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ABSTRACT step-size adaptation are also shown. The AS-CMOE receiver is

The adaptive step-size (AS) code-constrained minimum output en_s_hown to perform at I_east as v_veII as the AS-MOE receivers in both
ergy (CMOE) receiver for nonstationary code-division multiple Single-path and multipath fading channels.

access (CDMA) channels is proposed. The AS-CMOE algorithm

adaptively varies the step-size in order to minimise the CMOE cri- 2. SIGNAL MODEL

terion. Admissibility of the proposed method is confirmed via the

reformulation of the CMOE criterion as an unconstrained optimi- Consider the real signal model of an additive white Gaussian noise
sation. The ability of the algorithm to track sudden changes of the (AWGN) K-user synchronous CDMA channel, the baseband re-
channel structure in multipath fading channels is assessed. Sensiceived signal is defined as

tivity to the initial values of the step-size and the adaptation rate of o K

the algorithm is also investigated. r(t) = Z ZAkbk(i)Ck (t — iT) + w(t), 1)
i=—o00 k=1
1. INTRODUCTION . .
where A, represents the received amplitude of #ih user. The

In order to ensure stability of the minimum output energy (MOE) data bitsb; (i) are independent identically distributed (i.i.d.) and
algorithms of [1, 2] which are based on the stochastic gradientbx(i) € {—1,+1}. The symbol period is denoted . The
method, the step-sizes must be appropriately chosen. For stationspreading codey (t) is N-dimensional and has unit energy prop-
ary environments in which channel statistics are assumed staticerty, i-€.,/[cx||> = 1. To include the effect of the channel, the
during the adaptation periods, determining an appropriate step-Spreadingvaveform of thekth userc,.(t) can be modified tgy(t)
size for an adaptive algorithm is possible [3]. In practice, however, = ¢k (t)*hx(t), where« denotes convolution and(t) is the
multiple access interference (MAI) users frequently enter and exit channel response of ttig¢h user which incorporated;, and need
the channel. Therefore, the channel is far from being stationarynot be identical for different users. The AWGM{) has power
and computation of a pre-determined step-size is difficult. spectral density;,.

In [4], the adaptive step-size strategy for tracking time-varying The continuous-time received signdt) is sampled to form a
environments within CDMA channels is successfully applied to lengthL; received signal vector at theh observation, wheré;
the MOE detector presented in [1]. However, the MOE detector is the length of a receiver with tap-weight vecfor
tends to cancel the desired signal when the spreadangeform % %
has amismatch [1]. This is because the MOE criterion is not pri- _ (k) _
marily designed to equalise multipath distortion caused by a dis- tn = ;rn +wn = Z Grbgn + wa, (2)
persive channel. In reality, the multipath distortion, the cause of
mismatch, must not be neglected especially when high data fat&Nhererﬁf) denotes the received signal of tkéh user, G, the
transmission is required [3]. _ _ ~ combined code-channel response matrix ofitteuser,by,,, =

In this paper, we the'refore introduce the_ adaptive s_tep-_3|ze(bk Lyt b DT with Ly = |'Lf+]{;h*1‘| and
CMOE (AS-CMOE) algorithm for CDMA receivers operating in ’ ’
multipath fading channels. The AS-CMOE algorithm adaptively
varies the step-size in order to minimise the CMOE criterion. The G = C.Hy, (3)
AS-CMOE algorithm is derived in the same fashion as the AS-

MOE algorithm of [4] but with a modification to the constraint in  where theL; x Ly Lj; code matrixCy

order to operate in multipath channels. The algorithm is blind in

the sense that no training data are required. Admissibility of the C,
proposed method is studied by means of the reformulation of the -

CMOE criterion as an unconstrained optimisation. Simulations C, — Cs 0 4
confirm the applicability of the algorithms for nonstationary en- k= . ’ “)
vironments in multipath fading CDMA channels. Insensitivity of
the algorithms to initial settings of the step-size and the rate of Cy

k=1

W, = (wnN+Lf_1, cee ,’wnN)T. Note that
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where| €. | represents the block of delayed copies of the 4 REFORMULATION OF THE CMOE CRITERION AS

code sequence of thigh user with dimensio, x N + L; — 1 AN UNCONSTRAINED OPTIMISATION
0 St Ck,N—=1  ttt Cko We follow [4] in finding an unconstrained version of the code-
C _ : : (5) constrained MOE (CMOE) cost. The CMOE criterion of [2] for
: / / . the fixedy process is given by
CkN—1 - Ch,0 0 ' .
min J, S.t. (di)" € =(1,0,---,0). (11)
dh

andm denotes the code matr with the first
L;, —1 columns truncated. Define the length-channel response
vector for thekth userh;, = (h(()k), e ,h(Lk:_l)T, theL, L, x Ly
channel matri,, and theL; x L, combined channel matrig;,

By solving for any one of the element df;, the constrained opti-
misation problem of (11) can be transformed into an unconstrained
one [4]. Resorting to the constraint in (11), the first elemert:pf

are defined as is given by
Ly LyLy
h 0 _ 3 1 .
k 9k,N—1 Gk,Ly N—-1 di,l L [1 _ Zci,ldi,i _ Z (dZ)TC(J)]7 (12)
Hk = 7Gk = . C1,1 = =

0 hy, 9k,N—Ly " Gk LyN-1 wherec; ; denotes thé, jth element ofC andC ") is the jth col-

For brevity, we shall consider the first user as the desired user andimn vector ofC, i.e.,
drop the subscript in all variables involving the first user.

C1,1 C1,Ly Ly,
A " (LoLn) C2,1 C2,Ly Ly,
3. ADAPTIVE STEP-SIZE CMOE ALGORITHM Cc = (€W ...cltetn)) = : . : (13)
We consider the CMOE criterion for the AS-CMOE algorithm CL; 1 ***  CLgLyLy
min J, s.t. (df;)TC =(1,0,---,0), (6) The tap-weight vector of the receiver at timeis also redefined
" todl = (dby |, ,d‘;,Lf)T = (d% ., (@))" and the received
2 . —
whereJ, = E{ (dﬁ)Trn) } C represents the code-constrained signal vector, = (rn1,-++ ,mnz,)" = (ra1, +7)" whereL;

is the length of the tap-weight vector. The argument of (11) is

matrix described in (4)y is the step-size of the algorithm aik} therefore given by

is the tap weight vector of the fixed step-size CMOE algorithm.

The update rule fod” is given by (dg)Trn = d¥ a1+ (ag)Tfn

dZ+1 =d; - pl‘[érnrgdfg, ) T 1 1 i "

A = —_— — _(Zci,ldn,irn,l +
whereIl§ = I — I andIIc = C(C7C) 'CT. Differentiat- L G Mo
ing J, in (6) with respect tq at timen, denoted byu,,, results in LyLp ) -
%L:# = 2B{d]r,rlY,}, whereY,, = dd,/dp|.=,, and Z; (dz) €Y Tn,l) +(d7) T
d, is the estimate of the tap-weight at time Replacingu and N F
d“ in (7) with u,, andd,, respectively, we arrive at S Vu—FrRa, (14)
_ 1T o — I oy dt e

dpt1 = dp — pnIlgrar, dy, (8) whereCY) = (cy, - - vcz,.5)" Vn A D-%;o Clll,ydn,ﬂ L
wherep,, is updated by R, 2%, — = ngfﬁ €D, andF, 2 d*. An uncon-

fin+1 = [pn — adyrary Vo]0t (9) strained optimisation version of (11) is therefore given by

. T 2
and|-];* denotes the truncation to the limits of the rafyge, /1., ] minJ, where Jo = E{(Yn - FnRn)"}. (19
anda > 0 denotes the adaptation ratejof. The update rule of ] " )
Y, is given by Consider a fixed step-size system,
Yop1 = Yu-— I'Z:dnl‘n - ,unrz:ynrn fﬁ"'l = }.ﬁ + /[R»nen (M)’ (16)
- T s T s
= Y, —r,dpIIgry, — pnr, YoIlgr, (10) wheree,, (1) 2y, - FLTR,,. The unconstrained optimisation
= [I— pinrnrl]Vy + pnrt Y, Ier, — rid, Igr,, for the fixed step-size system (16) is given by

where the second equality results from replacing the received sig- min E{(Vn — F4"R,)*} = min E{es (u)}.  (17)
nalr,, with its projection upon the complement of the range space r r
spanned by the columns of the code-constrained matridsr,, . An unconstrained version of the adaptive step-size CMOE (AS-
Equations (8), (9) and (10) constitute the adaptive step-size CMOECMOE) algorithm is given by
(AS-CMOE) algorithm. FoTr the fixe;d;process;m %p, anci(lO) Fri1i = Fn+ pnRuen, (18)
becomed’) | = [I—prpr, |V} +pr, Y TIcr, —r, diIIGr,. = [un+ RIY i+ (19)
Admissibility of using bothy}}* andY;, in the CMOE criterion (6) Hntr = A T Qo Ron Enfu,
is confirmed by the results in Section 4 and 5. Yot1 = [I—pRaRE]Vn 4+ Roen, (20)
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wheree, = Y, — FIR,. Note that since the AS-MOE crite- 500, another four 30 dB MAI users were added to the channel.
rion of [4] uses the constraint proposed by Honig et al. [1], the At time » = 1000, two of the 20 dB MAI users and three of

constraint in (11) is therefore modified (d*)”C) = 1. Con- the 30 dB MAI users exited the channel. Averaged signal-to-
sequently, the parameters in (14) are modified as follows for the interference plus noise (SINR) was used as a performance measure
AS-MOE criterion and all SINR plots were averaged over 100 Monte-Carlo runs. The
(1) performances of the AS-MOE [4] receiver and the proposed AS-
y, & _7“"_’17 R,E55, — Crnn . Fa 2 ar, CMOE receiver are compared in single-path and multipath fading
C1,1 C1,1 scenarios. The lengths of both receivers were chosen2dvbend

were initialised with the spreading code of the first user followed
by N zeroes. Parameters for both algorithms were identically as-
signed as follows. The initial step-sizes were segt@t= 107,

which are identical to those shown in Section IV A. of [4].

5. ADMISSIBILITY OF Y} AND Yy PROCESSES the adaptation rates were 5 x 10~% and Yy were initialised
. . ) at0.1(1,---,1)T. The upper and lower step-size limijts., p1—
For a stationary system with small enoughthe meaning ot’/* were respectivelt0~2 and0.

is interpreted by the approximation of estimation of finite differ-

ence errors as [5]. Fah > 0, g + A < s, definesFra — For the case of the single-path channel, the SINR plots are
. ) > M4 n -

shown in Fig. 1 a). Both AS algorithms perform almost identical in

+A
M- Therefore, the case of a non-near-far, single-path stationary channel. As four
A A " A near-far MAI users enter the channel at time= 500, both AS-
OF o = 0F " — pRaR, OF™ (21) MOE and AS-CMOE are able to track the channel variation with
+Rn(Vn —RIF!) — AR, RISFHA. noticeable degradation in SINR level. In the multipath case, five-

ray multipath fading channels were assumed for all users where
Similarly to the study o;** for non-blind AS algorithms as shown the probability of the location of the delay of the last four rays
in Appendix A of [5], it is shown thalim sup,, E{(6F**)?} < were uniformly distributed ovej0, 57¢) with standard deviation
O(1/p?) converges uniformly inA for small enoughu. Define 0.3. The SINR performances of both receivers in the multipath
DB = §FA — f/rl; whereff.,{‘ = OF! /0| u=p., , therefore channel are shown in Fig. 1 b). It is apparent that the performance

of the AS-MOE receiver is highly dependent upon the multipath

D =Dh? — pR.REDE® — AR, RLIFLS. (22) dispersion. The AS-MOE receiver still attains a degraded SINR

level even when some users exit the channel attime1000. For
By using the above estimate fé{(6F***)?} and following the AS-CMOE, the additional constraint prevents signal cancellation.
same derivation as in Appendix A of [5], it can be shown that The SINR performance confirms the ability of the AS-CMOE to
limsup, E{(D%**)?} = O(A/u)O(1/u?). This means thatfor  operate in multipath channels.

the stationary system and small enoyghlima ;o E{ (fﬁ;‘ — Fig. 2 a)-b) show respectively three trajectories of different
FutA_pun 2 . _ initialised step-sizes of the AS-CMOE algorithm for single-path
W) } = 0. ThereforeY}' can be interpreted as a mean and multipath channels. For the single-path channel in Fig. 2 a),
square derivative [5], i.e., a& — 0, the trajectories are driven up to the peak and gradually decrease
to a small value. A decrease in the value of the step-size is asso-
E{f(Fi+™)} — B{f(F")} ciated with an increase of the SINR of the AS-CMOE receiver as
A

shown in Fig. 1 b). Aftem = 1000, all trajectories stay at the
. . . . . ) same level. In Fig. 2 b), the trajectories of AS-CMOE for the five-
wheref(-) is a differentiable function [5] andlz(-) is the deriva- g 2b) J
tive of f(-) with respect toF. Define f(F) = [V — FLR.)?,

ray multipath channel are shown. At= 500, sudden changes
it is shown that [5]

= E{fr(Fn)Y!}, (23

in the trajectories for both algorithms are less noticeable as com-
pared to those shown in Fig. 2 a). With the 100-fold variation
OE{f(F1)} in po = {10‘5_, 10‘4, 1073}, all trajectories of the step-sizes
—on (24) for AS-CMOE in Fig. 2 a)-b) show an approximately identical be-
haviour in convergence even after the occurrence of the sudden
By using the relationship (14) and the results from Sectigf{(#% ) changes in the channel. It is noticed that the algorithm converges
A £(dy). Therefore slightly faster at large initial setting of step-sizes. A similar result
' has also been observed for the adaptive step-size LMS algorithm
OE{f(d7)} 25) shown in [6].
op ) In order to test the effect ak upon the algorithm, we con-
o sidered the performance of AS-CMOE in a dynamic environment
Hence, the admissibility of’}*, and alsoY,, as a mean square  here different user groups switched between three user groups

E{fF(Fn)Yi}=

E{fa(dy)Y;'} =

derivative for the AS-CMOE algorithm is therefore validated. according to a Markov chain. The dynamic environment was set
similarly to that of [4] with minor modification. The power of the
6. SSIMULATIONS first user was set such that its SNR is 20 dB and the MAI user

groups were designated as follows. User group 1 consisted of 17
We considered a synchronous CDMA system with spreading gainMAI users transmitting at 20 dB and two MAI users transmitting
31. Gold sequences were used to generate the spreading codesd 30 dB. User group 2 consisted of 29 MAI users transmitting at
for all users. The background noise was zero mean AWGN with 20 dB. Finally, user group 3 consisted of eight MAI users transmit-
SNR=20 dB referenced to the desired (first) user. Six equal-powerting at 20 dB and one MAI user transmitting at 30 dB. The MAI
20 dB MAI users were in the channel at time zero. At time= structure was constructed according to a Markov ch#itj with
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Fig. 1. The averaged SINR in dB for AS-MOE [4] and AS-CMOE
receivers in a) single-path and b) multipath channels. Both the AS-
MOE and AS-CMOE receivers show comparable performance in
tracking variations of the single-path channel. For the multipath
channel, AS-MOE fails to operate whereas AS-CMOE performs
well and robustness to mismatch is shown.
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500 1000
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500 1000
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Fig. 2. The trajectories of step-sizes for the AS-CMOE receiver in
a) the single-path b) the five-ray multipath channels when initial
step-sizes are (i) x 107> for —O— (i) 1 x 10~* for —{— and

(iii) 1 x 1072 for — 7 —. The trajectories of the step-size show an
approximately identical behaviour. All trajectories of the step-size
for the AS-CMOE receiver behave similarly after= 500 and
stay at the same level after= 1000.

0.998 0.01 0.01
transition probability matri®® = [ 0.01 0.998 0.01 | and
0.01 0.01  0.998

state spacé(1,0,0)”,(0,1,0)7,(0,0,1)”}. The Markov chain
z[n] designates the MAI user group which affects the desired user
detection at thesth symbol. The switching between the three MAI
user groups occurred at every 500 symbols. Single-path fading

channels were used for both the desired user and all the MAI users

for all user groups. At different adaptation ratesettings, Fig. 3
shows the different trajectories of the step-sizeof AS-CMOE.
The initialisation of step-size, was set atl0~® and the adap-
tation rates abv = {2 x 10°%,1 x 10°7,5 x 10" "}. Each

— AS-CMOE, a=2e-8
-~ AS-CMOE, a=1e-7 |J
AS-CMOE, a=5e-7

0.2

3 4 5 6
Number of symbols

Fig. 3. The trajectories of step-sizes of AS-CMOE in Markovian
user population with different settings of adaptation rate The
AS-CMOE algorithm is shown to be relatively insensitive to vari-
ation of adaptation rate settings.

7. CONCLUSION

In this paper, the AS-CMOE receiver is introduced. The perfor-
mance of the algorithm for nonstationary environments within single-
path and multipath fading channels is examined. The algorithm
works well in tracking the abrupt changes due to interfering users
entering and exiting the channels. AS-CMOE performs closely to
AS-MOE of [4] in the single-path channel. However, as the AS-
MOE receiver fails to operate in the multipath channel, AS-CMOE
performs well in tracking abrupt changes and its robustness to mis-
match is shown. The insensitivity to the initialisation points of
step-size and adaptation rate of AS-CMOE are also investigated.
Simulation results suggest the relative insensitivity to variation of
both initial step-size and adaptation rate settings of the AS-CMOE
algorithm.
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