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Introduction
Direct-sequence code-division multiple access (DS-CDMA or
simply CDMA) has been adopted in second- and third-gener-
ation cellular mobile standards. CDMA possesses many
attractive features such as dynamic channel sharing, mitigation
of cross-cell interference, asynchronous transmission, ease of
cell planning, and robustness against fading.

In a CDMA system, many users share the same transmis-
sion media so that signals from different users are superim-
posed, causing the multiple access interference (MAI)
problem. At the receiver side, it is necessary to separate the
mixed signals. Multi-user detection (MUD) is a technique to
improve performance by jointly processing the signals from all
of the users [1, 2]. However, the complexity related to MUD
has been a major concern for its practical application.

In this article we describe an interleave-division multiple
access (IDMA) scheme in which interleavers are employed as
the only means of user separation. As a special form of
CDMA, IDMA inherits the advantages of CDMA mentioned
earlier. Furthermore, it allows a low-complexity MUD tech-
nique applicable to systems with large numbers of users in
multipath channels. Performance close to theoretical limits
[3] has been observed based on an unequal power control
strategy.

Background
MUD and Complexity Considerations

The use of signature sequences for user separation is a char-
acteristic feature of conventional coded CDMA schemes [1,
2]. An illustrative CDMA scheme with K users is shown in
Fig. 1. Let k be the user index. Each user k is assigned a
unique signature sequence sk (with length S). The elements in
sk are commonly called chips. Data from user k is first encod-
ed by a rate-R binary forward error control (FEC) code fol-
lowed by interleaving. Here interleaving is mainly to alleviate
the fading effect. The spreader for user k then spreads a

coded bit to a chip sequence (i.e., it transmits either sk or –sk
to represent one bit). The spreading operation results in
redundancy (and thus bandwidth expansion) since a single
chip alone can carry one bit of information. The redundancy
from spreading is introduced mainly to distinguish different
users. From a coding theory point of view, however, this is not
a good choice since it introduces redundancy without coding
gain.1 We return to this issue later.

MUD is a promising technique for the MAI problem men-
tioned above. A good tutorial on noniterative MUD can be
found in [2]. Inspired by the success of turbo codes [4], itera-
tive MUD has been extensively studied in recent years [5–8].
The principle of iterative MUD is illustrated in the lower part
of Fig. 1. The received signal is first passed through K correla-
tors based on K signature sequences. This provides coarse ini-
tial estimates. The turbo processor in Fig. 1 then resolves the
residual cross-interference at the outputs of the correlators.

Two issues, FEC coding and MAI, must be considered
here. Finding a joint optimal solution is usually computation-
ally prohibitive. The turbo processor takes a suboptimal
approach by decomposing the task into two parts. It involves
an elementary multi-user detector (EMUD) and a bank of K
decoders (DECs). The EMUD partially resolves MAI without
considering FEC coding. The outputs of the EMUD are then
passed to the DECs for further refinement using the FEC
coding constraint. The DECs are based on the so-called soft-
in soft-out principle [4–9], and their outputs are fed back to
the EMUD to improve its estimates in the next iteration. This
iterative procedure is repeated a preset number of times (or
terminated if a certain stopping criterion is fulfilled). After
the final iteration, the DECs produce hard decisions on the
information bits.

In the turbo processor, each DEC handles the data for a
particular user only and ignores the others. Therefore, the
DEC complexity per user is independent of the user number
K. The task of the EMUD, on the other hand, is to find a
joint solution considering all users. The complexity involved
(mainly for solving a size K × K correlation matrix) is O(K2)
per user by the well-known iterative minimum mean square
error (MMSE) technique [7]. This can be a serious concern
when K is large. Hence, we focus on techniques to minimize
the EMUD cost below.

Theoretical Considerations
Besides the cost issue, there is also a theoretical one. It is
more difficult to achieve efficient information transmission in
a multiple access channel than in a single-user channel, mainly
due to the MAI problem. However, the discussions in [1, 3,
10] show that, at least theoretically, there is no penalty on
spectral efficiency with CDMA even when MAI is considered.
In [10] it is shown that channel capacity can be approached by
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1 Roughly speaking, coding gain refers to the reduction of the required
Eb/N0 to achieve the same performance as an uncoded scheme.
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devoting the entire bandwidth expansion to FEC coding and
removing spreading. This is a sensible strategy since spreading
introduces redundancy without coding gain. However, it is
spreading that makes the signals from different users separa-
ble in CDMA. Clearly, some structural change is necessary if
we want to make progress toward fully exploiting the available
capacity. The question is, how can we achieve user separation
within the CDMA framework without spreading?

Interleave-Division Multiple Access and
Iterative Chip-by-Chip MUD

Interleaving-Based Multiple Access Techniques

First, some background is in order. The theoretical aspects of
low-rate coded CDMA systems were studied in [10]. The use
of multiple access techniques based on code structures and
interleavers was studied in [5, 11] for narrowband systems. A
low-rate coded CDMA scheme using scramblers for user sep-
aration was discussed in [12]. A CDMA scheme with chip-
level interleavers and maximal ratio combining (MRC)
detection was introduced in [13] to treat intersymbol interfer-
ence (ISI). An IDMA principle was studied in [14] for high
performance and low receiver cost.

Figure 2 illustrates the IDMA principle incorporating the
work in [5, 11, 13, 14]. We can view Fig. 2 as a special case of
Fig. 1 when all signature sequences reduce to a single chip
(i.e., S = 1). Then spreaders and correlators become trivial
and thus can be removed. This view is helpful: the elementary
signal estimator (ESE) in Fig. 2 is in fact an extremely simpli-
fied version of the EMUD in Fig. 1.

For simplicity, we assume that all the encoders (with rate
R) are same in Fig. 2. The total system throughput is K × R

information bits per chip. (As a comparison, the system
throughput of the conventional CDMA in Fig. 1 is K × R/S.)
Interleavers remain the only means to distinguish the signals
from different users in Fig. 2. Each user is assigned a unique
sequence of interleaving indexes. It is a special form of
CDMA if we view each (uniquely) interleaved version of a
code as a different code. We focus on wideband applications.
The bandwidth expansion is entirely achieved by a low-rate
FEC code. This code can be a simple repetition code if our
goal is low cost, or a sophisticated turbo-type code [14] if our
goal is high coding gain. We can also employ a combination of
a repetition code (for bandwidth expansion) and a stronger
code (for coding gain), which provides a trade-off between
performance and complexity. Following the CDMA conven-
tion, we still call the elements in the transmitted sequences
chips.

Chip-by-Chip MUD in Channels Without Memory
Recall our observation that Fig. 2 is a special case of Fig. 1
when all signature sequences reduce to a single chip. Conse-
quently, the ESE in Fig. 2 works in a chip-by-chip manner.
For illustration, we first consider a fully synchronized channel
without memory. Let xk(j) be the jth chip transmitted by user
k and hk the channel coefficient for user k. We will assume
that all hk are known at the receiver. The received signal r(j)
is expressed as (after chip-matched filtering [2])

(1)

where n(j) is a noise sample. For a particular user k, we
rewrite Eq. 1 as

r(j) = hkzk(j) + ζk(j), (2)

r j h x j n jk k
k

K
( ) ( ) ( ),= +

=
∑

1

FIGURE 1. Conventional coded CDMA transmitters and an iterative MUD receiver.
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where ζk(j) is  the distortion (including both interference and
additive noise) contained in r(j) with respect to xk(j). The ESE
operations listed in Table 1 can be applied to estimate xk(j).
The principles are rather straightforward. The distortion com-
ponent ζk(j) in Eq. 2 is the summation of the received signals
from other K – 1 users (except user k) plus noise. Assume that
these signals are random and independent of each other.
Then according to the central limit theorem, ζk(j) can be
approximated by a Gaussian random variable for a large K.
Assume that the means and variances of all ζk(j) are available.
(We come back to this point later.) Let E(⋅) be the mathemat-
ical expectation. From Eq. 1, E(r(j)) in step 1 is the summa-
tion of E(hkxk(j)) over all k. From Eq. 2, E(xk(j)) in step 2 is
the difference between E(r(j)) and E(hkxk(j)). The variances
of r(j) and ζk(j) can be obtained similarly. Once the mean and
variance of ζk(j) are obtained, step 3 is straightforward follow-
ing the assumption that ζk(j) is Gaussian. (For detailed discus-
sion see [14]. Similar methods were also studied in [6, 13].)

The outputs of the ESE are noisy initially since they are
estimated using only one chip observation. An iterative tech-
nique is applied to improve the estimation. The global process
starts from the ESE. At the beginning, if no a priori informa-
tion is available, we set the means and variances of all of the
transmitted chips to zero and one, respectively. This simply
says that each chip takes +1 and -1 with equal probability
(assuming binary signaling over {+1, –1}). The ESE then pro-
duces coarse estimates as described above and delivers them
to the DECs. The DECs calculate (based on the FEC coding
constraint) the a posteriori probability (APP) of each transmit-

ted chip being +1 and –1 [4], and update its mean and vari-
ance [14], which are fed back to the ESE for the next itera-
tion.

The above iterative process heavily relies on the DECs to
provide improved APP estimation. Codes of relatively low
rate are necessary when K is large. Note that even simple rep-
etition codes (without any coding gain) can efficiently sup-
press the MAI induced distortion, which is related to the
processing gain [2]. However, if the FEC code is properly
designed to exploit the advantage of reduced rate, improved
coding gain comes as a bonus, which is vital if we want to con-
verge toward capacity.

The complexity of step 1 in Table 1 is very low, only involv-
ing a summation over all K users who share the results and
also the cost. The cost of step 1 per user is only several addi-
tions and multiplications. Steps 2 and 3 are very simple [14].
Overall, steps 1–3 together cost only several arithmetic opera-
tions per chip per user per iteration. No matrix operation is
necessary. The complexity is independent of K.

When K reduces, the Gaussian approximation for the
interference component becomes less valid, but then the ben-

FIGURE 2. IDMA transmitter and receiver structures.
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TABLE 1. The chip-by-chip ESE operations in a fully synchronized 
channel

Step 1. Estimate the mean and variance of r(j) using Eq. 1.
Step 2. Estimate the mean and variance of ξk(j) using Eq. 2.
Step 3. Estimate xk(j) based on r(j) using Eq. 2.
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efit of less interference generally offsets the problem due to
interference modeling.

Chip-by-Chip MUD in Channels with Memory and
Multiple Receive Antennas

We now proceed to consider MUD in channels with memory
due to multipath delay dispersion [13, 14]. Let a received sam-
ple be expressed using an L-tap model as

(3)

where hk,l is the lth channel coefficient for user k (correspond-
ing to a delay of l chip durations) and ζk,l(j) is the distortion
(including additive noise, interference from other users as well
as ISI from the same user) contained in r(j) with respect to
xk(j–l). The channel coefficients can be estimated using an
overall joint channel estimation/detection process, but we
omit the details in this article. We focus on detection below,
assuming that all hk,l are known at the receiver side.

Following a similar principle as that for Eq. 2, we evaluate
the mean and variance of the interference component ζk,l(j) in
Eq. 3. A partial estimate of xk(j – l) can then be generated
using r(j). Notice from Eq. 3 that due to multipath delay, each
transmitted chip will make a contribution to L received sam-
ples. Consequently, L estimates can be obtained for each
transmitted chip. These estimates, usually expressed as log-
likelihood ratios (LLRs), are combined using a simple sum-
mation. This is referred to as the LLR combining (LLRC)
method and can also be applied to systems with multiple
receive antennas [15]. The related computational complexity
is O(L) per user, regardless of user number K. A cost compar-
ison of different MUD methods is provided in Table 2. The
MMSE and MRC methods in Table 2 are discussed in [7, 13],
respectively, for CDMA systems. (For very large K, [7] dis-
cussed an alternative method with cost per user O((L+S)2).)
From Table 2, the LLRC method is advantageous when K is
large.

Examples
We first consider a simple example. We construct the FEC
code in Fig. 2 using a rate-1/2 convolutional code and a rate-
1/8 repetition code (i.e., repeating each convolutionally coded
bit eight times). The repetition coding can be viewed as a
form of spreading, except that all of the users use the same
sequence. The rate of the resulting FEC code is R = 1/16. For

each user, two interleavers are used to produce two chip
streams for in-phase and quadrature signaling. All of the
interleavers are generated independently and randomly.

Figure 3 shows the simulated performance of the above
system in quasi-static Rayleigh fading multipath channels with
different tap numbers and receive antenna numbers. The
LLRC technique is employed. The corresponding single-user
performance is also included for reference. System through-
puts are K × R = 3 b/chip for K = 48 and K × R = 6 b/chip
for K = 96. Even with such high throughputs, the system per-
formance is still close to the single-user performance at bit
error rate (BER) = 10–4. Note that the performance in Fig. 3
improves with L, indicating that the IDMA scheme can effi-
ciently exploit the advantage of path diversity [15].

By simulation, we observed that the MMSE algorithm [7]
for an equivalent CDMA system (constructed using an R =
1/2 convolutional code and length 8 signature sequences
according to Fig. 1) can achieve similar performance as
IDMA for relatively small K. It is difficult to conduct simula-
tions for large K due to the high complexity O(K2) involved.
Low complexity is the key advantage of the IDMA scheme in
this case.2 With the computational burden eased, we are now
able to demonstrate the full potential of the MUD technique,
such as supporting nearly 100 users with only moderate com-
puting power and a bandwidth expansion factor of merely 16.

Theoretically, the capacity of a random waveform CDMA
system is power limited, meaning that it is only limited by sig-
nal-to-noise ratio (SNR), and information rate can be
increased indefinitely provided SNR is sufficiently high [1, 3].
However, a practical CDMA system can be interference limit-
ed, meaning that increasing SNR may not improve system
performance once interference reaches a certain level due to
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FIGURE 3. The simulated performance of an IDMA scheme using a rate-
1/16 FEC code consisting of a rate-1/2 (23, 35) convolutional code and
a rate-1/8 repetition code. Iteration number = 10. Information length =
128/frame/user. Quasi-static Rayleigh fading multipath channels with
equal average power per tap. The (L, M) values are marked in the figure
with L the number of path taps and M the number of receive antennas.
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FIGURE 4. IDMA system throughput with different coding methods. (With
unequal power control, Eb/N0 values can be different for different users.
The abscissa above indicates the average Eb/N0 over all users.)
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2 The following factors should also be considered in complexity compari-
son. The IDMA approach has a slightly higher DEC complexity due to use
of the rate-1/8 repetition code. Also, although the ESE complexity is inde-
pendent of K, it increases linearly with bandwidth expansion factor 1/R.
Overall, the complexity advantage of IDMA is significant when K is large.
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too many simultaneous users [1–3, 15]. It has been shown in
[10] that unequal power control can be a potential solution to
this problem. The intuition here is that with unequal power
control, the detection for strong power users can converge
first and benefit weak power users (since then the interference
from the former to the latter can be cancelled). This strategy
is particularly effective for IDMA [14]. Figure 4 shows the
IDMA system throughputs vs. average Eb/N0 (at BER ≤ 10–4)
based on different codes. The curves in Fig. 4 are generated
using the so-called SNR evolution method [14], a fast tech-
nique to predict the performance of an IDMA receiver. We
have also conducted simulation to verify these curves [14].
From Fig. 4, the spectral efficiency of IDMA is indeed power
limited and can be quite close to that promised by informa-
tion theory. Also from Fig. 4, a good FEC code (e.g., the
turbo Hadamard code [14]) is essential in the low Eb/N0
region. However, simple codes can be sufficiently good in the
high Eb/N0 region. For example, at Eb/N0 = 15 dB, even repe-
tition coded IDMA can achieve a rate of about 6 b/chip, com-
pared to the capacity of approximately 8 b/chip. The relative
difference is only (8 – 6)/8 = 25 percent. The APP decoding
for a repetition code is extremely simple, involving only a
summation of the input LLR values. This observation of good
performance and low cost is quite striking.

Conclusions
In summary, we have outlined the basic principles of IDMA
and the accompanying chip-by-chip iterative MUD algorithms.
The schemes, although conceptually simple, offer very good
performance. We have shown in Fig. 3 that the chip-by-chip
detection algorithm can support a large number of users (e.g.,
nearly 100 users) in multipath environments. We have also
demonstrated in Fig. 4 that the IDMA scheme can achieve
performance close to theoretical limits. These features indi-
cate the potential application of the new scheme in future
wireless communication systems.
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