitters don’t have such information. So the codewoﬁ@3 enls.er,?btlﬁ of theb gen(:ratetq LDS CO(:GS[B%IK(C,It(h)-
can not be selected as a function of the state of the chan eYVFT‘f. imi t? nur: elr(othac ";ﬁ USErs it Od SDSSS il %n a
but the decoding is able to use such information. The capac ecific numbers < K, then the resulte will be

region of time varying fading MAC is known (Gallager [9],C lled LDSk (€, £). Th_e rate reg_ion St".l wil hav_e t_he same
Shamai and Wyner [10]) and given by: form as above equation, but with a different distribution for

activity vectora. the original i.i.d Bernoulli distribution of the
components of this vector will imply:

pla; ¢ K) = [ ¢ -¢' . 7

Yres [Hil” Py k1

No The distribution forLDSk (¢, &) takes the following form:

stationary distribution of the joint fading processes.

Now, the rate region of time varying fading LDS MAC can
be derived by defining an equivalent LDS chann@);(i) = (8)
ar,;Hr (i) wherea; , denotes the activity of uset at time
i, specificallyay, ; will be equal to one ifk € K; otherwise

where H = (Hy,...,Hg) is a random vector having the ﬂHszl ¢or (1 — ), ZkK:lak <¢
p(a;6,€) = 0, otherwise

where is a normalizing factor and is expressed as follows:

it will be zero. The rate region of fading LDS MAC will be £ /K -1
similar to original fading MAC but with the original channel B = <Z ( )gd (1- g)Kd> . 9)
replaced with LDS equivalent channel: d=0 d

Clearly having a symbol with no active user is a waist of
(Ri,...,Rk): R(S) <Eg {log (IJr channel. We can further restrict. the LDS'ense'mbIe tolthose
that have at least one user active at a given time. This will
-2 . result in the expurgated scheri®Sk (¢, ™) with following
> kes ‘Hk‘ Py activity vector distribution:

NSC{l,....K}S (&)
No >} { }} p(a;¢,&7) =

As for a proportion of time users are silent, their transmit BH e ¢ (1= %, 0<Yh jap <€
power denoted by?, will be larger than their transmit power

P, : P,/¢. More specifically, for a fixed interleaving pattern

and thus a fixed LDS structure, the above rate region can be (10)
expressed as follows: 1

£
where gt = (Z (5)(‘1 (1- C)K_d> . (11)

d=1

0, otherwise

{(Rl,...,RK) :R(S) < %ZEH {log (1+
i=1 It is noticeable that by introducing the constraint of maximum
Y kes Ok, |H,,|? By number of active users at a specific time instance, the density
No )} VSl factor ¢ would diverge from its initial valu&, according to
number of active users (d). Tljecan be calculated as follows:
Now if we consider the ensemble of LDS schemes over all ¢
possible interleaving patterns, the activity parameter a will be ¢ = Zp (d) ¢ (d), (12)
independent and takes Bernoulli distribution with probability =




p(d)=<

K
d

) 1-¢) ¢t & ¢@) =

d

?7

(13)

3
= <=Z(§)c€(1—<o>“ﬁ+§. (14)
d=1

By plugging density factot from Eq. (14) into Eq. (6) we
obtain the capacity region of LDS MAC.

IV. NUMERICAL RESULTS

In this section, we present the simulation results for botl
MAC and LDS MAC systems. The simulation is carried out
for a system with 20 users. the Weighted Sum Rate (WSF
is calculated for LDS fading MAC by averaging over fading
process through Monte Carlo simulation. The results for MAC
are calculated using Eqg. (3) for 20 users.

Fig. 1 shows the comparison between the WSR of MAC an
LDS MAC for different density factors and maximum number
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of users allowed per Chip. As EXpeCteq th.ere is a gap betV\.qudj 1. Weighted sum rate for different density factors and maximum number
the curve for MAC and LDS MAC, which is the penalty paicbf allowed users per chip.

for reducing the complexity of multiuser detector compared to
successive decoding for achieving the points on the boundan
of MAC capacity region. It is noticeable that for LDS systems
increasing¢ and reducing the maximum number of allowed
users at each time instance will result in higher WSR.

Using LDS structure the complexity order of the MUD will
reduce from number of total users’ to the maximum number
of allowed users per chip as shown in Fig. 2 This figure
shows that by reducing the density factor, the computational
complexity of MUD for LDS systems decreases significantly.

V. CONCLUSIONS

The capacity region of LDS MAC is calculated using
information theoretic analysis. It is shown that using LDS as
a multiple access technique will reduce the capacity compare(
to MAC with successive decoding, but this can be interpreted
as the price paid for reducing the complexity of receiver.
Furthermore the simulation results show how the capacity is
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changed according to density factor and maximum number f@§. 2. Complexity of MUD for MAC in comparison with LDS with different
users at each time instance. As expected as the density faéfgpity factors.

is increased, the capacity approaches to that of MAC.
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