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Abstract— This paper provides comprehensive comparison of
the iterative multiuser detection techniques for code devision
multiple access (CDMA) and interleave division multiple access
(IDMA). We investigate the performance in various scenarios
such as user-asynchronism, multipath channels, near-far prob-
lem, and overloaded scenarios. We develop our system model
which is general enough to take inte account the above mentioned
scenarios as well as being capable of incorporating aspects
relevant to these access schemes. We provide formal descriptions
of both schemes using our system model that illuminates the sim-
ilarities and differences of the two different schemes. Computer
simulations are performed in a variety of scenarios. It is observed
that IDMA performs better than or as good as CDMA despite
its simplicity.

I. INTRODUCTION

In light of great success in turbo coding and decoding [1],
the iterative decoding approach (“turbo principle”) has been
applied in a wide variety of detection and decoding problems
such as equalizations and multiuser detections. Our focus in
this paper is a multiuser detection (MUD) which, together with
maximum a posteriori probability (MAP) decoder, iteratively
mitigates multiple access interference (MAI) and also inter
symbol interference (1S), if the channel is frequency selective.
MUD techniques have been intensively studied, especially
in the area of CDMA systems. In [2] an optimal iterative
MUD for synchronous CDMA has been derived. However, the
complexity of this method is prohibitive for medium to large
number of users. In [3] an iterative MUD for asynchronous
CDMA has been proposed. This MUD applies an instanta-
neous minimum mean square error (MMSE) filter which is
computed based on channel state information and a priori
information provided from the previous decoding stage. This
scheme realizes a good trade-off for the performance and its
complexity.

Yet another attractive multiple access scheme was recently
proposed. so called IDMA {4], [5]. In contrast to CDMA,
which separates users by user specific signatures or spreading
codes, distinct interleavers are the only means to separate
users for IDMA. The detection algorithm for IDMA requires
complexity significantly less than that of [3] for CDMA. The
performance reported, e.g. in [4]-[7], is surprisingly good
despite its simplicity. However, there has been no serious
comparison between CDMA and IDMA. We are particularly
interested in the performance for asynchronous communi-
cations (user asynchronous and multipath channel) and in
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near-far scenarios. These aspects are important for systems
where perfect synchronization and power control are difficult
to achieve or too costly. The uplink of cellular systems and
decentralized systems are a few examples. We will also inves-
tigate the bandwidth efficiency of both systems in overloaded
scenarios where the number of users exceeds the spreading
factor for CDMA.

Our investigation is based on [3] which provides us with a
useful system model for algorithm development. However, for
multipath channels it restricts us to use spreading codes which
are constant over symbols within every transmission frame
(cf. Section V.A. in [3]). Therefore, in Section II we start our
discussion with constructing our system model which can be
commonly used for CDMA with scrambling code capability
and also for IDMA. Then, we briefly review the iterative MUD
for CDMA in Section III. In Section IV we re-derive the
iterative MUD for IDMA in [8] using our system model in
a similar way in Section III in order to enlighten differences
and similarities of [DMA to CDMA. In Section V CDMA
and IDMA are compared by means of computer simulations
in various scenarios. This paper is summarized in Section VI.

Il. SYSTEM MODEL

We consider the discrete-time baseband system model illus-
trated for CDMA and IDMA in Fig. 1. Information bits by, =
[B:]0], ..., bk [Ny — 1]T € {0, 1} of user k, k=1,..., K,
are encoded by the rate R. convolutional channel encoder
which gives ¢, = [¢;[0],...,c,[Nec — 1]]T € {0,1}Ye coded
bits where ()T denotes transposition. For CDMA the coded
bits are interleaved by the interleaver II; whose outputs ¢ =
[ex[0], ..., ck[Ne — 1)]T are mapped to BPSK symbols sp =
[8%[0], - . ., s&[Ne = 1T € {+1, =1} -, which are then spread
by the spreading code uili] = [urold], ..., ukNe-1[i]]T €
{+1,—1}"u. Note that u[i] has the symbol index ¢ so that
it may vary over symbols within each frame. The spread
signals, i.e. chips, are multiplied with the scalar a; € R, which
controls the transmit power in order to simulate the near-far
scenarios. Before the signal @, = [zx[0],...,zx[N — 1]]T
(NN, = N) being transmitted to the channel, it is delayed
by the user specific delay 7, 7. where 1, denotes chip time
and 71 is a nonnegative integer. This delay accounts for user-
asynchronous scenarios.

For IDMA the output ¢}, from the convolutional encoder
is further encoded by the rate R, simple repetition code to
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get d, = [di[0],...,d,[N — 1])]T € {0,1}". Throughout
this paper we consider the same bandwidth efficiency for both
CDMA and IDMA using the same convolutional encoder that
means R, = 1/N, so that N = N./R;. The interleaver Il
permutes dj to get dy = [di[0],...,di[N — 1]]T which is
mapped to BPSK symbol s, = [s[0], ..., sx[N — 1]]T. Note
that the interleaver size is different for CDMA and IDMA
except for R, = Ny = 1 as long as the same bandwidth
efficiency is maintained. The BPSK symbols, or chips, sj, are
multiplied with a; and delayed by 747¢ in the same way as
CDMA. Then the signal @y, is transmitted over the channel.

The channel is modeled with the finite-length impulse
response filter Y ,* g ¢0[j — ¢] as illustrated in Fig. 2. The
channel has the normalized energy of Y ,*(E[g? ] = 1.
The coefficients gr, € R,VE,VE, are assumed to be time-
invariant and known to the receiver. The channel memory vy
is a nonnegative integer, and together with 7, the total delay
of user & becomes (1 + v )7.. We define the maximum total
delays plus one over all users as D, = maxg(7, + v, + 1)
and Dy = [(D. ~ 1)/Ny] + 1, in number of chips and in
symbols, respectively, where [e] rounds the argument to the
nearest larger integer. The received signal y[j] comprises of the
signals from K users propagated over the respective channel
and it is corrupted by the noise n[j] € R with the variance
072, = Np/2. The noise process is assumed to be independent
and identically distributed and independent of the data.

By denoting s[i] [s1fi], ..., sx[il]T € RX and the
effective channel HV[f] = [hgi)[(f], ooy hg? [4]] of dimension
N, x K, the received signal vector may be expressed as

D,-1
yli) = > HOOWsli - ¢ +nli], (1
=0

where 7[i] is the noise vector of dimension N,. Note that the
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spreading code is dependent on the symbol index 7, e.g. using
scrambling code for CDMA. The k-th column of H™[¢], i.e.
hg) [4]. can be determined from the discrete convolution

£ = apufi] * gj,s

where g, (0] . 9kor s Ghwis 0D, 1] T € RP:
takes into account the channel and delay of user & and uj[i] =
[wr ], OEH( po—1) T € RNuPx the spreading code of user & for
symbol ¢ where 0; denotes zero vector of dimension 4. Then,
hg) [4] is defined as

WO = (71N + 1 £+ DN
By defining the symbol vector
s=[s"i-Ds+1],...,8T[],..., s [i + Ds — 1]]7,
of dimension K(2D, — 1), and the channel matrix

HO-PHD[p, —1]-.. HO[)

H=

¥

HY D, - 1]--- HFP-Dq)

of dimension N, Ds x K(2Ds — 1), the received signal vector

of dimension N, D can be concisely expressed as follows

y=Hs+n, 2

where n = [i),...,n"[i + Dy — 1]]T € RMDs,

Note that the above development is also applicable for
IDMA by replacing the symbol index i with the chip index
J, and setting N, = 1 and u[j] = 1. Since symbol is
equivalent to chip for IDMA, the symbol delay is equal to
the chip delay, i.e. Ds = D.. Because there is no spreading
for IDMA, the effective channel is constant over chips, i.e.
there is no dependency of the effective channel on the chip
index j. The received signal vector in (1) may be written as
ylj] = &0—1 Ht)s[j — €] +nlj] and the effective channel
matrix H can be found accordingly.
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1. ITERATIVE MULTIUSER DETECTION FOR CDMA

We briefly review the iterative multiuser detection for
CDMA based on MMSE filter proposed in [3]. The receiver
structure of the iterative detection for CDMA is illustrated in
Fig. 3. The MUD computes a posteriori log-likelihood ratio
(LLR) L (ck[2]) about the coded bits ¢ [z] based on its inputs
of the received signal y and a priori LLR L® (cx[d]) from the
decoder that is initialized to be zero before any iteration. The
a posteriori LLR is calculated as

P{elil =0y}

LP(eli]) = IOgI—’Tk—i]—:—_ll—y
P{y fckm :oi P{exli] = 0}
= log =——~————= +l0g —i—r.
BPlylal=1) " Plall=1)
L) (erfi]) L& (er )

The extrinsic LLR L& (ck[é]) is sent to the decoder after
it is deinterleaved by kal. Since the exact computation
of Lge)(ck[i]) is too complex, an approximated equivalent
channel model is considered as,

ze[2] = prld)sili] + Celd],

where z;[¢] is to be computed from ¢ and L (ck[d]). That is
explained in the next paragraph. Let us assume, for a moment,
that 2[i] is given and also that Ck[i] ~ N(0,07,p;)), then the

computation of L {ck]i]) is greatly simplified to

Pzl | seli] = +1)
P {z[i] | seli] = -1}
N (3)
Tl

where the second line is obtained by using Gaussian prob-
ability density function. The value of Lge)(ck[i]) is merely
determined by z[¢], its mean py[é], and variance ng i

The computation of zi[¢] is done in two steps: soft inter-
ference cancellation and MMSE filtering. By defining the soft
symbol vector 3[¢] = [51[d], ..., 5k [f]]T and

5=[8T-Ds+1],...,37],...,3T i+ D, — 1]]T, @

LO (i) =~ log

the soft interference cancellation for ¢-th symbol of user & is
performed as

Yy lil = y — H(8 — 3kliles),

978-3-8007-2909-8/05/$20.00 ©2005 IEEE

AT CANID L, L)
yUll =9 oliny
-
2 < l_[ <@ — VA
a . k ‘(c LR C N
L9 SN L)
L™, [i])
for K users % —-—-———b‘
L) | 2
Lc, LiD)

Fig. 4. Receiver structure of iterative detection for IDMA.

where e, is the x-th column of identity matrix of dimension
K(2Dg — 1) and £k = (D — 1)K + k. The soft symbol is
calculated from the a priori LLR for ¢i[i] that reads as

5kli) = tanh{ L™ (¢x[d])/2}). (5

This well-known result can be easily obtained by solv-

ing ufi] = ¥, _yq s 5P {skli] = 55} and L™ (efi]) =
log }Iz{z’; :;fﬁ for 3;[7]. The second step is to apply MMSE
filter that is

zfi] = wi [ily, [,

where wy[¢] is computed from the following optimization:

I

a‘f,rﬁ]in E[(sgli] — wi [iy,[))’]

R

-1
N OLEMGENOR
where
K R ~2 N )
Ry, = Bl iyl = HUI -8 +5}{ileeD)H” +521,
Ty liscl]) = Elygliselil] = He,,

and § = diag{5}. What remains is the computation of mean
and variance of z¢[i] which reads as

pli] = Elze[dsklil] = 7 o0 Ry g unlilsnlils
oty = Bl(ak[i] — palilsri])?] = mld] — i f8]-

Then the extrinsic LLR LS (ci[i]) can be calculated from (3)
for N, coded bits of K users. The MAP decoder is a standard
function (e.g. [9]) which we do not describe in this paper.

IV. ITERATIVE MULTIUSER DETECTION FOR IDMA

The multiuser detection for IDMA can be found, e.g. in [8].
Here, we re-formulate it following the development for CDMA
in the previous section in order to show its difference and
similarity to CDMA. The receiver structure of the iterative
detection for IDMA is illustrated in Fig. 4. As for CDMA, the
MUD for IDMA computes a posteriori LLR L (dx[7]) about
the coded bits dy[j] based on its inputs of the received signal y
and a priori LLR L® (d;[j]) from the decoder. The extrinsic
LLR L& (dy[j]), which is given by subtracting L™ (dy[j])
from L.(sp)(dk[j]), is defined as Lge)(dk 7)) = log %—%";ﬁ%{-ﬁ%.
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Since its direct computation is too complex, an approximated
equivalent channel model is considered as

0] = 1 (suls]) + O,

for each delay component 0 < ¢ < 1. Then the following
approximation analogous to rake combiner is applied,

tog A Ll = +1)
Ply sl =1}

o P{001 | sali) = +1}
le/iop{’( U1 skl ——1}
RS IR

2 {J")mmu -1}
2 13)2 ]

= Z—— (6)
=0 oy

L (dg[j])

Q

£=0

where we assumed C,(f)b] N(0,0? &, ]) to get the last line.
If we denote Lge)(dff) ) = (e) L}]M(e) [J]/U Wy then

LO(d[j]) ~ ZL“’)(d(“’un

£=0

Its rake-like approximation is clearly seen.
In contrast to MMSE filtering for CDMA, IDMA applies
only the soft interference cancellation to get z,(f) [4]:

Yulil = y — H(5 - 5i[jle),
2 1] = eTyelil,

where ¢ = 7, + £+ 1 takes into account the user delay, H has
dimension D x (2D, —1)K and x = (D.— 1)K +k. The soft
symbol 3x[j] and vector 3 are defined in the same way as (4)
where ¢ and D; are replaced by j and D, respectively. Each
soft symbol is calculated from the a priori LLR like in (5) as
Sk[j] = tanh{L(a)(dkL]] )/2}. By defining

NZE ejej7

D

j#s
the received signal y can be expressed as
y = H(A,+e.el)s+n ®)
= Heysi[j]+ HAws + 1,

because A, +eqel = I and e} s = s;[j]. The first component
of (8) is the desired signal with the respective channel and the
second one represents MAI and IS[. The third component is
the noise term. From (7) and (8), 4,(6 )[]] is rewritten as

o). ) S rs
s U] = el Hey silj] + el H(Axs = 3+ 5iljles) + .
——
w1 GOl
Therefore p( )[]] is the f-th channel coefficient of user k.

(j [ j] comprises of the noise and the soft estimation error
of MAI and ISl. Using this expression and based on the
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assumption of Q,(f) [7] ~ NY(O, UZ“’{J’])’ the variance can be
computed as :
2 &2 T 2

where § = diag{3}. One can confirm that the results are
essentially equivalent to Eqns. (9) and (10) in [8]. However,
the relation to the MMSE approach for CDMA in the previous
section can be more clearly seen with our results. From these
results the extrinsic LLR L (dy.[5]) can be computed from (6)
for N coded bits of K users. Lge)(dk[j]) is deinterleaved by
;! to get Lga)(d;C [7]) which is then de-multiplexed to every
1/R; elements and summed up to end up with Lga)(c;z[i]).
The output from MAP decoder, L® {c}.[£]), is repeated at rate
R;, subtracted by Lga)(d’k[j]) to get L(e)(dfc[j]), and finally
sent to MUD after interleaved by IT;.

V. SIMULATION RESULTS

In this section we illustrate the performance of the iterative
MUDs for CDMA and IDMA in various scenarios. Infor-
mation bits of frame length Ny, = 128 are encoded by the
rate R; = 1/2 memory 4 standard convolutional code with
generator polynomial 23, 35]5. The trellis of the convolutional
encoder is terminated that requires 4 termination bits, resulting
in 264 coded bits. For IDMA the coded bits are further
encoded by the rate R, = 1/4 simple repetition code that gives
1056 coded bits. Therefore, the size of the interleaver II;, is
accordingly determined to be 264 and 1056 for CDMA and
IDMA, respectively. The multiple interleavers are randomly
generated from uniform distribution. The interleavers for ail
users are newly generated for each transmission frame and
are independent of each other. Note that the user-independent
interleavers are used for both IDMA and CDMA. The user
spreading code for CDMA is constructed from a short code,
which is multiplied with a long code if a scrambling code
is applied. The user distinct short codes of spreading factor
Ny = 4 are taken from orthogonal variable spreading factor
(OVSF) codes (or Hadamard codes) for K = 4. The long code
is taken from the uplink long scrambling sequence defined in
the UMTS standard specification [10]. We evaluate CDMA
both with and without the scrambling sequence.

Fig. 5 shows the BER performance of CDMA with/without
scrambling code and IDMA on AWGN channel where K = 4
users are asynchronous with the user specific delays of 7, =
k—1fork =1,2,3,4. The BER in this figure is averaged over
4 users and plotted for two cases: before any iteration and after
8 iterations. The performance without iteration can be regarded
as the conventional non-iterative detector’s performance. The
single user performance is also plotted for the comparison.
Without iteration the performance for all schemes is poor. Note
that without iteration IDMA does not apply any interference
cancellation because the soft interference cancellation is inac-
tive (no a priori information from the decoder) while CDMA
applies MMSE equalizer which mitigates the interference.
Therefore, the performance of CDMA is much better than
that of IDMA without any iteration. Although CDMA with
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Fig. 6. BER performance of CDMA with/without scrambling code and IDMA
on multipath channel (v, = 7, Vk, uniform power delay profile). K = 4
users are synchronous (1 = 0, Vk).

scrambling code performs best amongst all, it is still far
from the single user bound. Even those small amounts of
user asynchronism (maximum of 3 chips out of the frame
length of 1056 chips) break the orthogonality of users for
CDMA on the perfectly synchronous AWGN channel (no ISI).
The performance of all the schemes, however, approaches the
single user bound after 8 iterations. IDMA performs best in
spite of the least amount of computational efforts required at
the receiver.

Fig. 6 illustrates the BER performance on multipath channel
with the setting similar to the previous scenario. The channel
delay is set as v, = 7 for all K = 4 users. The channel
taps are generated from zero mean Gaussian distribution with
uniform power delay profile, i.e. E[gf ] = 1/(vx +1) = 1/8.
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AWGN user-asynchronous channel (7, = &—1 for & = 1,2, 3,4) for CDMA
with/without scrambling code and IDMA. 2 users use 3 dB higher transmit
power than the other 2 users.

We assume quasi static channel and ideal channel estimation
at the receiver. All users transmit their data synchronously
(v = 0 Vk). Plotted is the performance averaged over all
users after 8 iterations. The performance of IDMA and CDMA
with scrambling code converges to the single user bound. The
performance of CDMA without the scrambling code is about
2 dB worse.

Next, we consider near-far scenarios where 2 users use
transmit power which is 3 dB higher than the other 2 users
(a1 = ay = 1,a3 = ag = 107%/20), The BER performance
of the strong and weak users on AWGN user-asynchronous
channel (1, = k — 1 for £ = 1,2, 3,4) is illustrated in Fig. 7.
The BERs before and after 8 iterations are plotted over Ey,/Np.
The single user performance is plotted for the comparison as
well. It is well known that conventional non-iterative detection
for multiple access schemes of CDMA-type experiences the
near-far problem when the transmit power control is not
performed. That can be clearly observed from the figure.
The weak user heavily suffers from strong user’s signal and
the performance degrades severely. The performance of all
the schemes drastically improves iteration by iteration and
it approaches the single user bound. The iterative detection
brings more benefits to the weak user than to the strong user
because after every iteration the strong uset’s signal can be
detected more reliably, and therefore can be cancelled out from
the weak user’s signal (soft interference cancellation) with low
probability of error.

Fig. 8 shows the BER performance of the strong and
weak users on multipath channel in the near-far scenario. The
channel parameters are the same as described for Fig. 6. The
transmit power for the first and second users is 3 dB higher
than that for the third and fourth users. Similar to AWGN
channel, the performance approaches the single user bound
after 8 iterations and the weak users get more benefit than the
strong users by the iterative detection.
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Fig. 9. BER performance of IDMA and PN CDMA on AWGN user-

asynchronous channel (7, = k — 1, V&) in overloaded scenarios (K =
6,8> Ny, =1/R; = 4).

From the simulation results illustrated so far, we observed
that in fully loaded scenarios (K = N, = 1/R, = 4) IDMA
performs as good as or even slightly better than CDMA, which
uses orthogonal short codes with/without long scrambling
sequence. Note again that we use user-independent interleavers
also for CDMA. We also compare both schemes in overloaded
scenarios where the number of users exceeds the spreading
factor or the repetition code length (K = 6,8 > N, =
1/ R, = 4). For the overloaded scenario we apply the common
sign-alternating code [+1,—1,+1, —1] for all users as the
short code and the user-distinct UMTS uplink long scrambling
sequences as the long code. Fig. 9 shows the performance of
IDMA and random code or pseudo noise code CDMA (PN
CDMA) on AWGN user-asynchronous channel. The BER is
averaged over all equal power users. It can be seen that the
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performance still approaches the single user bound for A" = 6
users after 8 iterations for both IDMA and PN CDMA. IDMA
performs slightly better than PN CDMA, but the difference is
marginal. The difference becomes more pronounced for A = 8
users, which is twice as large as the spreading factor and
repetition code length: Ny, = 1/R, = 4. The performance
degradation of PN CDMA against IDMA at BER=10"% after
10 iterations is about 2 dB. The performance does not further
improve after 10 iterations.

VI. SUMMARY

We started our investigation with constructing our system
model which is capable of using scrambling code for CDMA
and also incorporating our main interests such as user asychro-
nism, near-far scenario, and frequency selectivity of the chan-
nel in a convenient way. Using the system model the iterative
MUD for CDMA applying the instantancous MMSE filtering
was briefly reviewed. Then, we re-derived the iterative MUD
for IDMA in a similary way of the development for CDMA.
By doing so, the similarity and difference between CDMA
and IDMA were illuminated. We evaluated both techniques
by means of computer simulations in various scenarios such
as user asynchronism, multipath channel, near-far problem,
and overloaded systems. In all the scenarios we evaluated,
IDMA performs better than or as good as CDMA despite its
stmplicity.
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