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Abstract. This paper deals with optimization of the re- point. In the uplink of a cellular network, individual power
ceived power profile for iterative parallel and successive in-constraints have to be considered. One possibility is to as-
terference cancellation (PIC/SIC) in coded CDMA systems.sume additional constraints for individual powers of the users
For practical implementation additional constraints shouldwhich was presented iWeitkemper et al(200§. A more
be applied. This paper focuses on the maximum tolerablegeneral approach used in this paper is not to minimize the
bit error rate. It will be shown that optimized power pro- sum over all powers but the maximum power which results
file can considerably gain the overall system performancein a more homogeneous distribution. Furthermore some ad-
Due to unequal required receive powers an allocation to cerditional constraints are considered which take practical im-
tain users can be done with respect to their individual powermplemetation issues into account e.g. maximum number of it-
constraints. This is important especially in near-far scenar-erations. For successive interference cancellation the analy-
ios. Beside these constraints also the maximum number osis is more difficult because the statistics of the users differ
iterations is implemented due to limiting the computational from each other. The generalization of the analysis to SIC
complexity in the receiver. and the basics of power profile optimization were presented
in Weitkemper et al(20095.

The paper is organized as follows: Sect. 2 introduces the
system model of the considered CDMA system. In Sect. 3
the analysis based on multi-user efficiency (MUBD(tros

| and Caire2003 is described and applied to the parallel inter-
decoding is a well known approach to increase the possibléen:“.nCe c_:ancellatlon. The generalized ML.JE analy.S'S .Of S.IC
is given in Sect. 4. In Sect. 5 power profile optimization is

system load while still achieving single-user performance., ; .
A):]alysis of the PIC scheme hagbee?] done bS different ap1ntr0duced for both detection schemes. Results for different

proaches$chlegel and Sh2004 Boutros and Caire2002 optimi_zation objects and additional (_:onstrai_nts are presented
Kuehn 2004 and the possibility of power profile optimiza- and discussed in Sect. 6. A conclusion is given in Sect. 7.
tion has been shown in e.Gaire et al.(2004. So far opti-

mization of receive power distribution was done with a sim-

ple optimization goal and only few constraints. The focus?2 System model

was on minimizing the sum over all received powers which o o .

may be feasable for downlink but not for uplink scenarios. N order to simplify derivations and notation we assume a
The constraint was ensuring all users to have a maximunfynchronous single carrier- (SC-) CDMA system with a com-
tolerable bit error rate which is the most interesting point P1€X AWGN channel and pseudo-noise spreading sequences
in practicle systems, but single user performance is not re{Verdi, 1998. The number of active users is denotedby
quired implicitly. If the SINR is still higher than the SNR  The information bit vector of the-th user is denoted by,

but sufficiently small for the desired BER, there is no needWhich is encoded by a convolutional code of rate=1/2

for increasing the power further only to reach this certainthat is identical for aII' users. The coded bit sequence is
BPSK-modulated and interleaved by a user-specific random

Correspondence td?. Weitkemper interleaverIl, of length L. Finally the signals are spread
(weitkemper@ant.uni-bremen.de) with random spreading codeg(k)€{—1//N, +1//N}. k

1 Introduction

Nonlinear iterative multi-user detection exploiting channe
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denotes the chip andthe symbol index. The lengtlV of
the sequences, (k) is called spreading factor amg=U/N ptm=1

denotes the system loall.is assumed to be the vector com-

prising BPSK symbols of all users at a particular time in- Fig. 2. Predicted transfer functions and trajectories for VG4,
stance andC is the N xU spreading matrix. It contains the U=10/16,E;/Ny=6 dB.

vectors of spreading sequences as columns each multiplied

with an individual phase term of the channel. The received _ _

vector containing the superposition of the spread signals off the coded symbol$ are calculated ag=tanh(L./2).

all users and the noise can be described in vector-matrix nol "€ Signal-to-interference-plus-noise-ratio (SINR) of each
tation, yielding branch is a parameter indicating the quality of the interfer-

y=Cb+n. (1)  ence cancellation and is defined as SKER /(a2 +ojy))-
It is equal to the SNR2E, /Ny in the case of perfect in-
For notational simplicity time indices have been dropped.terference cancellation which is equivalent to the single-user
The vectom represents the complex additive white Gaussianhound (SUB)o? anda, describe the variance of the de-
noise with covariance matrix? 1. At the receiver a bank of  sjred signal and of the remaining multi-user interference af-
matched filters (MF) is applied for despreading and the realter cancellation respectively. The latter can be calculated as
valued matched filter output can be written as 02y =02 - w(U—~1)/N. The remaining mean squared er-
ror of the estimated symbols after decoding is denoted as
r= RGHCHY} = Re{CHC} b+ Re{CHn} . (@ u=E{|b—b|?} which is approximately the same for each user
in the case of PIC. The ratio of SINR and SNR is called
multi-user efficiency (MUE) and is denoted lpy(Boutros
The elements oR contain the real part of the correlation co- and Caire 2002. Perfect interference cancellation is indi-
efficientSQijzRe{pij} between the-th and thej-th user's  cated byy=1 and therefore describes the case with no loss
signature sequence with{g;;|}i;=1/N. The multi-user ~compared to the SUB. For the large system limit {/ — o)
interference characterized by these correlation coefficient¢U—1)/N~U/N=p, n can be written as
degrades the performance significantly even for moderate 2, 2 2
system loads if individual decoding and hard decision is ap- , — SINR _ 205/(0y + ou) _ 1
plied to these matched filter outputs. Interference cancella- SNR 202/02 1+ BuEs/No
tion techniques are able to improve performance significantly
by estimating the multi-user interference and cancelling it be-
fore detection. Additional gain is achieved by iterative struc-
tures.

R ]

- )

The parameten can be used to visualize and predict the
behavior of an iterative detection scheme. In the initial it-
eration there is no a-priori information available for inter-
ference cancellation. The soft bits are initialized with zero,
the varianceu is therefore equal to 1 and the MUE becomes
3 Multi-user efficiency n®=1/(1+ BEs/No). After simultaneously decoding all
users, soft estimatds of the transmitted symbols are ob-
Figure 1 shows the structure of a parallel interference can-tained which are used in the next iteration for interference
celler. In order to get at least approximated extrinsic log-cancellation. Since channel decoding is generally a nonlin-
likelihood-ratiosL, (b,) at low computational cost, the Max- ear procesgs cannot be calculated analytically, but has to be
Log-MAP channel decoder is applied. The soft estimatespredetermined. The output erraf™ of the decoder in the
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Fig. 3. Coded and uncoded error rate for a AWGN channel and [7
5] convolutional code.

4 Analysis of successive interference cancellation
m-th iteration depends on the SINR at the input

The difference concerning successive interference cancella-
tion is the processing of the users one after another. The
parameters change not only after 1 iteration but during the
and therefore on the MUE of the previous iteratigtt —1. iterations when decoding each individual user. Therefore
Because)™ itself depends op™ the behavior of the PIC  the prediction in the same manner as for PIC is not possi-
at iterationm can be described by™=f (n™~P). This  ble. While for PIC the error variance is the same for all
function is depicted in a two-dimensional plot in F&y.The  users in the large system limit, this is not the case for SIC.
transfer function describes the theoretical behavior and therhe 7 users have different variances™ at each iteration
trajectory gives the measured values during simulation. Theg,. The remaining errors of the users are assumed to be in-
detection starts in the lower left corner and tends to the uppetiependent. So a simple addition of their variances weighted
right corner. This point corresponding to= 1 describes  with the corresponding correlation coefficient can be applied
perfect interference cancellation. It can be seen that the befor calculating the resulting interference on the desired user

havior is predicted very precisely. This plot corresponds tosjgnal. For that reason the MUE can be calculated by
a system with a spreading factdf=4, U=10/16 users, an
E};/ No of 6 dB and a convolutional code with generator poly-

n™ =g (SINR) = g (n~VSNR) (4)

nomials[7, 5|g. The system with 10 users will converge to m) 1

the SUB within 7 iterations. In the case of 16 users thereis ~ Tu = = 1 fu-1 U £ ®)
an intersection between the transfer function and the bisect- 1+ — (Z ME’”) + Y ,ul(’"_l)) —

ing line so the detection gets stuckigt 0.15. N\i=1 i=u+l No

Since multi-user efficiency is a relative quantity, the per-

formance assuming the uncoded BER has to be calculated b¥0 show how good the prediction works, Figidepicts the

predicted and the simulated trajectories for the same system

P, — 1 erfc( SINR ) _1 .erfc< | P ) (5) Parametersas in Fig.in one diagram per user. Itcan be seen

2 2 2 202 that the prediction works well also in the successive interfer-
ence cancellation case. A simple transfer function as shown

n only includes information about the error probability be- in Fig. 2 cannot be drawn in these plots since the transfer
fore channel decoding. As the coded bit error rate is thefunction differs for each user and each iteration due to being
important parameter for QoS requirements, a connection beeonditioned on the current state of all the other users. In or-
tween these error probabilities have to be considered. Theéer to avoid a very complex diagram only the trajectories are

coded and uncoded BER for the [7 5] code is shown inEig. depicted in Fig4.
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Fig. 5. Required receive power of all users dependent on the reFig. 6. Transfer function with optimized power profile for
quired BER for different expressions to be minimized (E&jand Py max=0.2 andB=4.
9).

ditions can be adapted to the particular need. For example in

5 Power profile optimization this work it will be

5.1 Formulation of the optimization problem Py(t) < Py max ¥t = 1., ..U

Up to now the analysis was based on uniformly distributed leir)) maxFy s. . 4 Nig < Nig max ¥V u =1,..U
powers of the users. To describe an unequal power distribu- " P,>0Vu=1.U0
tion by multi-user efficiency, a way to calculate a kind of av- 9)

erage efficiency is necessaychlegel and ShR004. Thus For taking a maximum number of iterations into account, not
the resulting multi-user efficiency can be calculated morethe transfer function but the trajectory is used for the first

generally as constraint. After each iteration up to the maximum the MUE

for all users is calculated and either this value or the corre-

Nu = _ 1 , Z P,=U . (7) sponding BER is considered. For the SIC a similar expres-
1+ f]—oﬁ 3wy Py v sion is used although the calculatiorpis different (Eq.6).

vFEU
~ 5.2 Differential evolution
E;/Ng is defined as an average value over all users in or-
der to get an appropriate criterion for fair comparison with The cost functions of the examined optimization problems
the equal power case. The criterion for convergence is still.gntain many local optima (multimodal functions), espe-
reaching the point oh=1 after a finite number of iterations. cjally for SIC. Furthermore, the search space is highly con-
For the PIC this is fulfilled iff (n)>n , n€[0, 1]. The num-  strained. Therefore a starting point in the vicinity of the
ber of iterations needed depends on the width of the tunnelg|oba| optimum would be required for the employment of
Whether the tunnel is open or not depends also on the powgbcal optimization techniques. As the global optimum is not
distribution. For PIC it turns out that equal power for all users known in advance global optimization methods have to be
is not the best choice, as presented e.gséhlegel and Shi  ysed. In this paper the Differential Evolution (DE) algorithm
(2004 andCaire et al(2004. The optimization problem for s chosen that belongs to the class of evolutionary algorithms
PIC can be described Ifyaire et al(2009 (Price 1999. As the name indicates evolutionary algorithms
are motivated by the natural evolution process. In contrast to
mn Y P st J) =n+e, nel0; 1] local search algorithms not only one but several points (pop-
PPy S P,>0 , u=1..U ulation) in the search space are regarded at a given time in-
(8) stance. The advantage is that evolutionary algorithms do not
if the sum of all received powers should be minimized andneed any knowledge of the search space. Differential Evolu-
single user performance for all users is claimed. These contion furthermore possesses the property of fast convergence
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Fig. 7. Required receive power of all users dependent on the re-
quired BER for SIC and PIC8=4, 20 iterations, mimimized ac-
cording to Eq. 9).

20 4
due to an adaptive step size. Additionally, it is easy to use 15
because of the few control parameters. T 104
The starting population is generated randomly and shouldn,
be sufficiently large for a high diversity. In this case a popu- 5+
lation size of NP=80 is used. Standard settings are used for 0L LSS 16_149‘5
other control parameter&iglinski et al, 20053. Popula- (’"Z;Zé 1e-3
tion members of the current population are combined using 5 2 1e-2
the evolutionary operators mutation, recombination and se- 10 le-1 Py maz
lection to generate the next generation until a stopping con- User 15

dition is fulfilled. In this case the distribution of population
members is monitored and the algorithm terminates when thé
maximum distance of every individual to the best population
member is beneath a thresholgidlinski et al, 2005h. In
Section 6 the number of generations is restricted to 1000 du't?h
to limited computational resources.

ig. 9. Power profiles for differenP;, maxassuming Eq.9).

Results for the equal power case are not depicted, because
e considered bit error rates will not be reached in this case.
Just up to a load of3 equal power systems may reach SUB.
The minimum power is in most cases equal to the mini-
6 Optimization results mum power for the single user case. Only for very low BERs
this is no longer the case. This means on the other hand,
As noted before in this paper not the sum of all powers isfor a given receive power the single user performance is not
minimized but the maximum power. This seems to be morereached. This is due to the more general constraint only as-
sufficient for cellular networks. Consequently, the overall suming the BER not the convergence to SUB. In Bighis
power maybe increased but in the uplink the individual powercase is illustrated with the corresponding transfer function.
constraint is the limiting point. In Figh are minimum, max-  The iterative scheme gets stuck:at0.8. This plot corre-
imum and mean powers of the optimized profile depicted,sponds to a uncoded target errror rate ¢f.0The results
which were optimized for different maximum uncoded BER. for PIC and SIC are compared in Fig. As already noted
The lower bound for the receive power is the single user casen Weitkemper et al(2005 SIC converges faster than PIC.
In this figure the difference between the optimization criteria With the additional constraint of a limited number of itera-
(8) and @) can be observed. The mean power is lower intions which is also applied in this paper, this fact results in
the case of Eg.8) which was the aim of this approach. But a decreased power. This effect gets smaller the more iter-
the maximum required power is up to 1 dB higher than for ations are assumed. The resulting power profiles for dif-
approach 9) over the whole BER range. ferent values ofP, max are depicted in Fig8 for the case of
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imizing the maximum power. The results differ as well in

general shape of the profiles as in the required maximum and

mean power. Furthermore limited number of iterations was

taken into account due to the limited time and resources for

decoding in the base station. All these aspects deliver an op-

timization suitable for practicle system requirements.
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