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ABSTRACT

In this paper we utilize extrinsic information transfer (EXIT)
chart analysis with unequal user power levels in a coded direct-
sequence code-division multiple-access (DS-CDMA) multiuser
receiver to derive a dynamic decoding schedule. Conven-
tional receivers generally follow a static predetermined de-
coding schedule. However, decoding delay and complexity
can be significantly reduced while maintaining BER perfor-
mance through a dynamic decoding schedule optimized for a
given load and transmit power configuration. Verified through
simulations, we show that complexity savings of up to 50%
can be achieved. We also derive the effective EXIT charts
which can be used for the convergence analysis and perfor-
mance predictions of unequal power CDMA systems.

1. INTRODUCTION

Predicting the performance of a code-division multiple-access
(CDMA) system with turbo coding is computationally de-
manding even for a small number of users. Extrinsic infor-
mation transfer (EXIT) chart analysis has been successfully
used for describing and visualizing the convergence behavior
without the need for simulations. However, most EXIT chart
analysis of coded CDMA has focused on the fixed-schedule
equal power case [1, 2]. Caireet al used density evolution to
optimise transmit power in an unequal power CDMA system
in [3]. Variance transfer charts were used for analysis of un-
equal power coded CDMA in [4]. We consider an EXIT chart
analysis of a turbo coded CDMA system with users transmit-
ting at arbitrary power levels.

Iterative multiuser detection (IMUD) significantly reduces
multiple access interference (MAI). Conventional IMUD re-
ceivers follow a fixed (static) decoding schedule, which can
be inefficient since it potentially adds more complexity and
delay to the iterative decoding process than necessary. In [5]
a technique for deriving the optimal schedule for decoding
of an arbitrary number of concatenated codes is described.

The method utilizes a trellis-based approach with a modi-
fied Viterbi search algorithm to find the decoding schedule to
achieve convergence with the minimum total decoding com-
plexity or number of decoder iterations. We use the results
in [4] and [6] to derive the EXIT charts for an unequal power
IMUD receiver and the algorithm in [5] to dynamically find
the schedule which achieves a target (otherwise lowest possi-
ble) BER with the lowest decoding complexity. While [5] op-
timises the activation schedule for a single-user system with
multiple concatenated codes, we derive the optimal sched-
ule for multiple users with identical turbo codes and arbitrary
power levels.

2. SYSTEM DESCRIPTION

Consider a CDMA system in which there areK users gener-
ating binary information sequences which are turbo encoded,
interleaved and mapped onto BPSK symbols before being
spread byK unique direct sequence spreaders. The turbo
code is 3GPP compliant, common for all users and consists of
symmetric parallel concatenated 8-state convolutional codes
with generator polynomial(Gr, G) = (015, 013). The trel-
lis is terminated in the encoders and the overall code rate is
R = 1/3 (no puncturing) and information block lengths range
from 1296 up to 3856 bits [7].

The IMUD receiver consists of an interference canceller
(IC) andK turbo decoders (TDs) as shown in Fig. 1 and was
first described for convolutional codes in [8]. See [9] for a
good description of the turbo decoder. The interference can-
celler takes channel valuesY and a priori input aIC

k (from
each of theK usersk = 1, 2, . . . , K) and outputs extrinsic
information (on the coded bits for each user)EIC

k which is
de-interleaved and becomes thea priori input ATD

k to the TD
for userk. On the first iteration of the receiver thea priori
input to the interference canceller is zero. Each of theK TDs
outputs extrinsic information (on the coded bits)ETD

k anda
posteriorioutput (on the information bits)DTD

k . ETD
k is inter-
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Fig. 1. IMUD receiver with interference canceller and turbo
decoders.

leaved and converted to soft bitsaIC
k = tanh(ETD

k /2). Hard
decisions are made onDTD

k .

3. EXIT CHART ANALYSIS

3.1. EXIT Function

For the equal power case the EXIT function for an interfer-
ence canceller is a function of thea priori input mutual in-
formation,I IC

A , and the channel signal-to-noise ratio (SNR),
Eb/N0. The average extrinsic mutual information from the
IC can therefore be described as

I IC
E = Tmud(I IC

A , Eb/N0).

For the turbo decode TD the average extrinsic mutual infor-
mation is a function of only the mutual information of thea
priori input,ITD

A ,

ITD
E = Tdec(ITD

A ).

In an unequal power CDMA system the users are grouped ac-
cording to their power level. We assume all users within a
power group are essentially identical and we therefore con-
sider each group as a (virtual) single user. For convergence
analysis, the traditional EXIT charts need to be adjusted to
reflect the behavior of the system under the unequal power
conditions.

3.2. Effective EXIT Function

Consider a CDMA system withL groups of different power
levels. DefineK = [K1,K2, ...KL] andP = [P1, P2, ..., PL],

whereKk andPk are the number of users in the group and
their transmission power, respectively, fork = 1, 2, . . . , L.
Using the results in [4] and [6], we deriveeffectiveEXIT
functions. For the interference canceller, theeffectiveEXIT
function is

I IC
E,eff = J




√√√√ 4(
1− T−1

(
I IC
A,eff

))
Keff−1

N + N0
2RPref


 (1)

whereJ(· ) is theJ function from [9], I IC
A,eff is the effective

prior mutual information for the IC,Keff = 1
Pref

∑L
k=1 KkPk

is the effective number of users,Pref is some arbitrary refer-
ence power level, N is the processing gain,R is the code rate
andN0 is the noise spectral density.

We generate the EXIT chart for the TD using Monte Carlo
simulation. TheeffectiveEXIT function for groupk is then

ITD
E,k = Tdec

(
J

(√
Pk

Pref
J−1

(
ITD
A,eff

)
))

, (2)

whereITD
A,eff = I IC

E,eff is the effective prior mutual information
for the TDs. The effective symbol varianceσ2

d,eff is the sum
of symbol variancesσ2

d,k scaled by the factor [4]

α∗k =
KkPk

KeffPref
.

Using the expression derived in [6], describing the relation-
ship between symbol variance and mutual information,

I ≈ 0.74(1− σ2
d) + 0.26(1− σ2

d)2, (3)

σ2
d,k ≈ 2.42−

√
2.03 +

ITD
E,k

0.26
, (4)

we get an expression for theeffectivemutual information for
the extrinsic output of theK TDs

ITD
E,eff = 0.74


1−

L∑

k=1

α∗k


2.42−

√
2.03 +

ITD
E,k

0.26







+0.26


1−

L∑

k=1

α∗k


2.42−

√
2.03 +

ITD
E,k

0.26







2

. (5)

Fig. 2 shows the EXIT characteristics from (2) after 6 itera-
tions of the 3GPP compliant turbo decode TD for two groups
whereP2 = 2P1 andPref = P1, along with theeffectiveEXIT
curve in (5). We see that the EXIT curve for Group 2 is not
simply an affine copy of that for Group 1 as it is in a variance
transfer chart [4] since mutual information is not a linear func-
tion of variance. The IMUD receiver EXIT chart is shown in
Fig. 3 for a loading ofK = [20, 20], spreading gainN = 40,
powerP = [1, 2] at Eb/N0 = 1.15 dB (whereEb = Pref).
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Fig. 2. EXIT chart for two user groups with a 3dB power dif-
ference together with the corresponding effective EXIT chart.
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The effective number of users isKeff = 60 and this example
system is used for all simulations in this paper. We define a
decoder iteration as an iteration in the TD and a receiver itera-
tion as an iteration between the interference canceller and the
TDs. The predicted (squares) and simulated (triangles) trajec-
tories are also shown in Fig. 3 for a static activation schedule
with 4 receiver iterations, each running 6 TD iterations. We
see that the simulation quite closely matches the EXIT chart
analysis.

4. OPTIMAL SCHEDULING

The decoding complexity and delay are important practical
considerations for the design of an IMUD receiver. There-
fore, the optimal receiver decoding schedule is of interest. In
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Fig. 4. Decoding trellis for two groups.

[5] the optimal scheduling for multiple concatenated codes is
described. We extend this to the unequal power CDMA re-
ceiver, which is similar to a receiver for parallel concatenated
codes in [5] with the difference that iterating between the TDs
of different groups yields no gain in mutual information. This
does not actually affect the derivation of the optimal schedule
and the procedure applied in [5] can be used in the unequal
power CDMA case.

In a conventional IMUD receiver decoding follows a fixed
schedule.The optimisation algorithm described in [5] can be
used to optimise the decoding schedule such that the decod-
ing complexity and delay are minimized while a bit-error-rate
(BER) performance is maintained. The algorithm is described
below and utilizes a trellis and a modified Viterbi algorithm
using mutual information as path metrics to predict the decod-
ing performance of all relevant paths through the trellis. The
algorithm differs from the Viterbi algorithm in that there can
be multiple surviving paths into each state. A decoding trellis
is shown in Fig. 4 for two groups where each group can run
either 1 or 6 iterations of the TD. The subscripts in TDk,i de-
note group (k) and number of iterations (i). Note that edges
where no gain in mutual information is possible, such as a
receiver block iterating with itself, have been removed.

4.1. Definitions

Let m denote trellis transition andL denote the number of
groups (defined by power level). Each group is permittedi ∈
(1, 2, ..., imax) iterations. Paths entering staten are defined
aspm = (p1, p2, ..., pm) wherepj ∈ {1, 2, ..., imaxL + 1} for
1 ≤ j ≤ m−1 andpm = n. The metric for the corresponding
path is defined as

v = (P̂b,1, . . . , P̂b,L, C, I IC
E,eff, I

TD
E,eff, I

TD
E,1, ..., I

TD
E,L) (6)

where complexityC is the total number of TD iterations.
Complexity is updated as

Cm = Cm−1 +

{
i for a turbo decoder activation

0 otherwise,
(7)



wherei is the number of TD iterations. Here we make the
assumption that the complexity of an interference canceller
activation is insignificant in comparison to a TD iteration. Let
ID,k denote the mutual information of thea posteriorioutput
from TD groupk. It can be calculated as

ID,k = J

(√
J−1

(
ITD
A(s),k

)2

+ J−1
(
ITD
E(s),k

)2
)

(8)

whereA(s) andE(s) denote thea priori and extrinsic mutual
information of the systematic bits, respectively. The expres-
sion in (8) can be used to estimate the BER of Groupk as
[9]

P̂b,k = Q(J−1(ID,k) /2), (9)

which are theL first elements in (6).
DefinePm andVm as the sets of surviving paths and met-

rics respectively; andPm,n ⊆ Pm andVm,n ⊆ Vm as the
sets of paths and metrics ending at staten afterm trellis tran-
sitions. Define pathp∗ with metricv∗ as the current (at tran-
sitionm) optimal path. Define also the metric update function
fn for each staten [5], which updates all2L + 3 elements in
v for all paths entering staten using (9), (7), (1), (5), and (2).

Define domination as in [5], where metricv dominatesv′

if and only if the extrinsic mutual informationvq are higher
thanv′q for q = L+2, L+3, . . . , 2L+3, respectively, and the
complexityvL+1 is less than or equal tov′L+1. Define target
BERPtargetas the desired BER of each group of users.

4.2. Algorithm

The first step is using the results from Section 3 to derive the
EXIT chart for the load/power/SNR configuration of interest.
Fig. 3 shows the EXIT charts for an interference canceller
and TDs under a system load described in Section 3.2. Then
the intersection of the averaged EXIT curve (shown in Fig. 2)
with the interference canceller curve determines the conver-
gence pointI∗D.

The Viterbi search algorithm is as follows [5]

1. Let m = 1. Initialize path set to contain only one
pathPm = {(1)} and corresponding metric setVm =
{f1(0)}. Initializep∗ = 1 andv∗L+1 = ∞.

2. m = m + 1. For each staten′ extend each pathp′m−1

ending in staten′ along the trellis defined transition
n′ → n, producing the new pathpm in Pm,n, and up-
date the metric inVm,n usingv = fn(v′).

3. Remove all paths with complexity greater than or equal
to that of the current optimal pathp∗.

4. Define a set of metricsV∗ for paths that have reached
the target BER (vq ≤ Ptarget, for all q = 1, 2, . . . , L) or
the convergence pointI∗D. If there are multiple paths in
V∗ replace the candidate pathp∗ with the path of the
lowest complexity.
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Fig. 5. Optimal path through the trellis to reachPtarget= 10−4

for K = [20, 20], P = [1, 2] atEb/N0 = 1.15 dB.

5. For each state, eliminate dominated metrics and their
corresponding paths.

6. If no paths remain inVm the candidate pathp∗ is the
optimal path. Otherwise go to step 2.

The above algorithm could possibly result in an expo-
nential growth of the number of surviving paths. However,
as in [5], we have observed that in practice this exponen-
tial growth inm does not occur and the number of surviving
paths is small. Fig. 5 shows the optimum path (solid lines
and arrow heads) through the trellis to reachPtarget = 10−4

at Eb/N0 = 1.15 dB. The notation is the same as in Fig. 4,
i.e., the optimal schedule is: IC, 1 TD iteration of group 1, 6
TD iterations of group 2, IC, 4 TD iterations of group 1, IC,
6 TD iterations of group 1, IC, 6 TD iterations of group 1,
and finally 1 TD iteration of group 2. The corresponding pre-
dicted trajectory for the optimal schedule visualized through
an EXIT chart is shown in Fig. 3 (circles).

5. SIMULATION RESULTS AND DISCUSSION

A turbo coded unequal power CDMA system was simulated
using the conditions described in Section 3.2. We set the static
decoding schedule as all groups running 6 TD iterations and
4 receiver iterations. Unless specified otherwise, all BER val-
ues are the system average, calculated as

P̂b =
1
K

L∑

k=1

KkP̂b,k. (10)

The IMUD receiver was simulated for the static decoding
schedule and the and dynamic decoding schedule derived in
Section 4.2 and shown in Fig. 5. As suggested in [5], the op-
timal schedule whenPtarget = 10−4 is fulfilled (in this case



at Eb/N0 = 1.15 dB as in Fig. 5) was chosen for allEb/N0

in the simulation. The corresponding EXIT chart snapshot
trajectories are shown in Fig. 3. Both snapshot trajectories
match quite closely with EXIT chart analysis. BER perfor-
mance is plotted versus SNR in Fig. 6, the static schedule
(squares) is shown for 1 to 4 receiver iterations and the dy-
namic schedule (crosses) is shown only after the 4th receiver
iteration. The static schedule BER performance of Group 1,
P̂b,1, is shown (dots) and for Group 2,̂Pb,2 was less than10−6

over the range ofEb/N0 simulated. We see in Fig. 6 that the
simulation results again quite closely match EXIT chart anal-
ysis (triangles and circles for static and dynamic schedules
respectively) down to approximately10−4 where we see an
error floor in EXIT chart analysis since the target BER is ful-
filled. More significantly, we see that BER performance of the
dynamic schedule is very similar to that for the static decod-
ing schedule while the dynamic schedule has a 50% reduction
in complexity. That is, from Fig. 5, for our given example the
receiver requires only half the number of TD iterations (24 TD
iterations for the dynamic decoding schedule compared to 48
TD iterations for the static decoding schedule) to achieve sim-
ilar BER performance. A conventional receiver typically runs
a high number of TD iterations and the dynamic schedule can
drastically reduce the total decoding complexity as well as the
delay. An IMUD receiver can therefore more efficiently use
the physical resources if dynamic scheduling is used. That is,
less TD iterations requires less power (clock speed can be re-
duced), and detection can be carried out successively through
re-allocation of the physical resources to other users as they
become available.
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(from Section 5) schedules.

6. CONCLUSION

We have investigated EXIT chart analysis of unequal power
turbo-coded CDMA. The results in [4] were used to derive
effectiveEXIT functions for FEC decoders and an interfer-
ence canceller which enabled analysis of the system as in the
equal power case. We used a modified version of the algo-
rithm proposed in [5] to derive the optimal decoding schedule
for the IMUD receiver and showed through simulation that
this dynamic schedule achieves similar BER performance as
a conventional receiver with significant complexity savings.
Furthermore we showed that theeffectiveEXIT chart analysis
accurately predicts the convergence behavior of the system.
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