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I. ABSTRACT

In this paper, we present an iterative joint channel estimation
and data detection technique for multiple-input multiple-output
(MIMO) code-division multiple-access (CDMA) systems over
frequency-selective fading channels. Based on the expectation-
maximization (EM) algorithm, the proposed iterative receiver
achieves a performance close to the optimum maximum-
likelihood (ML) receiver. In addition, the performance of the
proposed receiver is optimized through weight coefficients
using the minimum mean-square error (MMSE) criterion.
Compared to the single-user bound, our results show that the
proposed receiver can mitigate the multiple-access interfer-
ence and attain the full system diversity. Furthermore, our
simulation results confirm that the proposed receiver is near-
far resistant and offers fast convergence in severe near-far
scenarios.

II. INTRODUCTION

In multiple-input multiple-output (MIMO) code-division
multiple-access (CDMA)systems, channel estimation plays a
crucial role in determining the system performance [1]. In
order to achieve the promised performance gain of MIMO
systems, the channel coefficients must be known or estimated
perfectly at the receiver [2]. Recently, there has been an
increasing interest in iterative joint channel estimation and
data detection algorithms [3], which take the advantage of
the detected data symbols in the channel estimation process.
In particular, there has been a growing interest in expectation-
maximization (EM) based joint detection and estimation (JDE)
techniques because of its ability to achieve accurate estimation
without wasting the system resources [4]. Therefore, an exten-
sive effort has been focused on employing the EM algorithm
in JDE techniques for MIMO systems [5]. For example, the
authors in [6] proposed various EM-based channel estimation
techniques for MIMO systems. Choi [7] has proposed a
general framework for EM-based JDE schemes considering
different types of MIMO channels (e.g., Rician or Rayleigh
fading). As well, many research efforts have considered the
JDE problem for MIMO systems considering flat [5] and
frequency-selective channels [8]. In this paper, we propose a

JDE technique based on the EM algorithm for MIMO CDMA
systems assuming asynchronous transmission over frequency-
selective fading channels. The proposed JDE receiver structure
is derived, where we show that it can bring an optimum
balance between a single-user matched filter detector and
a parallel interference cancellation (PIC) based detector. To
achieve a fast convergence to the optimum solution, we ini-
tialize the EM estimates based on reliable estimates of space-
time minimum mean-square error (MMSE) separate detection
and estimation (ST-MMSE-SDE) receiver [9]. The rest of the
paper is organized as follows. The system model is described
in the following section. In Section IV, the EM-based ST
receiver is discussed. In Section V, we derive a closed-form
expression for the optimized weight coefficients. In Section VI,
we discuss the initialization of the EM algorithm. Simulation
results and discussions are then presented in Section VIIL.
Finally, conclusions are drawn in Section VIIIL.

III. SYSTEM MODEL

Throughout our work, we consider a transmit diversity
scheme with U=2 transmit antennas at the mobile user and V'
multiple receive antennas at the base station. We also consider
the original space-time spreading (STS) scheme proposed
in [10] for an asynchronous K-user system over a slow
frequency-selective fading channel with L resolvable paths.
The channel coefficients are, therefore, considered fixed within
a block of M codewords, where each codeword has a period of
T = 2T}, and T} denotes the bit period. The received complex
low-pass equivalent signal at the v*" receive antenna is given

hllcl’v [bkl[m]Cm(t —mly — Ty — 7~'l)

+bio [m]ckg(tstTk%l)} +h§lﬂ) [ka[m]ckl (t—mTs—7y

—71) — bpa[m]ega(t — mTs — 7p — 7’1)] +n"(t), (1)

where by1[m| and bga[m] are the odd and even data streams
of the k" user within the m!" codeword interval. The codes

978-1-4244-5638-3/10/$26.00 ©2010 IEEE



cr1(t) and cgo(t) represent the k' user’s spreading sequences
with processing gain 2N, where N = T, /T, is the number
of chips per bit, and T, is the chip duration. In (1), h’;lv,
q = 1,2, is the attenuation coefficient corresponding to the
kM user,

[*hpath from the ¢! transmit antenna to the v*"

Ey kv k,v
2 Qg > Oy

sponding fading channel coefficient and E}, is the k" user
transmit energy. These attenuation coefficients are modeled
as independent complex Gaussian random variables with Zero
mean and variance o7, where 0 = £:62 and 0 = 1. The
noise n"(t) is Gaussian with zero mean and variance No. At
the receiver side, the received signal at each receive antenna is
chip-matched filtered, sampled at a rate 1/7T., and accumulated
over an observation interval of (2N + T4, + L — 1) chips
corresponding to the m*" symbol of the received data block
for the K-user system. The (7,4, + L — 1) samples are
due to the maximum multipath delay (i.e., delay of the [
path) corresponding to the user with the maximum transmit
delay, Tpmqz. Let yU[m] denote the observation vector at the
vt" receive antenna containing all samples related to the STS
symbols transmitted by the K users within the observation
interval. Then, we have

. ko .
receive antenna, where h ql’” = is the corre-

y"[m] = (C[0]B(m) + C[-1]B(m
x h" +n"[m],m

— 1)+ C[1IB(m + 1))
=1,....M—2, (2

where C[0], C[—1], and C[1] include the code sequences
corresponding to the current, previous and following STS
symbols of the K-user system within the observation interval
respectively. In (2), B(m), m =0,..., M — 1, represents the
users data matrix within the mt" period, defined as

B(m) = diag{B1(m),Ba(m),...,Bg(m)},
where
Bu(n) =L obn. b = R0

k=1,...,K,m=0,...,M—1, and I, is an identity matrix
of L-dimension. Also, h" is a (2LK x 1) channel coefficients
vector defined as

vo__ T 10T
h' = 7, hy7, ..,

where hY = [A5, h5:", ... 5 YT, and T denotes the trans-
pose operation. Finally, in (2), n’[m] is a [2N + L — 1+
Tmaz) X 1] vector representing the additive-white-Gaussian
noise (AWGN) samples at the vt receive antenna, each with
zero mean and variance N,. After sampling the received
signal, the matched filter output at the v'" receive antenna
, y[m], is correlated with the code matrix, C[0], as follows

hy"]7,

yo|m] = (R[0]B(m) + R[-1]B(m — 1) + R[1]B(m + 1))

xh” +ng[m], 3)
,..., M — 2, where R[0] = CH[0]C[0], R[-1] =
[—1], R[1] = CH[0]CJ1], and H denotes Hermitian

OS
§
QFr
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transpose. In (3), n¥[m] is modelled as N, (0, R[0]). Similar
to [11], let

R[0] = F[0]TF[0] + F[1]TF[1], )

and

R[-1] = F[0]"F[1], Q)

where F[0] is a lower triangular matrix, and F[1] is an upper
right triangular matrix with zero diagonal. If y?[m] is passed
through a filter with impulse response (F[0] + F[1]z)™" [11],
then

F[Am]|B (m — Am)h" 4+ n},[m],

Yolm] = (6)

Am=0
where n? [m] is a complex Gaussian vector with zero mean
and covariance matrix N,I>r i, and Ioy x is an identity matrix
of dimension 2LK. Note that both y?[m] and y%[m] have
the same information about the transmitted data. Due to the
whitening noise property of (6), our subsequent analysis will
be based on y.,[m].

IV. SPACE-TIME RECEIVER STRUCTURE

In this section we describe the details of our proposed EM-
Based ST Receiver. The receiver is derived by first decom-
posing the observed data into its signal components using
the approach presented in [12] for the estimation problem
of superimposed signals. Then, using the decomposed signal
components which are coupled with the corresponding un-
known channel coefficients of different users, we define the
complete data set. Subsequently, we alternate between the E-
step and the M-step of EM algorithm until the convergence
is achieved. Now starting with the approach proposed in [12],
we decompose the whitening filter output, y?, [m], into a sum
of K statistically independent components, i.e.,

K
= Z gh(m (M
k=1
where g} (m) = ZlAm:O Fi[Am|By(m — Am)hj +nj,, [m],

Fi[Am] is 2LK x 2L matrix including the 2L columns
corresponding to the k' user in the matrix F[Am], n¥, [m]
is a complex Gaussian vector with zero mean and covariance
matrix 3, N,Iopx and 3} is a non-negative value satisfying
the constraint 31 | 37 = 1. Our goal is to obtain the users’
data estimates using the EM algorithm. First, we define the
EM algorithm parameters:

1) Observed data, y.,, which includes the outputs of the V'
whitening matched filters within a frame of M codes is
given by yu, = [yL".y2"...., y¥"|T, where yi, =
o 0 s, yn M - T e =1,

2) Parameters to be estimated, b, which include the
transmitted data bits from the K users within the

frame period b = [bY bl ... bL]T where by =
[br[0]7, br[1]T, ..., bp[M 1] ]T k=1,..., K, and
by [m] = [br1[m ]7bk2[ Nr,m=0,...,M — 1.
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3) Complete data, G, which are defined based on the com-
plete data definition in [9], where the unknown channel
coefficient vectors are included as a part of the com-

plete data as follows: G = [G!",G2",... . GV'T,
where G” = [(glljahil))a(ggvhg) (gKa hv )] v =
V. and g} = [g}(0).g{(1). ... gL(M — 1))k =

1,... . K.

Since the components of G given b are statistically inde-
pendent, the complete log-likelihood function is given by

vV K
(Gb) => > ®(gy, hy|by), (8)
v=1k=1
where
@ (g, hibr) = ©(gy|hy, b)) + (hy[by). ©))

The second summand in (9) can be ignored as it is independent
of b. Therefore, (9) is reduced to

B(gh o) o — 3 (gz<m> =Y Felam
m=0 Am=0
H 1
x By(m — Am)h;;> <g;;(m) — > Fi[Am]
Am=0

x Br(m — Am)h}é). (10)

By ignoring the terms in (10) which are independent of b, the
conditional likelihood in (10) can be simplified to
M—1
®(gy, hy[by) o Z 2Re{h} " By, (m)F[0]" g} (m)

+hy "By (m )Fk[] gh(m + 1) — hy "By (m) Ry [—1]

x Bi(m — 1)} —hi" By (m+1) Ry [-1Bx(m)h}} — by
where Rkk[—l] = Fk[O]TFk[l], and Rkk[O] = Fk[O]TFk[O}—F

F[1]TFi[1]. At the ' iteration, the E-step of the EM
algorithm is implemented by taking the expectation of the
complete log-likelihood function defined in (8) with respect
to the observed data vector, y,,, and the current EM data
estimates, b?, i.e.,

K
Q(bb") = > Qy(bk[b"), (12)
k=1
where
Qi(by[b’) =Y " E[®(g}, hy[by)|y..b’]  (13)
v=1

From (11), the expectation of the individual log-likelihood
function is reduced to

vV M-1
Qi(bpb) =" > 2Re{ [h};HBk(m)Fk[o]ng(m)
v=1 m=0
+ 1y B (m)Fi[1] g (m + 1) — 1y "By (m) Ry [ 1]
x Bg(m — 1)hY — h?" By, (m + 1)Rpk[—1]Bg(m)

xhi|yw, bl} } —E [h%HBk(m)Rkk[O]Bk(m)hzyw, b|.
(14)

To find the joint conditional expectation in (14), we evalu-
ate E [g}(ms)|yw,b’,h], my € {m,m + 1}, where h =
[h! b2 ... hY]. Then the subsequent expression is used to
find E [f(hy)]yw,b?], where f(h}) denotes the resultant
function in hy. By noting that the conditional probability den-
sity function, P, (g} (ms)|yw,b’,h) is Gaussian with mean
[12]

1

E [gi(ms)|yw, b",h] = Y Fi[Am|Bi(m, — Am)'hy
Am=0
K 1 ]
+ﬁk( (me) =Y > Fi[Am]B;(m Am)lhg)
7=1 Am=0

ms € {m,m+ 1}, (15)

The conditional expectation of the likelihood function in (14),
after some algebraic manipulations, can be expressed as

ZZR@{ZZTffZl

v=1m=1 =10=1

+ T (1) + Ty (L) + Tog (1, 1) —

K

>

j=1,j#k

Oy (by|b?)
- F
Sk (L) + BR(hy)

< By (m) (yﬁ,k[m] (Rkj[qu(ml)meuT

x Bj(m +1)" + Ry;[0]B;(m )Z) (hgj)?)}’ (16)

where
78200, = (0= 30 (A (1) + P )
+ Pl;fu,u',m(ﬂ)) - quci,u',m(—l) - P];z]f;,zl',m(l)>

X (hl;l’”)‘ (hﬁ)l,) ¢, w € {1,2},

L L o ;
S =3 S Ao (H) (m)
1=1l'=1,1'>1

: k,v = k,v k,v o k,v i
O () (W) o5 @ (W) (W)

kv i k,v i
+P§§,11/,m(0)( ho; ) (h2z') )
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where p’;ﬁi”,#m (myp), my, € {—1,0,1}, are defined in terms of
the cross-correlation coefficients and the k*" user’s current and
next data estimates. Also, yy ,[m] is a (2L x 1) vector includ-
ing the outputs corresponding to the k*" user at the despreader
output during the m‘" symbol interval, defined as Yerlm] =
Fi[0]Ty? [m]+Fi[1]Ty? [m+1] [13]. In (16), the conditional
expectation of the attenuation coefficients given y,, and b’
is given by (h,")" = E [b°[yw, bz]2L(k—1)+q+2(Z—1)

{( ”)Z} , where [-], denotes the s*" element

2L(k—1)+q+2(1—1)

of the assigned vector, and (hk ”*hj,7,)i = (h];l’”)i*(hZ’fl),)i +
(1) 2L(k—1)+q+2(1—-1) 2L —1)+a'+2('—1), Where ¢,q¢" €

{1,2}, ,I" € {1,...,L}, k,j € {1,...,K} and i, =
E [(hv — (")) — (0°)) |y, biJ . Similar to [13], the
conditional distribution of the channel vector, h”, given y,,

and b’ is Gaussian with mean

(5w

B(m)! + R[-1|B(m — 1)°

— M—1
+R[1B(m +1)") + N@;,i) X B(m)'y?(m),
m=0
(17)
and covariance
L= No< > B(m)' (RI0JB(m)’ + R[-1]B(m — 1)’
m=0

-1
+R[1]B(m+1)i)+N02;;> , (18)

where ¥, = diag{Zp1,Zn2,-. ., Snit, She = o0ilor.
From (12), the M-step of the EM algorithm is performed
by maximizing the individual likelihood functions Qy(by|b?),
k=1,...,K, as

bit! = arg max 9y (bg|b?). (19)
k

V. OPTIMIZED WEIGHTS (3}")

In (16), we notice that Q(bg|b?) is a sum of V sta-
tistically independent terms given b and its EM estimate
b?, which are related to the V receive antennas. Since the
spatial channels corresponding to the links between transmit
and receive antennas are considered independent, /3}, can be
separately optimized. In this case, we choose the weight
coefficients to minimize the linear mean-square error between
the true signal vector, gp(m), and its estimate (g} (ms))" =
E [g}(ms)]yw, b'], ms € {m,m + 1}, after being projected
on F[0] and Fj[1] respectively as

Br = argnﬁl;nE (I Eq 117] (20)
k

where

By =Fi[0]" (g2 (m) — gi(m)") + Fi[1]" (gi(m +1)

—gi(m—+1)"), (1)
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and || - || denotes the vector norm. In order to simplify our
analysis, we assume that M — oo, i.e. the random channel
coefficients are assumed to be known at the receiver. It follows
that

k[Am|By(ms — Am)*hY

AmJB;(m, - Am)Z'h;f)

,ms € {m,m+1} (22)

Substituting g¥(ms) and (gp(ms))’, ms € {m,m + 1}, in
(21), we have

Eg = Rkk[O] (Bk(m) (m)z) hz + Rkk[—l]

><( g(m—1) = Bg(m —1)i) v Ry [-1)7
x (Br(m + 1) — Bg(m + 1)") by + F4,[0] 0y, [m] + Fi[1]7
< nlfm 4 1) = B2 g lm +ﬁk(ZRm m)'h;
+ Ry [ 1]B;(m — 1)'hY + Ry [-1]"B;(m + 1)'hY
(23)
where Ry;[—1] = Fi[0]7F;[1], and Rg;[0] =
Fi[0]"F;[0] + Fi[1]"F;[1]. Substituting y7,[m] =
S Ry[0]Bj(m)hY 4+ Ry [—1]B;(m Dh?  +

Ry [—1]"B(m+1)hY +nf , [m], where n¥ , [m] is (2L x 1)
vector including the noise samples corresponding to the k*"
user at the v despreader output during the m** symbol inter-
val, and /Byng  [m] = Fi[0]"ny,, [m] + F[1)] 0y, [m + 1]
in (23), we have

E, = Ry [0] (B (m) — Bi(m)") by, + Ryx[—1]

X (Bk(m — 1) — Bk(m — 1)2) Z —+ Rkk[fl]T (Bk(m -+ 1)
K
“Bu(m -+ 1)) b+ v/n o] - 53 (Y R0
j=1
x (Bj(m) = Bj(m)") hj + Ry;[~1] (B;(m — 1)
—B;(m —1)") hY + Ry;[-1]" (B;(m + 1) — Bj(m + 1)")
x hi +ng k[m]) (24)
In our system model, we assume that the noise
samples, nf xlm], and the channel coefficients, hj,

are mutually independent, as well as E [hkv ! ,ﬂ =

o?  for similar channel coefficients and  zero
otherwise. In  addition, FE {n’é k[m]HnZ’k[m]} =
No (Rik,11[0] + Rk 22[0] + . .. + Rik.2021[0]) , where

Rikccl0], ¢ € {1,2,...,2L}, represents the ¢'" diagonal
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element of Ry [0]. Using (24), (20) can be expressed as

3 v
B = argr%%n {No (5}; - 26,2 + ﬁk2) (Rpk,11[0]
k
— SOiﬁk (Pvz +Pv z)

€k1 €k2

+Ryk,22[0] + . ..
L
XD (rreo(2l— 1,20 — 1) + re 02, 21) + -1 (20 — 1
=1
,21 — 1) + Tkk,_1(2l, 21) + T’kk’l(Ql -1, 20 — 1) + ’I“kk’l(Ql

K L
21)) + 4632 o2 (P;;f + P;;;‘) 3 (rjjo(2l — 1,20 1)
j=1
+Tjj’0(2l7 2[) + Tjj’,1(2l —

=1
+rj51(20 = 1,20 = 1) +rj;,1(21,21)) } (25)

+ Rk 2021[0])

1,20 — 1) 4755, 1(21,21)

where rjj,mp(<7C),j € {17,K}7< €
{1,...,2L},m, € {-1,0,1}, represents the
¢t _ diagonal element of  Rj;[m,]"R;;[m,], and
Py = 3 (1= E [bjg[m +mplbjg[m+m,)1]),j €

{1J Jk}q G {1,2},m, € {—1,0, 1}, where the probability
of error, P’ = P (bjg(m + mp) # bjg(m+my)"). Assume
that oy = Rkk 11[0] + Rik,22[0] + ... + Ry 212.[0], and
9 = 7“]]’0(2l 1 20 — 1) + rjj,0(2l, 21) + Tjj’71(2l — 1, 20 —
1) + Tjj7,1(21,2l) + ’I“jj71<21 — 1,2[ — 1) + ’I"jj,l(2l,21).
By differentiating (25) with respect to 3} and substituting

x = /B, we have

K L
2N,ai +83 o (P” P4 pY ) Z 67 | 22 + (—3N,

€51 €52
Jj=1

X ag)T + (Noozk — 807 (P2 + P21 Z el) =0. (26)

Solving(26) with respect to x results in two possible solutions
for /3. Assuming that the performance of the EM-based
ST receiver with V=1 receive antenna will converge to the
single-user (SU) bound with perfect channel state information
(CSI) assuming transmission over frequency-selective fading
channels. Then the probability of error of the odd and even
data bits [10] are defined as

Py = ;@(Re{g(l, 1) +6(1,2)} g(lz’ 1) )
Q(Re{g(l,l) —0(.2)} ﬁ >
and
P, = Q<Re{g(2,2) +G(2,1)} g(22 2) )
. ;Q<Re{g(272) — 621} ﬁ )

where Q(z) = 1/v2r [° e~ 2y,
g = [(slchl — SQChQ) (Sgchl =+ Slchg)]H

x [(s1ch; — sachy) (sachy + s1chy)],

and s; and sy include the multipath versions of the two
code assigned for every user, and chg, ¢ = 1,2, include the
multipath channel coefficients from the ¢ transmit antenna
to the receive antenna. Substituting with the EM channel
estimates defined in (17) in the single-user bound, P, and
P.,, we obtain an approximation for P?*, and P2’

VI. EM INITIALIZATION

Since the EM algorithm is sensitive to the initialization
of the parameters to be estimated [14], as well as due to
the high computational complexity of the joint estimation
and detection in MIMO systems, our proposed EM-based ST
receiver is initialized by reliable estimates, for example, by
using the ST MMSE-SDE technique [9]. This guarantees that
the performance of our proposed receiver converges to that
of the optimum receiver with a fast rate. Furthermore, this
will also ease the maximization of the individual likelihood
functions Qi (bg|b?) in (19). Instead of using the Viterbi
algorithm [11], which increases the complexity of the proposed
receiver, we consider that, at the first iteration, the ST MMSE-
SDE estimates provide reliable estimation for the previous
and following codewords, by,[m — 1] = bg,[m — 1]°, and
brg[m—+1] = bry[m+1]°, ¢ € {1,2}, while for the subsequent
iterations, we consider that by,[m — 1] = by,[m — 1]%, and
brg[m + 1] = bgg[m + 1]~ 1. Consequently, the maximization
of (19) is performed over 4 possibilities for the current k" user
data bits, b1 [m] and bga[m], (i.e, {(1,1),(1,-1),(-1,1),(-1,-1)})
considering binary phase-shift keying (BPSK) transmission.

VII. SIMULATION RESULTS

In this section, we examine the bit-error rate (BER) perfor-
mance of the proposed EM-JDE receiver in MIMO CDMA
systems. In all cases, we consider a system with two transmit
and V = 1,2 receive antennas. We also consider an uplink
asynchronous transmission of a data block of 40 codewords
(M=40) over a frequency-selective fading channel. Without
loss of generality, we consider a 5-user system, where all users
are assigned Gold codes of length 31 chips. We assume the
first user as the desired one. A training codeword of eight
training bits is used for the initialization of the EM receiver.

As a reference, we include the BER performance of the
single-user STS system assuming perfect channel estimation.
Fig. 1 presents the BER performance of the proposed ST EM-
JDE receiver using 2 x 1 antenna configuration. The results
show the proposed JDE receiver achieves a performance close
the single-user bound. We also notice that the full system
diversity is attained at high signal-to-noise ratio (SNR) values.
Similar argument applies to Fig. 2 where we consider a
MIMO CDMA system with two receive antennas. In Fig. 3 we
examine the near-far effect property of the proposed receiver
for V' = 1 receive antenna. We fix the received SNR of the
first user v, at 15 dB, while the interfering users have equal
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—<4&— MMSE-SDE

—#— ST EM-JDE 2-iteration

—&— ST EM-JDE Single—user, unknown channel
—— Single-user, perfect channel

Yy=--=15(dB)

Fig. 1. BER performance of the first user considering ST EM-JDE receiver
with V=1 receive antennas, M = 40,p’ = 8, [ = 2, 2 iterations.

—o6— ST EM-JDE, 2-iteration
—#— ST EM-JDE, Single-user, unknown channel|
—=— Single-user, perfect channel estimation

Fig. 2. BER performance of the first user considering ST EM-JDE receiver
with V=2 receive antennas, M = 40,p’ = 8, L = 2, 2 iterations.

SNR ratios relative to <y, varying from -10 to 60 dB. We
also compare the performance of the ST EM-JDE receiver
considering optimum [}, values (26) and equal [} values
(8;, = 1/K). The results show that the EM receiver with
optimum [}, is near-far resistant.

VIII. CONCLUSION

We have developed an iterative joint detection and estima-
tion receiver based on the EM algorithm for STS systems.
Using Monte-Carlo simulations, we examined the performance
of our proposed receiver in frequency-selective fading chan-
nels. It was shown that with few training bits, the receiver
can achieve performance close to the single-user bound in
few iterations. We have also shown that the proposed receiver
attains the full system diversity through accurate channel

Fig.
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—= ST MMSE_SDE

— ©— ST EM-JDE(3-iteration), B, =1/K

— ©— ST EM-JDE(1-iteration),B, optimum
— %— ST EM-JDE(3-iteration), B, optimum|
—#— ST EM-JDE Single-user
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