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Abstract—In this paper we utilize extrinsic information trans-
fer (EXIT) chart analysis in a coded direct-sequence code-
division multiple-access (DS-CDMA) multiuser receiver to dy-
namically derive the optimal decoding schedule in the unequal
user power level case. Conventional receivers generally follow a
predetermined decoding schedule. However, decoding delay and
complexity can be significantly reduced while maintaining BER
performance through optimisation of the decoding schedule. We
show dynamic scheduling, that is deriving the optimal schedule
on-line after each iteration of the receiver, is a more flexible
approach which improves the BER performance in comparison
to the static (off-line) optimised schedule for similar complexity
savings over the conventional receiver.

I. INTRODUCTION

Power consumption and delay are important practical con-
siderations for the design of an iterative multiuser detector
(IMUD) receiver. Therefore, the optimal receiver decoding
schedule is of interest. A conventional IMUD receiver in
a multiuser code-division multiple access (CDMA) system
follows a fixed decoding schedule, which is often less efficient
(higher power consumption and longer delay) than is possible.
The authors in [1] describe a technique for deriving the
optimal schedule for decoding of an arbitrary number of
concatenated codes. This was extended to the unequal power
CDMA receiver in [2] where the optimal schedule was derived
for a given system load. The schedule was derived off-line
(static) at the convergence threshold and used for all signal-
to-noise ratio (SNR) values as suggested in [1].

The scheduling algorithm works most effectively when the
actual decoding trajectory matching the extrinsic information
transfer (EXIT) chart predictions. While EXIT chart analysis
is quite accurate in general, simulated trajectories do not
always match exactly (see [3]) due to the limited interleaver
(information block) length and system size (number of users).
Furthermore, in a random additive white Gaussian noise
(AWGN) channel, the noise variance varies from block to
block and bursty errors occur such that the limited interleaver
and the forward error correction (FEC) code are not able
to stop the error propagation. As a result, in some blocks
simulated trajectories deviate from the EXIT curves, which
represents the statistical average of the information exchange
property. We extend the scheduling algorithm to dynamically
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derive the optimal schedule after every activation of the IC in
order to compensate for these deviations from the predicted
decoding trajectory, that is, on each iteration of the receiver
we adjust the decoding schedule from the estimated position
of the decoding trajectory.

We use the effective EXIT charts for an IMUD receiver [4],
[5] in an unequal power system and extend the work in [2]
through adding several features to the Viterbi search algorithm
to enable dynamic derivation of the schedule which achieves
a target (otherwise lowest possible) bit error rate (BER) with
the lowest decoding complexity.

We show that our proposed scheduling algorithm results in
a more consistent BER performance. Using static (as in [2])
scheduling, while the average BER may be under the target it
is possible that burst errors will occur and some blocks will
have high BER. That is, not all blocks achieve the target BER.
Using our dynamic scheduling BER performance is improved
for those blocks which fail using the static schedule.

II. SYSTEM DESCRIPTION

We consider a turbo-coded CDMA system in which there
are L groups with K = [Kj, Ko, ..., K] users at transmit
power P = [Py, Ps,...,Pr]. Each user generates binary
information sequences which are turbo encoded, interleaved
and mapped onto BPSK symbols before being spread by
unique direct sequence spreaders. The work in this paper is
independent of the code used. In all simulations in this paper
we use a 3GPP compliant turbo code (generator polynomial
(G,,G) = (015,013)) which is common for all users. The
information block length is 3856 bits [6].

The IMUD receiver consists of an interference canceller
(IC) and K* = Zle K; turbo decoders (TDs). See [2] for a
description of the receiver and [7] for a good description of
the turbo decoder.

The interference canceller takes channel values Y and a
priori input QI (from each of the K* users k = 1,2,..., K)
and outputs extrinsic information (on the coded bits for each
user) E,ICC which is de-interleaved and becomes the a priori
input A}P to the TD for user k. On the first iteration of the
receiver the a priori input to the interference canceller is zero.
Each of the K* TDs outputs extrinsic information (on the
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Fig. 1. IMUD receiver with interference canceller and turbo decoders.

coded bits) EED and a posteriori output (on the information
bits) D}P. E[P is interleaved and converted to soft bits }°=
tanh(FE[P/2). Hard decisions are made on D}P.

III. EXIT CHART ANALYSIS

In an unequal power CDMA system we group the users
according to their power level. We assume all users within a
power group are essentially identical and we therefore consider
each group as a (virtual) single user. For convergence analysis,
the EXIT charts are adjusted [4], [3], to reflect the behavior
of the system under the unequal power conditions.

For the interference canceller, the effective EXIT function
is [2]

IIEC,eff = fmud (I,Iéﬁeff’ Eb/N0>

y ! (1)

(1-77 (1)) 5

where J(-) is the J function from [7], T ilc,eff is the effective
prior mutual information for the IC, K = % E,];‘:l Ky Py is
the effective number of users, Pt is some arbitrary reference
power level, N is the processing gain, R is the code rate, Ny
is the noise spectral density and T'(.) is the transfer function
from [5] which describes mutual information I as a function
of fidelity M,

I=T(M)=~0.74M + 0.26 M>. 2)
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I }EC o 18 calculated online from the TD outputs using [5],

(4]
4

where [ IEC i, 18 estimated using [8]
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We generate the EXIT chart for the TDg, I }Tgl?k =
Jaee(I".¢), using Monte Carlo simulation. The effective EXIT
function for group k is then

P
Ek—fdec< ( ?;J (IAeff)>>, (5)

where 1P off = IJIEC o 15 the effective prior mutual information
for the TDs. We estimate I D and I D Dok online using [8]

log2(1 —|—e’ATD)

where A is E or D. The effective mutual information for the
extrinsic output of the K TDs is calculated as [2]

L TD
P =074 1= aj | 242 056
k=1
2
L TD
0.26 |1 — £ 1242 — 7
+ ; Wk 0.26 ™

Now using (5) and (7) we express the effective TD EXIT
chart as

e = faee (D) - ®)

Note that we derive the EXIT chart of the TD for ¢ &
(1,2, ...ipmaz) iterations.

IV. OPTIMAL SCHEDULING

We use an optimisation algorithm adapted for unequal
power CDMA to optimise the decoding schedule such that the
decoding complexity and delay (total number of TD iterations)
are minimized while BER performance is maintained. The
algorithm is modified from the algorithm proposed in [2] to
account for the arbitrary starting point (Iﬂ,c.eff # 0) and is
summarised below. See [2] for a description' of the decoding
trellis.

A. Notation

Let m denote trellis transition. Each group is permitted ¢ €
(1,2, ...,imax ) iterations. Paths entering state n are defined as
Pm = (p1,p2,....,pm) Where p; € {1,2,...,imax L + 1} for
1 <3 <m—1 and p,, = n. The metric for the corresponding
path is defined as

IS =1 B v=(Pyi,...,P,C"C,C™ 1€ 0 [P TP TP

,€ L B s 1 ’ Eefty *Eeff»r*E 1)y *E,L
1=, T (I}Ec,k) ©)
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where complexity C'C is the number of receiver iterations (IC
activations) and C™ is the total number of TD iterations.
Complexity is updated as

CIC CIC 1 +1 for an IC activation (10)
1 for a TD activation
CTD CTD (1 l)
0 otherwise,
(12)

where i is the number of TD iterations. The receiver is
permitted " € {1,2,...i5,,} iterations.

Note that the complex1ty metric is two-dimensional in
contrast to one-dimension in [1]. This is due to our constraint
on .

Let Ip j, denote the mutual information of the a posteriori
output from TD group k. It can be calculated as

Ipy = J<\/J (1R, k) +J (18R, k)2> (13)

where A(s) and E(s) denote the a priori and extrinsic mutual
information of the systematic bits, respectively. The expression
in (13) can be used to estimate the BER of Group k as [7]

P = QI (Ipx)/2),

which are the L first elements in (9).

Define P,,, and V), as the sets of surviving paths and metrics
respectively; and Pp, , € Pr, and Vy, , € V,,, as the sets of
paths and metrics ending at state n after m trellis transitions.
Define path p* with metric v* as the current (at transition m)
optimal path.

Define the metric initialisation function fi,;; where I};eﬁ is
updated using (4) and (3), I, and IT°, using (6) and I,
using (7). This is done on-line after activation of the IC usihg
the current EI¢, EIP and D]P.

Define also the metric update function f,, for each state
n [1], which updates all 2L + 3 elements in v for all paths
entering state n using (1), (5) (for ¢ TD iterations), (7), (14)
and (12).

Define domination as in [1], where metric v dominates v’
if and only if the extrinsic mutual information v, are higher
than vfl forq=L+2,L+3,...,2L+ 3, respectively, and the
complexity vz is less than or equal to v} ;. Define target
BER Piyee: as the desired BER of each group of users.

(14)

B. Algorithm

The algorithm is divided into 2 parts - an off-line ini-
tialisation and the on-line Viterbi search. The initialisation
component is as follows

1) Derive the EXIT chart for the load/power/SNR configu-
ration of interest using the results from Section III (note
that Iy = fgec(I4) must be generated using Monte Carlo
simulation)

2) Determine the convergence point I7,, the intersection of
the TD EXIT curve with the interference canceller curve

3) Calculate the convergence BER P* = Q(J 7 (I},) /2)
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The Viterbi search algorithm is as follows

1) Let m = 1. Initialize path set to contain only one path
Pm = {(1)} and corresponding metric set Vy;, = { finit}-
Initialize p* = 1 and v} | = oo.

2) m = m + 1. For each state n’ extend each path p/,
ending in state n' along the trellis defined transition
n’ — n, producing the new path p,,, in P, ,,, and update
the metric in V,, ,, using v = f,,(v').

3) Remove all paths with complexity greater than or equal
to that of the current optimal path p*.

4) Define a set of metrics V* for paths that have reached
the target BER (v, < Ptarge:, Vqg=12,...,L), the
convergence point I7, or ;.. receiver iterations. If there
are multiple paths in V* replace the candidate path p*
with the path of the lowest complexity.

5) For each state, eliminate dominated metrics and their
corresponding paths If P* < Paget €liminate paths in
V* with any (Pb 1, Pb 2, .. Pb L) > Rarget

6) If no paths remain in V), the candidate path p*
optimal path. Otherwise go to step 2.

is the

V. SIMULATION RESULTS AND DISCUSSION

A turbo coded unequal power CDMA system was simulated
with K = [20,20], P = [1,2] and spreading factor N = [40)].
We set the full decoding schedule as 4 receiver iterations where
both groups run 6 TD iterations. The static schedule is the
optimal schedule as derived in [2] at the convergence threshold

Ey /Ny = 1.15dB (where E}, = Py),
IC — TD;; — TDg g — IC — TDy 5 15)
— IC — TD1,6 — IC — TD176 — TD271 (16)

Unless specified otherwise, all BER values are the system
average, calculated as

L
Py= 2 S Kby a7)

BER performance is plotted versus SNR in Fig. 2, where
the full schedule (crosses), static schedule (triangles) and
the dynamic schedule (circles) are shown. We see that BER
performance of the dynamic schedule is very similar to that
for the full decoding schedule. Fig. 3 shows the average total
number of TD iterations used (per block), we see that dynamic
scheduling gains a significant reduction in complexity. We
also see that our dynamic scheduling algorithm has a small
performance gain over static scheduling. For low E} /Ny this
comes at a cost as dynamic scheduling has higher complexity.
However, above the convergence threshold (approx. 1.15dB),
in the operating region of the system, dynamic scheduling has
a complexity saving over static scheduling which grows with
SNR. This is the advantage of dynamic scheduling, the ability
to compensate for differences in the decoding trajectory from
EXIT chart analysis allows the schedule to be adapted. More
iterations are allocated when required and less are used when
possible, the result is a more consistent BER performance.
This is highlighted in Fig. 4 and Fig. 5 which give some insight
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into distribution of packet errors (packet being an information
block of 3856 bits). Fig. 4 shows the number of errors (for
all users) per packet for randomly selected simulated packets
at 1.1dB (below the convergenc threshold). We see that some
packets are virtually error free, however some packets (such
as packets 6 and 12) have a large number of errors due to
bad channel conditions. The full decoding schedule shows the
performance the receiver can achieve and we see that the static
schedule suffers significantly degraded performance, while the
dynamic is very close to the full schedule. Fig. 5 shows a
histogram of packet errors at 1.2dB, (above the convergence
threshold) for 1000 randomly simulated packets. Again we see
the full decoding schedule and our dynamic schedule reduce
the number of errors in almost all packets to zero, while the
static schedule has a greater number of packets with errors.
This indicates the inflexibility of the statically derived schedule
and the advantage of our dynamic schedule which can adapt
decoding to suit the noise level in the received data packet.

One point to note is the complexity of the scheduling
algorithm in comparison to the complexity savings realized.
It is possible the number of surviving paths in the algorithm
grows exponentially, however this has not been observed [1],
[2] in practice. However, with a large number of groups and
a large number of TD iterations (¢) the number of states and
surviving paths can grow quite large. Remembering that even 1
TD iteration requires 2 activations of the BCJR algorithm and
is as such high in complexity, the savings in general outweigh
the cost. If, however, complexity of the algorithm is an issue
measures such as

« reducing the number of survivor paths as in [9]

o limiting the number of survivor paths

« truncating the number of possible TD iterations ¢ to some

subset of %
« running scheduling algorithm every =™ receiver iteration
where z > 1

can be explored.

=< —o— Dynamic
Sl - A - Static
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s
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Fig. 2. BER performance of unequal power CDMA system for IMUD
receiver following the optimal and static decoding (from Section V) schedules.
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following the optimal and static decoding (from Section V) schedules.
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Dynamic, Static and Full Decoding Schedules at 1.1dB.

VI. CONCLUSION

We utilised EXIT chart analysis of unequal power turbo-
coded CDMA to dynamically derive the optimal decoding
schedule. The effective EXIT functions for FEC decoders and
an interference canceller from [3] were used which enabled
analysis of the system as in the equal power case. We modified
the algorithm in [2] to enable an arbitrary start point in the
trellis search and facilitate dynamic scheduling. We showed
through simulation that dynamic scheduling has a small per-
formance gain over static scheduling and achieves similar
BER performance as a conventional receiver. Furthermore we
showed our proposed dynamic scheduling algorithm produces
more consistent BER performance with similarly significant
complexity savings over the conventional receiver as static
scheduling.
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