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Performance Analysis of Adaptive MMSE Reception
for DS-CDMA in Flat Nakagami Fading Channels

Wanshi Chen and Manh Anh Do

Abstract—An efficient method is derived in this paper to ob- a chip-rate sampler. The resultant received veetoy for the
viate the integral involved in the performance analysis of the min- jth bit interval is [5]
imum mean square error (MMSE) detector for direct-sequence
code-division multiple-access (DS/CDMA) systems in fading en- ) K P,
vironments. The new method is shown to significantly reduce the r(z) = dl(i)alyiejelvfcl +Z \ o akyiee’“vakyi—i—n(i) Q)
necessary computational load for the performance analysis of the P Py
MMSE detector. We then examine the behavior of the MMSE de-

tector in flat Nakagami fading channels. whered; (i) = {+1, —1} is theith data bit of user 1 and
Index Terms—DS-CDMA, fading channels, MMSE receiver, P’?" ax,i, andéy ; are the average received Slgna_l power, am-
multiuser detection, spread-spectrum communications. plitude, and phase of the fading process, respectivelis the

number of users;; is the spreading code of lengi¥ for user
1, whereN is the spreading gaidy_ ; is the interference vector
|. INTRODUCTION which is a function of data bits, the spreading code, and the rel-
HE CONVENTIONAL detector for direct-sequenceative timing delay of thesth user, anch(s) is the noise vector
code-division multiple-access (DS/CDMA) systems i)
very sensitive to the multiple-access interference (MAI) and A scheme was proposed in [5] to track and estimate channel
the so-called near—far problem [1]. Interference suppressiphased; ;. Assuming the estimated valueds ;, r(:) is modi-
schemes based on the minimum mean square error (MMSiEy to
criterion [2]-[5] have been shown to be immune from the . b
interference floor and the near—far problem. It is very difficult, r(i) = Re {C ’Zr(l)} : @
if not impossible, to derive a closed expression for the errgy

probability of the MMSE detector in fading enwronment(?jue to imperfect phase estimation with this scheme is minimal

because th? b.'t error rate (BER) is dependent on the sprea I hence reasonable results can be obtained by assuming per-
codes, the timing delays, and the received amplitudes of all CH phase estimation

active users. Instead, [5] takes a “semi-analytic” approach thaf
first generates a random selection of the parameters of all the
users and then numerically evaluates the integral of the error
probability conditioned on the fading of the user of interest. The conditional error probability of the MMSE receiver is
However, the disadvantage of this method is the time-cogiven by [5]
suming evaluation of the error probability integral mentioned RG]
above. In this paper, we derive an efficient method, which prmse| —0 < \/ og ;¢ R7Me; ) 3)
removes the integral and thus lessens the necessary computa- ¢ oL 1- aiiclTRflcl
tional load. We then extend the analysis of the performance of
the MMSE detector to Nakagami distributed fading, which cafheré
be used to characterize a wide range of fading environments. R—E {f(i)f(i)T}

K

'was shown in [5] that the degradation of the error probability

I1l. PERFORMANCEANALYSIS

Py
II. SYSTEM MODEL _ OéiiclclT +Z ﬁazzE {JMJ{Z} TP
We consider a frequency nonselective slow fading channel. k=2 <1
Without loss of generality, user 1 is taken as the reference user. (4)

In [5], the received signal is first converted to the complex bas%

o . . } andT denote expectation and matrix transposition, respec-
band and then passed through a chip-matched filter followedtl\}iely’ ando® — N/2+, in which~, = E, /N, is the bit-en-

ergy-to-noise-density of user 1.
Pmseis obtained by averaging (3) over the probability den-
sity function ofc ;

Manuscript received June 6, 1998; revised December 3, 1998. 00

The authors are with the Integrated Systems Research Laboratory, School of promse p ( a ) prmmse
Electrical and Electronic Engineering, Nanyang Technological University, Sin- € o a1, \HL 15 e
gapore 639798, Singapore (e-mail: wanshi@hotmail.com; emado@ntu.edu.sg).

Publisher Item Identifier S 0018-9545(00)00918-X. 1Q(x) = \/% S exp(—t2/2) dt.

dag i (5)

aQ,

0018-9545/00$10.00 © 2000 IEEE

Authorized licensed use limited to: Nanyang Technological University. Downloaded on May 20,2010 at 03:03:08 UTC from IEEE Xplore. Restrictions apply.



562 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 49, NO. 2, MARCH 2000

Equations (3)—(5) show th&*™¢ is dependent on the timing which corresponds to the well-known expression of the error
delays, received amplitudes, and spreading codéSuders. In  probability for Rayleigh fading channels.

[5], a “semi-analytic” approach was used to calcul&fgmse, When using (10)—(12), we must be aware thgt is depen-
which first randomly selects the parameters for all users addnt on the received amplitudes, spreading codes, and relative
then numerically evaluates (5). It is reasonable to believe thamings of theK — 1 interfering users, as well as the spreading
the mean value of a relatively large number of evaluations wgdbde of the reference user. Therefore, to evaluate the average
give a quite close approximation of the true error probabilityrror probability of the MMSE detector, we still have to take

pmse, the “semi-analytic” approach as in [5].
Denote However, in the “semi-analytic” approach for each indepen-
dent run by using (5), although it is possible to avoid the calcula-
R =af ;eici + R (6) tion of R—1 by specific implementations, the necessary compu-

tational load for all numerical integral intervals is still very high.
On the contrary, (10) obviates the need to calculate the integral,

K P and its main computational load comes from the evaluation of
R, = al E {3135 it +o Tasn. (7) the hypergeometric functiort’ (a, b; ¢; z), which is easier [7].
2P, . . . .
k=2 Therefore, the computational load involved in the calculation of

: . pinmse s significantly lightened.
We can now rewriter? ;cf R™'c; as (see Appendix) ¢ g yl9

TR-! 204%,{7?& 8 IV. NUMERICAL RESULTS
041 i€1 T 1L 9,2 ~el (®)

The performance of the MMSE detector is numerically evalu-
ated in this section. The random codes of lemygth- 31 are em-
ployed. The improved Gaussian approximation (IGA) method
[8] is adopted to evaluate the error probability of the conven-
tional detector. We assume that all the users are subject to statis-

prmsel _0 < \/ﬁ) tically identical Nakagami fading. All the curves shown below
o ai,i\/ 277 ) -

with 5 = ¢/ R;*c; /2. In the single-user cases! reduces

0" = .
Now (3) can be simplified into

©)  are averaged over 500 independentruns. Also, as in [5], the error
probability . shown in all the following figures is multiplied
Note thaty$ is independent of the fading of user 1, the integrddy a factor of2(1 — P.) to account for the differential encoding
in (5) thus turns out to be the usual formulation for the err@nd decoding.
probability of coherent binary PSK in the fading channels. In Fig. 1 shows the error probability of user 1 as a function of
the case of Nakagami fading, we have [6] ~1 with K = 15 simultaneously active users for the conven-
tional detector (CD) and the MMSE detector in perfect power
r <m + 1) . o 1/2 control systems. The values of the fading figure of Nakagami
prmse 2 < m ) < 71 ) fading are taken fromm = 0.5, 1, 2, 5, and100, which cover a

2/l (m+1) \m+ e m + 5T wide range of fading environments, from the most severe fading
7 (1 1 1. m 10 (m = 0.5), to the Rayleigh fadingrt = 1), and finally to an
ol [ 1, m+ 5 m + 1 P o (10) approximately nonfading case(= 100). It can be seen that

the MMSE detector offers substantial performance gain over the
wherem is the Nakagami fading figuréy(.) is the gamma func- conventional detector in varying degrees of fading channels. It
tion, and; F1 (a, b; ¢; z) is the hypergeometric function [7]  should be noted that the error probability of the MMSE detector
decreases almost inversely with SNR in severe fading channels

2Fi(a, b ¢ 2) Z 7 (m = 0_.5, 1, and2) and becolmgs equnential_degradation ina
P kk' nonfading casert = 100). This is consistent with the property
() =a(a+1)-- (a +k—1), (a)o=1. of the error probf_;lblll_t)_/ of a single userin f_adlng and nonfa_ldlng
channels [9]. An intuitive explanation of this phenomenonis the
Whenm is an integer, (10) can be further simplified to Gaussian assumption of the output of the MMSE detector [10],
which results in an approximate equivalence of the MMSE de-
pmmse _ 1 1_ %7:1 <2k> <1 —pu? ) * tector in a multiuser environment to the single-user case.
¢ T2 H P k 4 ’ Now let us consider the MMSE detector in a near—far envi-
- ronment. As in [5], we assume that the average received power
with i = A5 ' (11) levels of interfering signals conform to the lognormal distribu-
m + st tion with a standard deviation efr dB. The mean power level
of user 1 is assumed to be one standard deviation lower than the
For the particular case when = 1 mean values of all other interfering users. Fig. 2 shows that in a
wide range of imperfect power control, the performance of the
pmmse _ 1 (1- ; _ 75T MMSE detector degrades slightly, while the conventional de-
e = p),  withp = o (12) : o
2 1475 tector is very vulnerable to the MAI. This verifies the near—far
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Fig. 1. Error probability of the conventional detector (CD) and the MMSE detector as a functisydf,., N = 31, K = 15, m = 0.5, 1, 2, 5, and100.
Single-user (SU) case is also shown for comparison.
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Fig. 2. Error probability of the conventional detector (CD) and the MMSE detector as a function of near—far vdfigfi€e, = 15 dB, N = 31, K = 15,
m = 0.5,1,2,5,and100.

resistance capability of the MMSE detector under various fadimg[5], it was found that the new method substantially shortened

conditions. For the particular caseraf= 1, i.e., inthe Rayleigh the computer running time in obtaining numerical results. For

fading environments, itis found that the numerical results showmrstance, wheril' = 15, N = 31, andm = 5, it took the

in Fig. 2 are consistent with the results shown in [5, Fig. 6]. method in [5] more than 20 h to obtaki** averaged over 500
Our simulations were implemented by MATLAB and carriedhdependent runs, while the new method requires only about 30

out on SUN SPARC workstations. Compared with the methadin. The time efficiency of the new method was justified.
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V. CONCLUSIONS

We extend Barbosa and Miller's work [5] in this paper. [l
To eliminate the time-consuming evaluation of the integral ,
involved in the “semi-analytic” performance analysis of the
MMSE detector, we exploit the matrix inverse theorem to
remove the integral over the fading of the reference user an
derive a more efficient solution. We then extend the analysis of
the behavior of the MMSE detector for the Nakagami fading [4l
environments.

(8]
APPENDIX

We derive (8) and (10) in this Appendix. The matrix inversion [©!
theorem [11, p. 267, Theorem 12.4] tells us thaBif= A —

UQV, whereA, B are nonsingular matrices, we will have [7]

8
Bl=A14+AUQI-VA'UQ) VA &l

(A1)

Since bothR and R, defined in (6) and (7), respectively, are [

nonsingular matrices arfél = Rz +a? ;cici, we canthus use [1q]

(A1) to calculateR !, Define B =R, A =R,, U=V7T =
— .2 : [11]

a1, Q = —af ,;, we will have

clcTRgl

— -1 2
R 1=R Iy —af  —21°2

2 NXN 1,4 2 el
1+ 201 ;77

(A2)
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where

¥t = LI R tey. (A3)

In the single-user cas®, = oIy n, 75T then reduces to
¥ = N/20% = ~1. Using (A2),e ;cf R™*c; becomes
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2 Tp-1
alyiclR cL = T 207 ol " 204% "Yfm
.t

(A4)

Thus, the conditional error probability of the MMSE detecta

in (3) becomes
2 R :'~
e, =0 (ot ). 7
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