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Adaptive Optimization of an Iterative Multiuser
Detector for Turbo-Coded CDMA
David P. Shepherd, Fredrik Brännström, Frank Schreckenbach, Zhenning Shi, and Mark C. Reed

Abstract—Extrinsic information transfer (EXIT) charts are
utilized to optimize the iterative multiuser detector receiver in
a multiuser turbo-coded CDMA system. The (receive) power
levels are optimized for the system load using a constrained
nonlinear optimization approach. The optimal decoding schedule
is derived dynamically using the power optimized EXIT chart
and a Viterbi search algorithm. Dynamic scheduling is shown to
be a more flexible approach which results in a more stable QoS
for a typical system configuration than one-shot scheduling, and
large complexity savings over a receiver without scheduling.
We verify through simulations that complexity savings of
over 50% and power savings of over 8dB can be achieved. We
show that the optimized power levels combined with adaptive
scheduling allows for efficient utilization of receiver resources
for heavily loaded systems.
Index Terms—Multiuser detection, transmission technology,
CDMA, wireless access, source/channel coding, transmission
technology.

I. I NTRODUCTION

I

N RECENT years there has been much interest in multiuser cellular systems and receiver design for coded code
division multiple access (CDMA) systems has become an
important field of research. Predicting the performance of
a CDMA system with iterative decoding is computationally
demanding even for a small number of users. Extrinsic information transfer (EXIT) chart analysis has been successfully
used for describing and visualizing the convergence behavior
without the need for computationally demanding simulations.
It was shown in [1] and [2] that a cellular multi-access
system is more efficient when the user transmit power distribution is not uniform. Caire et al used linear programming
and large-scale Density Evolution (DE) to optimize the power
levels in a CDMA system in [3] and [1]. We propose the
use of EXIT charts to optimize the power distribution. The
main difference between the two approaches is the parameter
used to characterize the decoding trajectory, EXIT charts
using mutual information (MI) rather than density (SNR).
The principle is the same - minimize the power under the
constraint that successful decoding is possible. EXIT chart
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analysis is, however, generally considered to be more accurate
than variance transfer methods for predicting convergence
behavior [4]. The EXIT chart approach is also convenient as
we use the resulting transfer chart for optimizing the decoding
schedule.
In [5] and [6] the authors showed large savings in complexity can be achieved through optimized scheduling in a multiple
concatenated scheme. Decoding in an iterative multiuser detector (IMUD) receiver proceeds according to a schedule of activations of the component decoders and interference canceller
(IC). Conventional IMUD receivers 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. An IMUD receiver can therefore more
efficiently use the physical resources if schedule optimization
is used, that is, less turbo decoder (TD) iterations requires
less power (clock speed can be reduced), and detection can be
carried out by re-allocation of the physical resources to other
users as they become available. In [5] and [6] the authors
used EXIT charts to derive optimal decoding schedules for
concatenated codes and an IMUD receiver respectively.
EXIT chart analysis based on an infinite block length results
in a mismatch from trajectories simulated over a finite block
length. This was observed in [4] where trajectory match was
found to deteriorate over iterations. In [7] Li et al show an
EXIT chart with confidence intervals and similarly, in [8] the
authors propose a convergence analysis tool using a transfer
characteristic band instead of a single transfer curve. Note
that trajectory mismatch is not critical to convergence at high
SNR, rather more so when operating close to the convergence
threshold where the tunnel in the EXIT chart is narrow.
We propose dynamic decoding schedule optimization to fix
the problem, that is, on each iteration of the receiver derive
the optimal schedule to achieve a target bit error rate using a
minimum number of turbo decoder iterations. By doing so, is
is able to compensate for decoding trajectory mismatch. We
compare the complexity of the scheduling algorithm with that
of the MAP decoder used in the 3GPP TD. Furthermore, we
investigate methods to reduce the complexity of the proposed
algorithm.
Joint optimization of the power and decoding schedule
is prohibitively complex so we break the optimization in
two parts and first optimize power levels of each user then
optimize the decoding schedule using the optimized power
levels. In previous work [9] we optimized the power levels
for a multiuser CDMA receiver with no consideration of
the decoding schedule, while in [6] and [10] the decoding
schedule was optimized with equal power levels. In this
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paper we show that there need not be any trade-off between
complexity (number of iterations) and total power usage. Large
gains in power efficiency and complexity can be achieved
simultaneously. Furthermore, our optimized receiver has a
lower convergence threshold and requires less iterations to
achieve convergence than a conventional receiver. We show
that our proposed optimization results in a more consistent
quality of service (QoS).
The remainder of the paper is organized as follows. Section II gives an overview of the system model and Section III
derives the EXIT functions for the receiver in the unequal
power case. We optimize the power levels in Section IV and
schedule in Section V. Simulation results are presented in
Section VI and Section VII concludes the paper.
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Fig. 1. IMUD receiver with control blocks (Power and Schedule Optimization), interference canceller and turbo decoders.

II. S YSTEM D ESCRIPTION
We consider a turbo coded multiuser DS-CDMA system.
However the work in this paper can be generalized for other
iterative receivers. For the basic system model we refer the
reader to [11]. There are K transmitters generating independent data symbols xk ∈ {−1, 1} which are turbo encoded. 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
trellis is terminated in the encoders and the overall code rate
is R = 1/3 (no puncturing) and information block lengths
range from 40 up to 3856 bits [12]. We use 3856 bits for
all simulations in this paper. The coded data dk ∈ {−1, 1}
is interleaved
and
√
√ spread by direct-sequence spreaders sk ∈
{−1/ N , +1/ N } where N is the processing gain (spreading factor). The outputs are mapped onto BPSK symbols,
while the work in this paper can be analogously applied to
higher-order modulation. The received signal is
y=

K 

Pk sk dk + n,

(1)

k=1

where Pk is the power of user k and n is AWGN noise with
variance N0 /2. The optimization techniques described in this
paper are general and can be extended to the multipath fading
channel. However, the derivation of the EXIT functions for
the receiver blocks are non-trivial for the mobile channel. The
problem is addressed in [13], however the application of the
power and scheduling optimization to this scenario is intended
for future work.
The IMUD receiver, shown in Fig. 1, consists of an IC
and K TDs and was first described for convolutional codes
in [11]. See [4] for a good description of the turbo decoder.
The interference canceller takes as inputs the channel values
y and a priori information aIC k (from each of the K users
k = 1, 2, . . . , K) and outputs extrinsic information (on the
coded bits for each user) EkIC which is de-interleaved and
becomes the a priori input ATD
k 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 coded bits) EkTD and a posteriori
output (on the information bits) DkTD . EkTD is interleaved and
TD
converted to soft bits aIC
k = tanh(Ek /2). Hard decisions are

made on DkTD . Uppercase symbols are used to denote a loglikelihood ratio (LLR) and lowercase for soft bits.
A block diagram of the system is shown in Fig. 1. Also
shown are the control blocks - Power Optimization, Schedule
Optimization and the overall Control block which passes
information such as number of users and spreading factor to
each receiver block. Note that we have omitted the subscript
k for a priori and extrinsic data and have not shown the
interleaver/deinterleaver between the IC and TD. The Power
Optimization module passes the optimized power profile P
to the transmitter and Schedule Optimization module. The
optimal schedule information S generated by the Schedule
Optimization module is passed to the receiver.
The system functions as follows. For each input data block
the power levels are optimized for the load and channel
conditions. After transmission through the channel the noisy
transmitted data is fed to the IC. After interference cancellation the dynamic schedule algorithm in Section V-D
is run to estimate the optimal decoding schedule given the
(estimated) point at which the decoding currently lies on the
receiver EXIT chart. The scheduling algorithm may then be
called upon after any subsequent IC activations, depending
on the degree of trajectory mismatch. The major advantage of dynamic scheduling over static scheduling is that
the method compensates for performance better/worse than
expected (average) due to differences in channel conditions
over decoding blocks, or differences in the decoding trajectory.
Using dynamic scheduling we have a more reliable receiver
for similar complexity.
III. EXIT C HART A NALYSIS
Consider a CDMA system with L groups of different power
levels. Define K = [K1 , K2 , ...KL ] and P = [P1 , P2 , ..., PL ],
where Kk and Pk are the number of users in the group k and
their transmission power, respectively, for k = 1, 2, . . . , L.
The total number of users in the system is given by
KT =

L


Kk .

(2)

k=1

We model the receiver blocks using variance and extrinsic
information transfer functions. In an unequal power CDMA
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system the users are grouped 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 traditional EXIT
charts need to be adjusted to reflect the behavior of the system
under the unequal power conditions [9], [14]. We assume
hereafter the probability density functions of the input and
output of the receiver blocks are Gaussian.
We utilize the J function, which describes mutual information as a function of variance, from [4] where
(3)
IΛ (σA ) = J(σΛ = σ)
+∞
2

σ
−(ξ− A )2


1
2
2σ2
=1−
log2 1 + e−ξ 
e
dξ (4)
2
2πσA
−∞

2
σΛ

and ξ are the samples of Λ. Note that Λ = 2 d + nΛ ∼
2
2
) and σΛ
= 4/σλ2 where σλ2 is the variance of the
N (0, σΛ
soft information λ. For the interference canceller, the effective
EXIT function is [6]
 IC

IC
IE,eff
= fmud IA,eff
, Eb /N0
⎞
⎛
⎜
= J⎝

1−

T −1

IC
IA,eff

4


Keff −1
N

+

N0
2RPref

⎟
⎠

(5)

IC
TD
where IA,eff
= IE,eff
is the effective prior mutual information for the
IC
(the
extrinsic information from the TD),

Keff = P1ref L
K
P
is the effective number of users,
k
k
k=1
Pref is some arbitrary reference power level (unless otherwise
specified, Pref = P1 = Eb ), N is the processing gain, R
is the code rate and T (.) is the transfer function from [15]
which describes
mutual
information I as a function of fidelity


M = E (x − x̂)2 ,

I = T (M ) ≈ 0.74M + 0.26M 2.

(6)

IC
IE,eff
is estimated online from the IC output using [14], [15]


4
IC
IˆE,eff = J
(7)
1 L
2
k=1 σk,E
L
2
where σk,E
= var(eIC
k ) is the variance of the soft output of
the IC for user k. Note that the LLRs passed to the TD
2
are generated as EkIC = 2Pk eIC
k /σk,E . There are numerous
2
, we use the
methods in the literature for estimation of σk,E
estimator proposed in [16].
TD
TD
We generate the EXIT chart for the TD, IE
= fdec (IA
),
using Monte Carlo simulation with Pref = 1. The effective
EXIT function for group k with power Pk is then

 
Pk −1  TD 
TD
IE,k = fdec J
IA,eff
,
(8)
J
Pref
TD
IC
where IA,eff
= IE,eff
is the effective prior mutual information
TD
TD
and ID,k
online using [17]
for the TDs. We estimate IE,k
⎫
⎧
TD
⎨ log2 1 + e−Λk ⎬
TD
IˆΛ,k
= 1 − 2E
,
(9)
TD
⎩
⎭
1 + e−Λk

where Λ is E or D. The effective mutual information of the
extrinsic output of the K TDs is calculated as [6]

⎞⎤
⎛
⎡
L
TD

I
E,k ⎠⎦
TD
= 0.74 ⎣1 −
α∗k ⎝2.42 − 2.03 +
IE,eff
0.26
k=1

⎡
⎞⎤2
⎛
L
TD

I
E,k ⎠⎦
+0.26 ⎣1 −
α∗k ⎝2.42 − 2.03 +
, (10)
0.26
k=1

where the decoder outputs are weighted using
α∗k =

Kk Pk
.
Keff Pref

(11)

Now using (8) and (10) we express the effective TD EXIT
chart as
 TD 
TD
∗
IE,eff
IA,eff .
(12)
= fdec
Note that we derive the EXIT chart of the TD for id ∈
(1, 2, ..., idmax ) iterations where idmax is the maximum number
of TD iterations. We also derive the EXIT function of the TD
considering only the systematic bits, denoted by E(s), which
we use for bit-error-rate (BER) estimation. We have observed
TD
TD
and IE
.
a small difference between IE(s)
In this paper we focus on unequal power CDMA. However,
the techniques described can be extended to systems utilizing
adaptive modulation and coding. EXIT charts have been used
for irregular codes in [18] for example, where a system was
optimized by the selection of codes from an ensemble of
different rate codes. In [19] EXIT charts were used to optimize
bit-interleaved coded irregular modulation. The key concept
is the ability to construct effective EXIT functions, that is a
single EXIT function to represent the transfer function of a
group users with different power, code rate, or modulation.
IV. P OWER O PTIMIZATION
For a mobile system operator power optimization has the
following benefits;
•
•
•

longer battery life in user terminal
less interference allowing larger cell sizes
more users per cell.

We therefore want to minimize the sum power of all users,
which we address in this section. In multi-user CDMA system
the convergence threshold, i.e. the SNR at which all users can
decode successfully, depends on the power profile of the users.
We consider a 3GPP compliant system where users can be
grouped according to their power levels. Given the number of
users K = [K1 , K2 , ..., KL ] in L groups with spreading factor
N , we propose a method to minimize the total power under
the constraint that the system must converge. This approach
essentially minimizes the convergence threshold given a total
power by optimizing the distribution of power among the
groups.
Once the IMUD receiver has been modelled using effective
EXIT charts we are able to optimize the power levels of each
group of users. Define the vector z = [0, δ, ..., 1 − δ, 1] where
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δ  1 is arbitrarily selected for resolution and the entries of
IC
TD
z correspond to the MI IA,eff
= IE,eff
, such that
IC
IE,eff
= fmud (z)

(13)

∗−1
TD
IA,eff
= fdec
(z)

(14)

where z ∈ z. We can use (13) and (14) to observe the
(predicted) convergence properties of the transfer chart. That
∗−1
(z)) to determine whether the
is, we can use sgn(fmud (z)−fdec
∗−1
transfer curves intersect and ||fmud (z) − fdec
(z)|| to calculate
the width of the tunnel. The optimization determines the power
allocation which minimizes total transmit power given that
a tunnel must be open in the EXIT chart such that iterative
decoding can proceed until all multi-access interference (MAI)
is removed.
We define the cost function as
F (P) =

L


(15)

Kk Pk

k

where the goal of the optimization is to minimize F (P). That
is
min F (P)
#
subject to

P

bl < Pk < bu ,
c(P) ≤ 0

∀k

where bl and bu are the lower and upper bounds (respectively)
imposed on the optimization variable P by the receiver and
c(P) is the nonlinear constraint function
∗−1
c(P) = fmud (z) − fdec
(z) + Δ

(16)

where Δ is an arbitrary scalar which represents the open
tunnel between the two transfer curves. We show in Fig. 2 a
map of the optimization space obtained through a brute-force
search over all possible power profiles for a 3 power-group
(K = [20, 20, 20] and N = 30) system where P1 = Pref = 1.
The inclined plane represents the set of points where the
power profile allows successful decoding (open tunnel in the
EXIT chart). We also show the trajectory of the algorithm for
the power optimization (using random start points) using an

Fig. 3. EXIT chart for power optimized system K = [20, 20, 20], N = 30
and P = [1, 1.5381, 2.3917] at Pref /N0 = 1.06 and 3.95dB, and snapshot
trajectories at Pref /N0 = 3.95dB.

optimization algorithm based on the interior-reflective Newton
method [20], [21] and we see that the optimization converges
on 2 solutions. The solution is therefore not guaranteed to be
optimal. However, we have provided the framework for the
optimization and leave the selection of a superior algorithm
for future work.
Fig. 3 shows the EXIT chart for a power-optimized unequal
power CDMA system, K = [20, 20, 20] and N = 30, we see
that the EXIT curves match quite closely. The average SNR
Ēb /N0 is 2.95dB (Pref /N0 = 1.06dB) at the solution P =
[1, 1.5381, 2.3917], shown by the dashed line (IC) and solid
line (TD).
V. S CHEDULING
The activation order, or scheduling, of receiver components
is essential in the design of an iterative receiver with multiple
concatenated components. We adapt a trellis-based Viterbi
search optimization algorithm for unequal power CDMA
to optimize the decoding schedule such that the decoding
complexity and delay (total number of TD iterations) are
minimized while BER performance is maintained. The search
algorithm is generalized for use in all concatenated receivers as
IC
= 0)
it is able to account for an arbitrary starting point (IA,eff
and the cost function is two-dimensional. A decoding trellis
is shown in Fig. 4 for a CDMA system with two groups
where each group can run either 1 or 6 iterations of the
TD. The subscripts in TDk,i denote power-level group (k)
and number of turbo decoding iterations (i). Each state in the
trellis corresponds to activating the component represented by
that state.
Note that the trellis can be fully connected, however the
trellis in Fig. 4 is trimmed to reduce the complexity of the
scheduling algorithm. We have manually removed redundant
edges, such as from state 1 to state 1 (IC - IC), which
achieve no gain in MI and would be removed by the algorithm
itself. We derive the optimal schedule on each iteration of the
receiver to compensate for differences between the predicted
and actual EXIT chart trajectories.
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IC

the expected ID , where

ID = J

TD1,1

TD2,6
Fig. 4. Decoding trellis for two groups, where each state corresponds to
activating a receiver component (IC or TDk,i where k is power-level group
and i is the number of iterations).

A. Static Scheduling
If the optimal schedule is derived off-line over a range of
Pref /N0 values, the decoding schedule can be determined in
two ways;
use the optimal schedule at the convergence threshold for
all SNR
estimate the SNR online and use a look-up table to select
the optimal schedule.

The first option assumes only that the system configuration
(K, N and P ) is known. The latter has the additional requirement that SNR be estimated. See Table I for an example of a
schedule look-up table. Noting in (5) that the SNR is needed
to derive the IC EXIT chart, we propose a novel method of
estimating the SNR in the AWGN CDMA channel. We first
IC
, using (7), after
estimate the MI at the output of the IC IE,eff
the first activation of the IC. Note that the first activation of
the IC involves no cancellation and E IC is simply the matchfiltered channel output. The SNR can then be estimated as
⎛

⎞⎞−1

⎛

Pref
⎜ ⎜
≈ ⎝2R ⎝
N0

2
+

J −1

TD
IE,eff

2


.

(18)

Let m denote trellis transition. Each group is permitted id ∈
{1, 2, ..., idmax } iterations. Paths entering state n are defined as
pr = (p1 , p2 , ..., pm ) where r ∈ [0, ∞) is the path number,
pj ∈ {1, 2, ..., idmaxL + 1} for 1 ≤ j ≤ m − 1 and pm = n.
The metric for the corresponding path is represented as v =
(v1 , v2 , ..., v2L+4 ), which we define as

TD2,1

•

IC
IE,eff

C. Notation

TD1,6

•

J −1

4
IC
J −1 IE,eff

2 −

Keff − 1 ⎟⎟
⎠⎠
N

,

(17)

which we obtained using (5). We have found the mismatch in
trajectories to be negligible following the first activation of the
IC, so estimating the SNR and deriving the IC EXIT function
in this method is sufficiently accurate.
B. Dynamic Scheduling
Alternatively the schedule can be derived dynamically to
compensate for variations in the decoding trajectory. EXIT
charts assume the interleaver depth is large so when small
block lengths are used there is mismatch between the expected and simulated trajectories [4]. The schedule can be
dynamically derived following every xth IC activation. The
frequency of schedule refining depends upon the degree of
variation in the decoding trajectory. Some decision criteria
can be used to determine whether the mismatch is sufficient
to require refining of the schedule, for example deviation from

IC
TD
TD
TD
v = (P̂b,1 , . . . , P̂b,L , C IC , C TD , IE,eff
, IE,eff
, IE,1
, . . . , IE,L
)
(19)

where complexity C IC is the number of receiver iterations (IC
activations) and C TD is the total number of TD iterations.
Complexity is updated as
$
1 for an IC activation
IC
IC
Cm = Cm−1 +
(20)
0 otherwise,
$ d
i for a TD activation
TD
TD
(21)
Cm = Cm−1 +
0 otherwise,
where id is the number of TD iterations. The receiver is
permitted ir ∈ {1, 2, ...irmax } iterations.
Note that the complexity metric is two-dimensional in
contrast to one-dimension in [5]. This is due to our constraint
on ir .
Let ID,k denote the mutual information of the a posteriori
output from TD group k. It can be calculated as




ID,k = J

TD
J −1 IA(s),k

2

TD
+ J −1 IE(s),k

2

(22)

where A(s) and E(s) denote the a priori and extrinsic mutual
information of the systematic bits, respectively. The expression
in (22) can be used to estimate the BER of group k as [4]
P̂b,k = Q(J −1 (ID,k ) /2),

(23)

2
2
2
= σA
+ σE
,
which are the L first elements in (19). Since σD
the point on the EXIT chart at which a paths trajectory finishes
is described by ID in (18), which we can use as a single
metric to gauge path performance in complexity saving techniques which are described in Section VI. The convergence
∗
is the point where the IC and TD EXIT functions
point ID

∗
intersect and the convergence BER P ∗ = Q J −1 (ID
) /2 the
corresponding BER.
The sets of surviving paths and metrics are denoted by Pm
and Vm respectively; and Pm,n ⊆ Pm and Vm,n ⊆ Vm are
the sets of paths and metrics ending at state n after m trellis
transitions. The current (at transition m) optimal path p∗ has
metric v∗ . The number of paths in Pm is denoted by R.
The start point of the algorithm is determined using the metIC
ric initialization function finit (EkIC , EkTD , DkTD ), where IE,eff
is
TD
TD
TD
updated using (7), IE,k and ID,k using (9) and IE,eff using
(10). This is done on-line after activation of the IC using
the current EkIC , EkTD and DkTD . Note that performance of
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TABLE I
S CHEDULE LOOK - UP TABLE FOR K = [20, 20, 20], N = 30, P = [1, 1.5381, 2.3917], WHERE EACH SCHEDULE REPRESENTS A PATH THROUGH THE
TRELLIS OF F IG . 4.
Eb /N0 (dB)
3.95
4
5
6

Schedule (S)
IC, T D1,1 , T D2,2 , T D3,6 , IC, T D1,2 , T D2,3 , T D3,6 , IC, T D1,2 , T D2,6 , T D3,3 , IC, T D1,6 , T D2,2
IC, T D2,1 , T D3,4 , IC, T D1,1 , T D2,2 , T D3,6 , IC, T D1,2 , T D2,6 , T D3,3 , IC, T D1,6 , T D2,2
IC, T D2,1 , T D3,2 , IC, T D3,5 , IC, T D2,5 , IC, T D1,5 , T D2,2 , T D3,1
IC, T D3,2 , IC, T D2,1 , T D3,5 , IC, T D2,5 , IC, T D1,3

the algorithm is highly dependent upon the reliability of the
output of finit which defines the point on the EXIT chart from
which the decoding path begins. If finit overestimates mutual
information the schedule will not allocate sufficient iterations
and vice versa.
IC
TD
The metric update function fn (IE,eff
, IE,k
, id ), for each
state n [5], is used to update the 2L + 4 elements in v for
all paths entering state n using (5), (8), (10), (23) and (21).
This function uses look-up tables (of the receiver block EXIT
functions) to estimate the path’s trajectory on the EXIT chart
corresponding to the transition through the trellis.
We define domination as in [5], where metric v dominates
v if and only if the extrinsic mutual information vq are higher
than vq for q = L + 3, L + 4, . . . , 2L + 4, respectively, and the
complexities vq are less than or equal to vq for q = L+1, L+2.
Define target BER Ptarget as the desired BER of each group
of users.
D. Algorithm
The algorithm is divided into 2 parts - an off-line initialization and the on-line Viterbi search. The initialization
procedures are as follows
1) Derive the EXIT chart for the load/power/SNR configuration of interest using the results from Section III
(note that IE = fdec (IA ) must be generated using Monte
Carlo simulation)
∗
, the intersection
2) Determine the convergence point ID
d
of the TD EXIT (for imax iterations) curve with the
interference canceller curve
∗
) /2)
3) Calculate the convergence BER P ∗ = Q(J −1 (ID
The Viterbi search algorithm is as follows
1) Let m = 1. Initialize path set to contain only one path
P= {(1)} and corresponding metric set Vm = {finit }.
∗
∗
= vL+2
= ∞.
Initialize p∗ = 1 and vL+1
2) m = m + 1, calculate the number of paths R in Pm .
For each state n extend each path pr ending in state
n along the trellis defined transition n → n, producing
the new path pR+1 in Pm,n , update the metric in Vm,n
using v = fn (v ) and increment R.
3) Define a set of metrics V ∗ for paths that have reached
the target BER (vq ≤ Ptarget , ∀ q = 1, 2, . . . , L), the
∗
or irmax receiver iterations. If there
convergence point ID
are multiple paths in V ∗ replace the candidate path p∗
with the path of the lowest complexity vL+2 .
4) For each state, eliminate dominated metrics and their
corresponding paths. If P ∗ < Ptarget eliminate paths in
V ∗ with any (P̂b,1 , P̂b,2 , ..., P̂b,L ) > Ptarget .
5) If no paths remain in Vm the candidate path p∗ is the
optimal path. Otherwise go to step 2.

E. Complexity
One factor to consider is the complexity of the scheduling
algorithm in comparison to the complexity savings realized.
With a large number of groups NK and a large number of TD
iterations (id ) the number of states and surviving paths in the
trellis can grow large. Though it is possible that the number
of surviving paths in the algorithm grows exponentially, this
has not been observed in practice.
The number of states in the trellis is Ns = νid NK +1, where
d
νi is the number of allowed TD iterations id (e.g. νid = 6 when
id ∈ {1,2,...,5,6}), and the number of trellis transitions NT is
irmax (NK + 1). The complexity of the scheduling algorithm is
approximately


(24)
O NsNT
in the worst-case scenario, that is assuming no paths are
removed in the domination step. With typical parameters
irmax = 4, id ∈ {1, 2, ..., 6} and NK = 3 the scheduling
algorithm has complexity in the order of 1020 . While the domination step generally ensures the complexity does not grow
exponentially, the complexity of the scheduling algorithm is
an issue, and measures such as
•
•

•

•
•

trimming the trellis (remove redundant edges)
reducing the number of survivor paths (e.g. keep only
max
where x ∈ {0, 1}) as in the
paths with ID ≥ x· ID
T -BCJR algorithm [22]
limiting the number of survivor paths (e.g. keep only best
x paths ranked in order of ID (18)) as in the M -BCJR
algorithm [22]
truncating the number of allowed TD iterations id to some
subset of id
running scheduling algorithm every xth receiver iteration
where x > 1

can be explored to resolve the problem. Preliminary work
shows these methods offer potential for good complexity/performance trade-offs. For all work in this paper we utilize
a trimmed trellis as shown in Fig. 4, where redundant edges
have been removed and the system is forced to activate TDs
in order (i.e. group 1,2,...,NK ). We use this approach alone,
as it has no detrimental effect on the algorithm as the groups
are independent. The other methods described may result in a
sub-optimal schedule being selected. The T -BCJR algorithm
is known to give near-optimum performance but fails to
reduce worst-case complexity, while the M -BCJR algorithm
reduces worst-case complexity but suffers from performance
degradation [23]. Using a trimmed trellis the complexity is
approximately


(25)
O Ns · β NT −1
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1

where
Ns
.
mean number of edges per state

With some careful trimming in the KT system we can reduce
the number of edges from (KT · νid )2 = 361 to 39 and reduce
the complexity of the scheduling algorithm to the order of 105 .
Note that this is still worst-case (no removal of paths through
domination) so in practice the complexity of the scheduling
algorithm is lower than this. For a fully connected trellis (i.e.
worst-case) the BCJR algorithm has complexity in the order
of


(27)
O η2 κ
where η is the number of states in the 3GPP convolutional
code trellis and κ is the number of trellis transitions. In our
3GPP compliant system there are two edges per state in the
trellis so the BCJR algorithm has complexity O (2ηκ). Since
η = 8 and κ = 3856 the MAP decoder in the CDMA
receiver in Fig. 1 therefore has complexity in the order of
104 . The proposed scheduling algorithm has (in the worst
case) complexity one order of magnitude higher than that of
one BCJR algorithm activation in the decoder. Remembering
that one TD iteration requires two activations of the BCJR
algorithm, in the worst-case the savings outweigh the cost if
the scheduling algorithm can save at least five TD iterations.
VI. S IMULATION R ESULTS
Unless specified otherwise, all BER values are the system
average, calculated as
P̂b =

L
1 
Kk P̂b,k ,
KT

(28)

k=1

where P̂b,k is the estimated BER for group k. We simulated
two systems with KT = 60 users and spreading factor
N = 30, first with equal power (i.e. un-optimized) then with
the optimized power levels for NK = 3 power groups from
Section IV. In consideration of the performance of a practical
receiver, we define the 4-iteration threshold as the SNR
required to allow convergence within 4 receiver iterations.
For a system to operate at the convergence threshold a large
number of iterations is required and the system has to perform
to expectations if the EXIT trajectory is to pass through the
tunnel between the EXIT curves. We consider the 4-iteration
threshold to be more meaningful in terms of comparing
performance of various system configurations. Note that the
optimization algorithms and thresholds are defined such that
all user groups achieve the target BER.
Recall that in general Pref = P1 , we calculate the average
SNR as
%
&
L
Pref
1 
Pk
Ēb /N0 =
Kk
+
,
(29)
NK
N0
Pref
k=1

where Pref /N0 and Pk /Pref are in dB, which we use to
compare systems with different power profiles P.

Turbo Decoder
Interference Canceler (9.15dB)
Interference Canceler (17dB)

0.9

(26)
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Fig. 5. EXIT chart for equal power K = 60, N = 30 system at Pref /N0 =
9.15 and 17dB (the 4-iteration threshold).

A. Equal Power System
We consider a heavily loaded (K = [60], P = [1], N = 30)
equal power system. EXIT chart analysis in Fig. 5 shows
the convergence threshold (dashed line) occurs at an SNR
of Pref /N0 = Ēb /N0 = 9.17dB and the 4-iteration threshold
(dot-dashed line) at 17dB. We observe that the EXIT characteristics of the TD cause the bottleneck in this equal power
system. The receiver would exhibit a sharp drop in BER over
iterations once decoding has progressed through the narrow
tunnel.
B. Optimized System
A turbo coded unequal power CDMA system was simulated
with K = [20, 20, 20] users, spreading factor N = 30 and
optimized power P = [1, 1.5381, 2.3917]. According to EXIT
chart analysis in Fig. 3 the convergence threshold of this system is at Pref /N0 = 1.06dB (average SNR Ēb /N0 = 2.95dB)
and the 4-iteration threshold is at Pref /N0 = 3.95dB. We
simulated the system over a range of SNR in the region of
the 4-iteration threshold. Note that if P was optimized with a
constraint on Δ in (16) to be sufficiently large to allow convergence within 4 receiver iterations we obtain the same relative
result P but higher P1 = Pref , such that Pref /N0 = 3.95dB as
above. Using (29) the average SNR at the 4-iteration threshold
is Ēb /N0 = 5.84dB, which corresponds to a 8.46dB gain over
the equal power system.
As suggested in [5], the optimal schedule at the convergence
threshold was chosen for all Pref /N0 in the simulation. This
schedule will be referred to as the static (optimal) schedule.
We set the full decoding schedule as all groups running 6 TD
iterations and 4 receiver iterations.
The corresponding EXIT chart snapshot trajectories are
shown in Fig. 3 at Pref /N0 = 3.95dB. Both snapshot trajectories match quite closely with EXIT chart analysis. Since
the EXIT functions described in Section III assume a largescale system (PDF of MAI is approximately Gaussian) and
the block length is finite, we expect some performance dif-
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Fig. 6.
BER performance of unequal power CDMA system K =
[20, 20, 20], P = [1, 1.5381, 2.3917] and N = 30 for IMUD receiver
following the dynamic, static and full decoding schedules.

Fig. 7. Complexity of unequal power CDMA system K = [20, 20, 20],
P = [1, 1.5381, 2.3917] and N = 30 for IMUD receiver following the
dynamic, static and full decoding schedules.

ferences between this system and the asymptotic performance
predicted.
BER performance is plotted versus SNR in Fig. 6, where
we see that BER performance of the dynamic schedule is
very similar to that for the full decoding schedule up to
the convergence threshold. The target BER Ptarget is 10−4 so
dynamic scheduling exhibits an error floor below Ptarget for
SNR above the convergence threshold. Note that the error floor
is not exactly equal to Ptarget , which is due to the shape of the
TD EXIT function. As seen in Fig. 3, the TD EXIT function
TD
close to horizontally, so there
approaches high values of IE
is a very sharp drop from high to very low BER.
We observe that static scheduling also achieves very similar
BER performance despite the static schedule being optimized
only for the convergence threshold. This can be easily understood using the EXIT chart Fig. 3 and the EXIT function for
TD
. At low SNR the IC and TD EXIT functions
the TD at low IA
TD
intersect at low IA,eff
and in this region the TD EXIT function
is very similar for all id . Therefore the system will come close
to the convergence point following almost any schedule. If we
consider an EXIT chart BER contour plot [4], at low values
of MI the BER contours are widely spaced, i.e. large gain in
MI achieve only a small improvement in BER, thus very little
difference in BER will be seen between schedules in these
cases. For high SNR the tunnel between the EXIT functions
opens further so decoding following any schedule optimized
for low SNR (i.e. a narrow tunnel) will easily step through
the tunnel. This is inefficient as similar BER performance
can be achieved with less TD/receiver iterations and explains
why dynamic scheduling significantly reduces complexity at
high SNR. This can be seen in Fig. 7, where we show the
complexity required to achieve the corresponding BERs from
Fig. 6. The static schedule achieves approximately a 45%
reduction in complexity for similar BER performance as the
full schedule. Using dynamic scheduling further savings in
complexity are achieved, with savings increasing with SNR
up to 64% compared to the full schedule at 4.2dB. Note

that below the convergence threshold dynamic scheduling uses
more TD iterations than the static schedule. This is only due to
the fact that the static schedule is derived at the convergence
threshold. An ARQ scheme could be investigated as possible
extension of this work, as complexity could be further reduced
for packets where P ∗ > Ptarget by discarding the packet. Note
the presence of an error floor for dynamic scheduling for
Eb /N0 ≥ 4dB (i.e. above the convergence threshold), which
is due to the target BER defined in the scheduling algorithm.
The error floor is approximately equal to Ptarget .
We note in Fig. 6 that the BER performance for dynamic
and static scheduling is approximately equal. However, while
the mean BER is equal the variance is less for dynamic
scheduling. Using dynamic scheduling less packets (data
blocks) fail to achieve the target BER. Specifically, at 4dB
for example, 96.5% of packets achieved the target while static
scheduling achieved the target in only 86.9% of packets.

C. Power vs Complexity
In Fig. 8 we show the complexity required to achieve a
target BER Ptarget of 10−4 in a CDMA system with KT = 60
users and processing gain N = 30. This graph allows the user
to select a complexity vs power trade-off. As average SNR is
decreased more iterations are required to achieve convergence
and vice versa. We show four cases in Fig. 8,
•
•
•
•

No Optimization: equal power and no scheduling; id = 6
and iterate receiver until no further decrease in BER
Power Optimized: P = P and no scheduling; id = 6
and iterate receiver until no further decrease in BER
Schedule Optimized: equal power and dynamic scheduling
Power + Schedule Optimized: P = P and dynamic
scheduling.
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Fig. 8. Average SNR vs Total Complexity for power, schedule (and combined
power/schedule) optimization, using a target BER of 10−4 .

Total complexity is shown on the y-axis where total complexity is calculated as
$ 
NK
K k · id · ir
without scheduling
k=1
Ctotal =
(30)
NK
d r
K
·
i
·
i
+
φ
with
scheduling,
k
k=1
where φ = 5 is obtained using the results in Section V-E. In
the no optimization case (K = [60], P = [1]), shown by the
dot-dashed line, we see the convergence threshold occurs at an
average SNR of Ēb /N0 = 9.15dB and the complexity Ctotal
is high. If the users are split into 3 equal size groups and
the power levels are optimized as above, K = [20, 20, 20]
and P = [1, 1.5381, 2.3917], we obtain the dotted line in
Fig. 8. The convergence threshold is reduced such that Ptarget
is achieved at an average SNR of Ēb /N0 = 2.95dB, however,
the complexity remains high.
If alternatively the schedule is optimized the complexity can
be reduced by more than 50% as shown by the dashed line. As
each user has equal power the convergence threshold remains
unchanged from the no optimization case.
The solid line shows the performance of the power and
schedule optimized receiver, which we see has significant
complexity and power gains over the conventional receiver.
Note there no trade-off made between complexity and power.
The receiver is able to operate more efficiently in the lower
left region of Fig. 8.
The convergence threshold is the vertical asymptote to the
left of each curve, where complexity grows towards infinity.
The average SNR of each asymptote in Fig. 8 corresponds to
the SNR at which the two component EXIT functions intersect
in the EXIT charts.The upper left end of the no optimization
curve (dot-dash) in Fig. 8 corresponds to the lower TD EXIT
function in Fig. 5. While successful decoding is possible, the
tunnel is narrow and a large number of iterations are required
to achieve convergence. Similarly, in the power optimized
system (dots), the upper left end of the curve corresponds
to the TD and lower IC EXIT functions in Fig. 3.
The horizontal line in Fig. 8 corresponds to the 4-iteration
threshold where the normalized complexity is equal to Ctotal =

1440 TD iterations, where id = 6 and ir = 4 which are
assumed to be reasonable values in consideration of a practical
system. According to the upper TD EXIT function in Fig. 5 the
4-iteration threshold occurs at 17dB in the equal power system.
This corresponds to the point the no optimization curve
intersects with the 4-iteration threshold at Ēb /N0 = 17dB.
The power optimized system achieves the target BER Ptarget
in 4 receiver iterations at an average SNR of Ēb /N0 = 5.84dB
which is seen in Fig. 8 where the power optimized curve
crosses the horizontal 4-iteration threshold line. This point is
represented by the upper TD EXIT function in Fig. 3. For
the schedule optimized curves the complexity represents the
total average receiver complexity, it is not possible to infer the
number of receiver iterations as ir and and id are dynamically
allocated by the algorithm.
VII. C ONCLUSION
We have optimized a turbo MUD receiver for unequal power
turbo-coded CDMA system through EXIT chart analysis. The
results in [14] were used to derive effective EXIT functions
for FEC decoders and an interference canceller which enabled
analysis of the system as in the equal power case. We utilized
a nonlinear constrained optimization as in [9] to optimize the
power levels of groups of users in the system. We modified
the algorithm proposed in [5] and [6] to dynamically derive
the optimal decoding schedule for the IMUD receiver. We
investigated the complexity of the scheduling algorithm and
proposed methods to reduce the complexity to be similar to the
BCJR algorithm. We then showed through simulation that this
power optimized system using dynamic scheduling achieves
similar BER performance as a conventional receiver with
significant complexity savings. Furthermore it outperforms
the statically derived optimal schedule through reducing the
variance of the per packet BER. We also proposed a method
for estimating the SNR in an AWGN CDMA channel and
showed that power and schedule may be optimized without
any trade-off. Finally, we determined that a combination of
static and dynamic scheduling offers the best benefit for the
cost.
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