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Multiuser detection for space-time coded synchronous multiple-access systems in the presence of independent Rayleigh fading
is considered. Under the assumption of quasi-static fading, it is shown that optimal (full diversity-achieving) space-time codes
designed for single-user channels, can still provide full diversity in the multiuser channel. The joint optimal maximum likelihood
multiuser detector, which can be implemented with a Viterbi-type algorithm, is derived for such space-time coded systems. Low
complexity, partitioned detector structures that separate the multiuser detection and space-time decoding into two stages are also
developed. Both linear and nonlinear multiuser detection schemes are considered for the first stage of these partitioned space-
time multiuser receivers. Simulation results show that these latter methods achieve performance competitive with the single-user

bound for space-time coded systems.
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1. INTRODUCTION

Most previous work in space-time coded systems has been
concerned with single-user channels [1, 2, 3]. For example, a
performance criterion for single-user space-time code con-
struction was given in [3]. In this paper, multiuser detec-
tion for space-time coded multiple-access systems is con-
sidered. We first investigate the design of space-time codes
for multiple-access channels subject to quasi-static, indepen-
dent Rayleigh fading. We show that the code design cri-
terion derived for the single-user channel in [3] can still
be used in this multiuser case. In particular, we show that
diversity-achieving codes in single-user channels are capa-
ble of providing the full diversity in such multiuser chan-
nels. We also consider detection and decoding of space-time
coded multiuser systems. As we will see, the joint Maximum
Likelihood (ML) decoder for such systems has prohibitively
large computational complexity, motivating us to consider
low-complexity, sub-optimal detector structures. In partic-
ular, we propose partitioned space-time multiuser detectors
that separate the multiuser detection and space-time decod-
ing into two stages. We consider both linear and nonlinear
schemes for the first stage of the partitioned receiver and ex-
amine the performance of these detectors.

Low complexity multiuser receiver structures for space-
time coded systems have previously been described in [4, 5].
For example, a multi-stage receiver suitable for a code-
division multiple-access (CDMA) system employing both
turbo and space-time coding was proposed in [5]. However,
this paper considers only space-time block coding whereas
we are concerned here with space-time trellis coded mul-
tiuser systems. Receiver structures for multiple-access sys-
tems with both space-time block and trellis coded systems
have been presented in [4]. In particular, [4] has proposed
an iterative multiuser receiver based on interference cancel-
lation and Minimum Mean Square Error (MMSE) filtering
for a space-time trellis coded CDMA system. Though this re-
ceiver has the same basic structure as one of the partitioned
receivers we proposed in Section 4 below, there are some im-
portant differences between the two schemes, as we will point
out in Section 4.

This presentation is organized as follows: in Section 2,
we present our signal model, while in Section 3, we derive
the jointly optimal ML detector/decoder. In Section 4, we
propose low complexity receiver structures for space-time
coded multiuser systems by separating the multiuser de-
tection stage from the space-time decoder stage. We con-
sider both linear and nonlinear multiuser detection stages.
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In particular, in this section, we consider partitioned space-
time multiuser receivers based on the linear decorrelator [6]
and on the linear MMSE estimator [6], as well as two par-
titioned receiver structures based on nonlinear interference
cancelling multiuser detection stages. We propose an iter-
ative receiver structure based on the turbo principle, sim-
ilar to that developed in [7] for a convolutionally coded
CDMA channel, and demonstrate how near-single-user per-
formance is achievable with only a few iterations. Section 5
details a soft input soft output (SISO) maximum a posteri-
ori probability (MAP) decoder [8] that can be used as the
second stage of these interference cancelling receivers. Fi-
nally, in Section 6 we give performance results for the pro-
posed receiver architectures for representative space-time
trellis codes.

2. SIGNAL MODEL

Consider a system of K independent users, each employing
an independent space-time code with N transmitter anten-
nas. The binary information sequence {dx(n)}3, of user k,
fork =1,..., K, is first encoded by a space-time encoder and
then the encoded data is divided into Nt streams by passing it
through a serial-to-parallel converter.! The code bits in each
parallel stream are block interleaved, BPSK symbol-mapped,
modulated by an appropriate signature waveform, s (), and
are transmitted simultaneously from the Ny transmitter
antennas.

The kth user’s transmitted signal at time ¢ can thus be
written as

B-1 Nr

- By (Dsi (£ — iT
\/m%mzl oy (s (t = iT), (1)

where {bgn, (i) € {+1, —1}}B ! is the symbol-mapped space-
time encoder output of the kth user on transmitter antenna
nr at time i, and B is the number of channel symbols per
user in a data frame which is assumed to be the same as the
length of a space-time codeword. We assume that the signa-
ture waveform of each user is supported only on the interval
0 <t < T, and is normalized so that

x ()

T
f ss(dx=1, k=1,...,K (2)
0

Thus, A7 represents the transmitted energy per bit of user
k, independent of the number of transmitter antennas. Note
that the model of (1) is otherwise general with regard to the
signalling format, and so the following results can be applied
to any signalling scheme. However, we are interested here
in nonorthogonal signalling schemes such as code-division
multiple-access (CDMA).

IFor simplicity we assume that all the users employ the same number of
transmitter antennas, although generalizing to different numbers of trans-
mitter antennas is straightforward.

Assuming that the fading is sufficiently slow to be con-
stant over a received data frame, the corresponding signal re-
ceived at a single receive antenna can be written as

T(t = Z Qk,ny bk,nr(i)sk(t - IT) + Yl(t), (3)

B-1 K Ak Nr
=1 TnTI

i=0 k

where n(t) is complex white Gaussian noise with zero mean
and variance Ny/2 per dimension. The complex fading co-
efficient, ay ,,, between the kth user’s nrth transmitter an-
tenna and the receiver, is assumed to be a zero-mean unit
variance complex Gaussian random variable with indepen-
dent real and imaginary parts. Equivalently, a ,, has uni-
form phase and Rayleigh amplitude; that is, the so-called
Rayleigh fading model. These fading coefficients are assumed
to be mutually independent with respect to both k and nr. In
what follows, we assume that all parameters of the model (3)
are known to the receiver. Only the transmitted symbols are
unknown.

3. JOINT ML MULTIUSER DETECTION AND DECODING
FOR SPACE-TIME CODED MULTIUSER SYSTEMS

In this section, we consider the joint maximum-likelihood
detection and decoding of the symbols in the model of
Section 2. To do so, we first establish some notation.

We denote the kth user’s transmitted symbol vector
(on Ny antennas) at time i by the row vector bi(i) =

[(bi1(3) - - - b N, (i)]. Define, the BK x NrK joint codeword
matrix D, of all users, as
D;  Opuny - OBxng
Ogxn, D2 0Ny
D= ) . A (4)
Ogxny Oy --+ Dk
where we have also introduced the notation, fork =1,..., K,
by (0)
Dy = . (5)
bi(B-1)

Note that Dy € {+1,-1}P¥r fork = 1,..., K. We will call
the joint codeword, D, of all users, the super codeword. The
space-time coded output from all the users at time i is the
K x KN7 matrix denoted as D(i), where

bi()) Oy - Oixny

) Oiny b2(i) -+ Oy
D(i) = . —_— K (6)

Oin; Onny -+ bg(i)

The fading coefficients of the kth user can be collected
into a vector &y = [ax;---axn,]T € CN™1, and we can
combine all these fading coefficient vectors into one vector
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a = [al - al]T € CKNr1 With this notation, the output,
y(i) = [y1(i) -+ yx ()], of a bank of K matched filters (each
matched to a user signature waveform s (¢)) at the ith symbol
interval can be written as

y(i) = RAD(i)a + 7 (i), (7)
where the diagonal matrix A is defined as

Ay Ak >

R is the cross-correlation matrix of the users’ signature wave-
forms and (i) ~ N'(0, NoR).

Denote the B-vector of the kth matched filter outputs
corresponding to the complete received codeword as yx =
[yk(0)--- yx(B — 1)]T and the BK-vector of outputs of all
the matched filters corresponding to a complete codeword
asy = [y1---yx]”. Then we can write

A = diag < (8)

y = (RA®Iz)Da+on 9)
= (Relp) (Ao Iz)Da+ o7, (10)

where 77 ~ N'(0, NoR ® I), Iy denotes the B x B identity ma-
trix and ® denotes the Kronecker product. In going from (9)
to (10), we have used the fact that, for general matrices A, B,
C, and D we have, (A® B)(C® D) = (AC® BD) provided the
dimensions of the matrices A, B, C, and D are such that the
various matrix products are well defined [9].

The joint ML multiuser decision rule for the space-time
coded CDMA system is then given by

D= argmax P[y|D], (11)
D

where the maximization is over all the valid super codewords.
Note that this joint ML detector and decoder searches over a
super trellis made up by combining all the users’ space-time
code trellises.

Next, we investigate the diversity gain of the space-time
codes in the multiple-access channel. We show that the space-
time codes designed to achieve full diversity in the single user
channels will also be able to achieve full diversity asymptoti-
cally, as the noise Ny vanishes, in the multiuser case.

For convenience, we define the following quantity:

h(D) = (y - (RA®I3)Da)"” )
x (Relz) " (y - (RA®Iz)Da).

Suppose that the super codeword D is transmitted. Then,
conditioned on «, the pairwise error probability (PEP) that
the ML decision rule erroneously decides in favor of another
valid super codeword D is given by

P[D — D|a,y = (RA®Ig)Da + 7]

=P[h(D) > h(D)|wy = (RA®Iz)Da+y] (13)
=P[V < 0la],

where the random variable V is given by

V=((RAGT)(D-D)a+n) Rels)™"
x (RA®Iz)(D-D)a+n) -4 (Rels) . "
It can be shown that V is a Gaussian random variable with
E{(V}=d"(D-D)"(HeL)(D-D)a,  (15)
where H = ARA and
Var(V) = 2NoE{V}. (16)

Thus, letting E=D - D, we have

HEH
P[Dﬁm%)’] =Q< M)

2Ny
afiTa 17
_Q (17)
2Ny
1 1 g
< = -
<5 exp < N, F(x>,

where the last step follows from the standard approximation
of the unit Gaussian tail distribution. Note that we have in-
troduced the notation T = EF(H® I3)E = EF(A® Iz)(R®
IB)(A ® IB)E, and

Q(x) = 12 gy (18)

1 [«

e

Clearly, T is Hermitian. Hence we can decompose it as
Ir=UuzU", (19)

where U is an NrK x NrK unitary matrix, whose columns
are orthonormal eigenvectors of T', and X = diag(A4, ..., Ank)
where {1;} YK are the eigenvalues of T, which are all nonneg-
ative. Exactly N7K —r of these eigenvalues will be zero, where
r is the rank of T.

Substituting (19) into the upper bound for the condi-
tional pairwise probability (conditioned on the fading coef-

ficients) given in (17), we obtain the following:

5 1 I u H
5 < Z -
P[D — Dla] < 3 exp< 4N0a UZU a> (20)

1 S nBl
_EEXP<_47N0 > (21)

where,
B=U"a (22)

Since « is a vector of independent Gaussian random variables
with identical distributions, that is, N'(0, Iy, k), and since U
is an N7K x N7K unitary matrix, it then follows that  is also
an independent Gaussian random vector having the same
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distribution, that is, § ~ N(0, In,x). Thus, the |B;|’s are in-
dependent and identically distributed (i.i.d.) Rayleigh ran-
dom variables. By averaging (21), over the |3;|’s we can upper
bound the PEP of the joint ML decision rule as

\ 1
P[D — D] <
TIV5 (1 + Ai/4N,
1 ( 0) (23)
1

T (1 + /4N

To investigate the dependence of the above upper bound on
the individual user space-time codes, we proceed as follows.
If we assume that all the users are assigned different signa-
ture waveforms, then the cross-correlation matrix R will be
symmetric and positive definite. In this case, by performing
Cholesky decomposition we can find a K x K lower triangular
matrix L such that,

R=L"L (24)
Then we also have
Relz=LTLel; (25)
= (Leoly) (Lolg)
= LIL, (26)

where we have set Ly = L ® Ig. Since Ly is a lower triangular
matrix, (26) defines the Cholesky factorization for the matrix
R ® Ip. Substituting (26) into the matrix I' we get

I'=E'(Aelp)(L{L) (A®Is)E

(27)
= (Lo(A®13)E)" (Ly(A®I5)E).
We define the BK x BK matrix
T = (Ly(A®T3)E) (Lo (A®I3)E)" (28)
=Ly(A®I;)EE" (Ao I;)L{. (29)

Now we make the observation that if B < N, then the eigen-
values of (Ly(A ® Iz)E)" (Ly(A ® I3)E) are the same as the
eigenvalues of (Lo(A®Ip)E)(Ly(A®Ip)E)", with an additional
(N7 — B)K zero eigenvalues; or if B > Nr, then the eigenval-
ues of (Lo(A ® I)E) (Ly(A ® I3)E) will be the eigenvalues
of (Ly(A ® Ig)E)(Ly(A ® Iz)E)H after dropping (B — Nr)K
zero eigenvalues. In either case, the nonzero eigenvalues of
the NrK x NrK matrix I', will be the same as the nonzero
eigenvalues of the BK x BK matrix I.

We now make use of the following theorem due to
Ostrowski (cf. [10, page 224]).

Theorem 1 (Ostrowski). Suppose A and S are N x N ma-
trices where A is Hermitian and S is nonsingular. Suppose
the eigenvalues of A are arranged in increasing order as
M(A),...,AN(A). Then, for each k = 1,2,...,N there exists

a positive real number Oy € [A1(SSH), AN (SST)], such that
Ak (SASH) = O Ak (A), (30)

where A1 (SSH), ..., AN(SSH), and A;(SASH), ..., An(SASH)
denote the eigenvalues of SS™ and SASY, respectively, arranged
in increasing order.

We may apply the above theorem to (29), with S replaced
by Lo and A replaced by (A ® I3)EEF (A ® Ip). Again we note
that the eigenvalues of LoLf){ are the same as the eigenvalues
of LgILO = R® I (from (26)). Also, for an N x N matrix A
and an M x M matrix B, the eigenvalues of A® B are given by
Au(AAB);n = 1,...,N,m = 1,..., M} where {1,(A)}Y,
and {1,,(B)}L, are the eigenvalues of A and B, respectively.
Thus, if we denote the eigenvalues of the cross-correlation
matrix R, in ascending order, by {Ax(R) }f=1, then the eigen-
values of R ® Iy will also be the same eigenvalues with each
repeating B times.

For k = 1,..., K, denote the rank of the codeword error
matrix E; = Dy — Dy by 7. Then ry, < Ny fork = 1,..., K.
Denote the nonzero eigenvalues of the Ny x Nr matrix (Dg —
D) (Dy - Dy) by {An(B) )X, for k = 1,..., K. Then the
nonzero eigenvalues of the matrix (A ® I3)EEH (A ® I) are
given by the collection

AZ
{—k/\,,(Ek);n:L...,rk,kz1,...,K}. (31)
Nr

Theorem 1 allows us to specify the eigenvalues of the
matrix I in terms of the eigenvalues of the individual user
codeword error matrices and the eigenvalues of the cross-
correlation matrix. Specifically, we may write the set of
nonzero eigenvalues of the matrix I as

AZ
{N_kgk,nAn (Ek); 0< /\min(R) < ek,n < /lmax(R):
T
(32)
n=1,...,m k= 1,...,K},

where Apin(R) and Ap.¢(R) denote the minimum and max-
imum eigenvalues, respectively, of the cross-correlation ma-
trix R.

As noted previously, since the nonzero eigenvalues of the
matrix I are the same as the nonzero eigenvalues of the ma-
trix T, the above set in (32) also gives the nonzero eigenvalues
of I', which we may substitute into (23) to obtain,

P[D — D] < —— ! :
Hk:lnnkzl [1 + (Ai/NT> (Qk,n)tn (Ek)/4N0)]
(33)

Next we introduce the following notation. Let fi(-) de-
note the kth user’s space-time encoding function. That is
fx(I) maps an information bit sequence I € {+1, -1 }B “!into
a valid codeword Dy € {+1,-1}**"", Define the following
sets:
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Dy = set of all valid codewords corresponding
to the kth user’s space-time encoder output
= {DsDi = fih), T {+1,-1)",
9 = set of all valid super codewords
= {D = blockdiag (Dy, ..., Dg); Di € Dy,

fork=1,...,K},
€ = set of all the error code matrices that affect. ..
the kth user

= {E = blockdiag (Ey, ..., Ex ); Ej € {+1,0,-1)5
forj=1,...,K, and E; # ngNT},

€ = set of all (nonzero) error code matrices

K
- U
k=1
(34)

For each valid super codeword D € 9, let s4(D) and
A (D) denote the set of all the valid error code matrices cor-
responding to D € % and the set of valid error code matrices
corresponding to D that effect the kth user, respectively; that
is,

A(D) ={E€é; (D-2E) €D},

35
Ar(D) = A(D) Néy. (35)
We may now upper bound the frame error probability,
P’e‘, for the kth user as,

De% Eedi (D)

P’;:ZP[D]P[ U {DH(D—zE)}]

<> P[] > P[D— (D-2E)]

De% Eed; (D)

< >, P[D]

De%
1
x Z K rj 2 ] ) ?
gestyo) | [Tjmi I Lo [1+ (A7/Nr) (68ndn (E})/No)]
(36)

where in the last step we have used the bound obtained in
(33) and P[D] denotes the a priori probability that the super
codeword D is transmitted. Next, define, fork=1,..., K,

Tk 1/7y
Ak (Ek) = < H ek,n/\n (Ek>> . (37)
n=1

Note that Ag(Ex) may be interpreted as the coding gain of the
kth user’s space-time code in the multiuser channel, corre-
sponding to the codeword pair Dy and Dy. Then, as Ny — 0,
we can upper bound P as
Nr
Pk < Z P[D sent] 0 —, (38)
De% Ecly (D) [Hf:l(Ai/NT)Aj (E])] i

where r = 3%, rx. For small Ny, we may take the dominating
terms in the last sum to be the terms with the smallest expo-
nent r. For E € sdx(D), the smallest value of r is obtained
when E is such that E; = Op,, for j # k. In this case, it is

easily seen that 6, = 1 forn = 1,..., r, and thus as Ny — 0,
we get
1
P < ¥ P[D] —. (39
‘ Dzeg Ee&d%D) [((AY/NT)/No) Ai (Ex)]™

Ej:O,j#k

From (39) we observe that, at least when the SNR is suffi-
ciently large, the diversity advantage offered by the kth user’s
space-time code is the same as that in a single-user channel.
That is, if the minimum rank of all the valid error codewords
Ey is rx, then the asymptotic diversity advantage in the mul-
tiuser channel is equal to rx. In particular, if the kth user’s
space-time code were to achieve the full diversity Nr in a
single-user environment, then it will also achieve the full di-
versity Nt in the multiuser channel, at least asymptotically
in SNR, as long as the signature cross-correlation matrix is
nonsingular.

It is easily seen that this ML path search can be imple-
mented as a maximume-likelihood path search over a super
trellis formed by combining all the users’ space-time code
trellises using the Viterbi algorithm. This is similar to the
optimal decoder for convolutionally coded CDMA channels
derived in [11]. Assuming (for simplicity) that all the users
employ space-time codes based on underlying convolutional
codes that have a constraint length v, this super trellis will
have a total of K(v — 1) states, resulting in a total complex-
ity per user of about O(2X¥/K), which is exponential in Kv.
Note also that, in order to achieve full diversity gain Nt in an
Nr transmitter antenna system we must have v > Nr [3, 12].
Hence, it is clear that even for a small number of users this
could easily become a prohibitively large computational bur-
den at the receiver. This motivates us to look for sub-optimal,
low complexity receiver structures for space-time coded mul-
tiuser systems.

In Section 4, we develop partitioned receiver structures in
order to reduce the computational complexity of joint mul-
tiuser detection and space-time decoding, while still achiev-
ing competitive performance against the joint ML decision
rule. Specifically, we separate the multiuser detection and the
space-time decoding into two stages, as is done in [13] for
the case of (single-antenna) convolutionally coded CDMA
channels. At the first stage of the partitioned receiver, mul-
tiuser detection is performed. The outputs from the mul-
tiuser detection stage are then passed onto a bank of single-
user space-time decoders corresponding to the K users in the
system. Thus, each user’s space-time decoder operates inde-
pendently from the others. Of course, it is possible to employ
either an ML or a maximum a posteriori probability (MAP)
decoder as the single-user space-time decoder at the second
stage of the receiver. Also, it is possible to use any reasonable
multiuser detection strategy at the first stage of the receiver.
In the following we consider both linear and nonlinear mul-
tiuser detectors as the first stage of the partitioned space-time
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multiuser receiver, and compare the performance of these re-
ceivers against the best possible performance.

4. PARTITIONED LOW COMPLEXITY DETECTOR
STRUCTURES FOR SPACE-TIME CODED
MULTIUSER SYSTEMS

We first consider the linear multiuser detector based parti-
tioned receiver architecture, followed by the nonlinear mul-
tiuser detection approaches. For linear multiuser detectors,
we investigate both decorrelator and linear MMSE detectors
[6]. For nonlinear approaches we consider both a simple it-
erative receiver based on interference cancellation and the
turbo principle, and an improved iterative receiver based on
instantaneous MMSE filtering after the interference cancel-
lation step [7].

4.1. Decorrelator based partitioned space-time
multiuser receiver

The decorrelator output at the ith symbol time is given by
(6],

¥(i) = R7'y(i) = AD(i)a + 1, (40)

where # ~ N'(0, NoR™1). The first stage of the receiver com-
putes soft outputs corresponding to each user’s transmitted
symbol vectors at time i. The soft outputs are the a poste-
riori probabilities (APPs) of each user’s transmitted symbol
vectors, defined as below for I =1,...,L, k =1,...,K, and
i=0,...,B—1where L = 27 is the number of possible
transmitted symbol vectors:

pri(i) = P[bk(i) = si|y (i), a] fors; € {+1, —1}1XNT. (41)
(Note that s; is a row vector.) From (40), we can write this a
posteriori probability as,

)

(42)

i () A s,
k(i) — ——=siax
VNr

pri(i) = Cyexp < -

1
No(R™")

where (R™!) is the (k, k)th element of the matrix R™!, (i)
is the kth component of the vector §(i) and C; is a normaliz-
ing constant.

The second stage of the partitioned receiver employs
a bank of single-user space-time Viterbi decoders that use
these a posteriori probabilities as inputs. The kth user’s de-
coder uses only the symbol vector probabilities correspond-
ing to the kth user. This results in a decentralized imple-
mentation of the receiver. Clearly this partitioned receiver is
equivalent to a single-user space-time coded system, except
for a different noise variance value. Thus we may also eas-
ily obtain the following upper bound for the pairwise error
probability of the decorrelator-based partitioned space-time
multiuser receiver:

1 < A2/Nt >“ (3)
H;kﬂ/\n (Ex) 4N0(R_1)kk .

PE@ Dy — D] <

4.2. Linear MMSE based partitioned space-time
multiuser receiver

As is well known, the decorrelator performance degrades
when the background noise is dominant, since it completely
ignores the presence of background noise [6]. A better com-
promise between suppressing the multiple-access interfer-
ence (MAI) and the background noise is obtained by em-
ploying a linear MMSE filter at the first stage of the space-
time receiver. The linear MMSE multiuser detector output at
symbol time i is given by [6]

9() = A (R + NoA™2) "y (i). (44)

The decision statistic corresponding to the kth user can
then be written as,

K
) = 55 3 M)ki47b e + (i)
=1

= A My (#5)
= N_T kk Dk (1) &k

A . L
+ > (M)iA;b;(i)a; + Ak (i),
Nr &

where
M = (A2 + NoR™)7,

(46)
A (i) ~ N(o, (A2/Nr)No(MR™'M) kk).

In order to compute the soft output a posteriori proba-
bilities at the end of the first stage, we make the assumption
that the noise at the output of an MMSE multiuser detector
(residual MAI plus the background noise) can be modeled as
being Gaussian [14]. Therefore, we may model (45) as

AZ
y(i) = N—];(M)kkbk(i)“k + 7k (), (47)

with 7 (i) ~ N'(0, v; (i)). It can be shown that

Ai A? 2
10 1[5 (5) o0t oo +momm |
j#k
(48)

Using this model, the soft output a posteriori probabili-
ties at the output of the linear MMSE multiuser stage can be

written as
Pri(i) = P[bi(i) = sify (i), o]
1 : 49
= Cz exp — 2— N ( )
v (i)
where C, is a normalizing constant. The second stage of
this receiver operates exactly the same way as that in the
decorrelator-based partitioned receiver. When the second

stage employs ML decoding in the kth user’s space-time de-
coder, the pairwise error probability corresponding to the kth

AZ
AOE N_];(M)kksl“k
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user’s decisions, conditioned on the fading coefficients, may
be given as,

PLOVSE D, o

_ A (D - D)a’

—Q<J<N§MW> 2 (50)
1 A} S Ml Yin|”

S 5 eXp <— <N—T(M)kk> 4—1)]% ,

where the Ag,’s are the nonzero eigenvalues of the matrix
(Dy — Dp)T(Dy — Dy), and as mentioned before,

A2 A? Nt
%mﬂﬁiz<¢M%Zwmﬁ

Jj#k n=1

(51)
+No(MR™'M) kk] .

Here |yk,»| and | ,| are independent sets of unit-variance
independent Rayleigh random variables. By averaging the
right-hand side of the last inequality (50) over the joint dis-
tribution of the random variables {|yiul, [ajul;j # k,n =

., N}, we can obtain the following upper bound for the
kth user’s pairwise error probability for the linear MMSE-
based partitioned space-time multiuser receiver:

Plec,(MMSE) [Dk N ﬁk]
Tk AZ/Nr\ "™
k
< [(E“’O(—m )

< (M),
(MRM),,, +(1/2) 3 4 A2(M)?

-1

> rk]
4.3. Iterative MUD with interference cancellation for
space-time coded CDMA

In this section, we present a simple iterative receiver struc-
ture based on interference cancellation and the turbo prin-
ciple (cf. [7]). Suppose that at the first stage of the receiver,
we have available a priori probabilities of all users’ transmit-
ted symbol vectors, pii(i)) = P[by(i) = s;], for I = 1,..., L,
k=1,...,K,andi=0,..., B-1. Note that the subscript 2 and
superscript p indicate that these a priori probabilities were in
fact generated by the second stage of the receiver (i.e., the
single-user space-time decoders) at the previous iteration.
Using these a priori probabilities pk,l(i)g , the interference-
cancelling multiuser detector at the first stage of the receiver
computes soft estimates of the transmitted symbol vectors of
all the users as

(52)

L

bi(i) = " sipra(i)). (53)

I=1

These soft estimates are used to suppress the multiple-
access interference at the output of the kth user’s matched
filter. Thus, the interference cancelled output correspond-
ing to the kth user is obtained as the kth component of the
vector

Ji(i) = y(i) - RADi (i), (54)
where Dy(i) = diag(hy(i),..., bx_1(i), 0, bgs1 (i), ..., br(i)).

From (54), with (i) denoting the kth element of % (i), we
have

(55)

i%f@bme

j#k

Since jx(i) ~ N(0,Np), assuming all the previous es-
timates of the symbol vectors were correct, the iterative
interference-cancelling space-time multiuser detector (IC-
ST-MUD) computes the soft output a posteriori probabilities
of the transmitted symbol vectors of user k, fork = 1,..., K,
as

P[bk(i) = sily (i), {Bj}j‘il,j#k]

Ay
10y

VNt

=Cgexp|:—

2
imm ]m%%

= pri(i)1 pri (i),

where J(7) is given by (55), and Cs is a normalizing constant.

Following turbo decoding terminology, we call the term
pri(i); the extrinsic a posteriori probability as computed
by the space-time multiuser detector. These extrinsic a pos-
teriori probabilities, px;(i);, are de-interleaved and passed
on to a bank of K single-user soft-input/soft-output (SISO)
space-time MAP decoders, described in Section 5 below.
The kth user’s SISO space-time MAP decoder computes
a posteriori probabilities of the transmitted symbol vec-
tors for all the symbols in a given frame [7]. The extrin-
sic component of these symbol vector APPs, py(i),, are
then interleaved and fed back to the first stage of the IC-
ST-MUD, to be used as the a priori probabilities pk,l(i)é7 ,
in the next iteration. At the final iteration, the space-time
MAP decoders output hard decisions on the information
symbols.

The conventional matched filter complexity is O(1). At
each iteration, the first stage of the receiver needs to com-
pute 2N7 symbol vector a posteriori probabilities. Hence,
the computational complexity of this partitioned receiver is
O(2N7+2") per user per iteration. Note that even though both
MAP and ML decoding have same O(2") complexity order,
the MAP decoding in general requires more computations
compared to the ML decoding. It has been shown that MAP
decoding can be done with a complexity roughly 4 times that
of ML decoding [15].
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4.4. Iterative MUD with interference cancellation and
instantaneous MMSE filtering for space-time
coded multiuser systems

In this section, we modify the iterative receiver proposed in
Section 4.3 with the addition of an instantaneous filter. This
becomes similar to the iterative decoder proposed in [7] for a
convolutionally coded CDMA channel. However, in the fol-
lowing we modify it for the space-time coded multiple-access
channel and explicitly derive the form of the instantaneous
MMSE filter.

As will be seen from the simulation results below, the
performance of the iterative IC-ST-MUD receiver, proposed
in Section 4.3, degrades considerably for medium to large
cross-correlation values. Especially when the user cross-
correlations are high, the soft estimates at the initial iteration
are very poor and thus the performance does not improve
significantly on subsequent iterations. In order to overcome
this shortcoming, we may apply a linear filter to the inter-
ference suppressed output. Specifically, we choose a linear
MMSE filter that minimize the mean square error between
the interference-suppressed output and the kth user’s fading-
modulated transmitted symbol vector. Clearly, when the soft
estimates of the multiple-access interference are very poor or
they are not available at all (as in the case of the first itera-
tion), this filtering helps the receiver to still maintain an ac-
ceptable performance level, as we will see by the simulation
results given in Section 6.

The kth user’s linear MMSE filter at symbol time i applies
weights wi (i) to the interference-suppressed output yx(i) of
(54), where wy (i) is designed so that,

w(i) = argmin E{ [[be (Do - w5’} (57)

It can easily be shown that the solution to (57) is given by

wi(i) = B{J()92 ()} E{br(Desgi (D), (58)
with
E{¥4(i)97 (i)} = RVi(i)R + NoR,
(59)
E{by(Daefii)} = \237

where we have defined the matrix V(i) as

V(i) = AE{B(D)B (i)} A
2 Nt

= diag <
I’IT 1

> (-
A2 5 2 Ny )
N_l;lakl , N_K z; b12<nT |tk e | >

(60)

] LT

Denoting the matrix (RV, (/)R + NoR)™ by My (i), we can
write the instantaneous linear MMSE filter corresponding to

the kth user at symbol time i as

wi (i) = \;‘157 |a|* (RVL(i)R + NoR) 'Rey
! (61)
|¢xk|2Mk(i)Rek.

_ A
VNt
Now, we again model the residual noise at the linear
MMSE filter output as having a Gaussian distribution [7, 14].
Thus, we have the following model for z (i), the output of
the linear MMSE filter corresponding to the kth user at sym-
bol time i:

2,(i) = wi (DFr(i) = prc()br (e + i (i), (62)

where v (i) ~ N'(0, vz(i)). It is easily shown that

LA
() = ekl (M4 9)
v2(i) = ] (i) = 42 ().

The soft-output interference-cancelling multiuser detec-
tor with instantaneous MMSE filtering makes use of the
model in (62) in order to compute the a posteriori proba-
bilities of the transmitted symbol vectors corresponding to
the kth user. Specifically, we have

(63)

P[bi(i) = siy(i), {5}, ]

|26 (i) — (D1 | ,

= pri(i)1 pri(i)?,

where pi (i) and vi(i) are given by (63) and C; is a normaliz-
ing constant.

The second stage of this modified iterative receiver is a
SISO space-time MAP decoder which operates exactly the
same way as the receiver described in Section 4.3. This de-
coder is described briefly in Section 5.

The K x K matrix inversion required in the first stage of
this receiver can be performed iteratively using matrix in-
version lemma similarly to what is done in [7]. Hence, the
complexity of the MMSE-based interference cancelling par-
titioned receiver has a total complexity of O(K? + 2Nt + 2V)
per user per iteration.

As mentioned earlier, a similar type of iterative receiver
has been proposed in [4] for a space-time trellis coded
CDMA system. Specifically, [4] has also proposed a parti-
tioned iterative receiver where an instantaneous MMSE lin-
ear filter is applied to suppress the residual multiple access
interference (MAI) and noise present in the interference can-
celled channel outputs. However, the MMSE filter employed
in that receiver is a spatial MMSE filter in that the MAI in-
terference is cancelled by exploiting the receiver diversity. In
contrast, we exploit the knowledge of the temporal structure
of the multiuser signal in our MMSE filter and especially do
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TasLE 1: Properties of different receiver structures for space-time coded multiuser systems.

TCB Advantages

Disadvantages

Joint ML 0(2%7/K)

optimal

high computational cost

Decorrelator first stage O(K + 2Nt +2v)

low computational cost,
linear processing

performance degrades
when background noise is large

MMSE first stage O(K + 2Nt +2v) low computational cost,
linear processing, easy
adaptive implementation
IC-ST-MUD 0Nt +4 x27) low computational cost performance degrades

rapidly when MAI is large
(roughly for p > 0.4).

IC-ST-MUD with
MMSE filtering

O(K2+2NT +4 % 2Y)

reasonable computational
cost, adaptive implementation

not rely on the availability of the receiver diversity. It is also
worth mentioning that the soft information used in the iter-
ative process is also different in the two schemes.

As a consequence of relying on a spatial filter to suppress
the multiple access interference, the receiver proposed in [4]
requires Ng > N7K, where Ny is the number of receiver an-
tennas, for proper interference suppression. Even at a base
station with multiple receiver antennas, this criterion could
be difficult to satisfy. Our proposed detector does not rely
on spatial diversity since it exploits only the multiuser signal
structure, which is more likely to be available at a base sta-
tion receiver, in order to suppress the interference. Also, as
a result, the complexity of the MMSE filter in [4] is domi-
nated by the inversion of an Ng x Ny matrix which can be
done with O(M?) < O(N7K?) complexity. Comparing with
our approach, we see that we only need to compute the in-
verse of a K x K matrix which, as mentioned above, can be
done with O(K?) complexity.

In Table 1 we have summarized the properties of the dif-
ferent receiver structures considered in this paper.

5. SINGLE-USER SOFT-INPUT/SOFT-OUTPUT
SPACE-TIME MAP DECODER

We assume that the space-time encoder of each user appends
zero bits to a given information bit block of size B, so that
the trellis is always terminated in the zero state. Thus, the ac-
tual space-time code block length is B = B' + v — 1 (since we
assume that the rate of the space-time code is 1), where v is
the constraint length of the underlying convolutional code.
In this section, we use the MAP decoding algorithm [8] to
compute the a posteriori probabilities of all the symbol vec-
tors and the information bits.

Similarly to the notation in [7], we will denote the state
of the space-time trellis at time i by a (v — 1)-tuple, as S; =
(s}...,s'™") = (di-y,..., disy-1), where d; is the input infor-
mation bit to the space-time encoder at time i. The corre-
sponding output code symbol vector is denoted by b;. (Note
that here we are using the subscripts to denote the time in-
dex.) Let d(s', s) be the input information bit that causes the
state transition from S;_; = s’ to S; = s and b(s, s) be the
corresponding output bit vector, which is of length Nr.

Define the forward and backward recursions [8] as
ai(s) = Z ai1(s)P[bi(s,s)], i=1L...,B,

65
B = 3 Ber (VPLbsn(55)]s =B, O

where P[b;(s,s)] = P[b; = b(s,s)]. Initial conditions for
(65) are given as ap(0) = 1, ap(s # 0) = 0, B,(0) = 1, and
B:(s # 0) = 0. The summations are over all the states s' where
the state transition (s, s) is allowed in the code trellis. Nor-
malization of forward and backward variables is done as in
[7] to avoid numerical instabilities, though we do not elabo-
rate them here.

Let &' denote the set of state pairs (s, s) such that the out-
put symbol vector corresponding to this transition is s;.The

SISO ST MAP decoder of user k updates the a posteriori sym-
bol vector probabilities as

Pbi(i) = sil{ prr (i} og I = 1,00, L]
= > aii(s) - Bils) - P[bi(s, 5)]

(s,5)eS!

= < Z (1 #38] (Sl) ﬁl(5)> . P[bk(l) = Sl]
(s,5)eS!

= pri(D2pri(d1.

(66)

Again, the extrinsic part of the above a posteriori symbol
vector probability, py (i), is interleaved and fed back to the
interference-cancelling space-time multiuser detector, to be
used as the a priori probability pk,l(i)f , in the next iteration.

In the final iteration the SISO ST MAP decoder also com-
putes the a posteriori log-likelihood ratio (LLR) of the infor-
mation bits. Again, similarly to the notation in [7], let U*
denote the set of state pairs (s, s) such that the correspond-
ing input information bit is +1. U~ is defined similarly. Then
we have

P[dk(i) = +1]

P[di(i) = -1]

S a(5) B9 Pbi(s.5)]
SIEENIER ek

A [dk(l)] =
(67)
= log
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FIGURE 1: FER performance versus E,/Ny (in dB) of the joint maximum likelihood space-time multiuser detector. K = 2 and Ny = 2 in both

cases. (a) p = 0.4. (b) p = 0.9.

Based on these a posteriori LLRs, the decoder outputs a final
hard decision on the information bit d (i) fori=1,...,B'-1,
at the last iteration.

6. SIMULATION RESULTS

In this section, we simulate the proposed receiver struc-
tures for some representative situations. We consider a syn-
chronous multiuser system and always set the number of re-
ceiver antennas to one, ignoring the possibility of exploiting
receiver diversity since our primary concern here is to in-
vestigate the transmitter diversity schemes. We will consider
two systems: one with two transmit antennas and another
with four transmit antennas. We make use of full diversity
BPSK space-time trellis codes with constraint length v = 5,
given in [12], for both systems. Specifically, we employ space-
time codes based on the underlying rate-1/2 convolutional
code with octal generators (46, 72), and the underlying rate-
1/4 convolutional code with octal generators (52, 56, 66, 76),
both given in [12], for the two and four antenna systems, re-
spectively. In all simulations, the information block size is set
to 128 bits.

Figure 1 shows the performance results for the joint max-
imum likelihood detector in a space-time-coded multiple-
access system with two equal-power users and two trans-
mitter antennas. We use the Frame Error Rate (FER) as the
measure of performance. Plots (a) and (b) correspond to
the cases where user cross-correlations are 0.4 and 0.9, re-
spectively. Also shown on these figures is the performance
of equivalent systems without space-time coding. These re-
sults reveal the significant gains that can be achieved with
space-time coding in multiuser systems, even with only two

10°

107!

FER

1072

Eyp/No
a—a Joint MLSTMUD: p =0.4,K =4, X Ants. = 4
o——o Joint MLST MUD: p =0.4,K =4, X Ants. =2
+— -« Single user bound: X Ants. = 4
+ — » Single user bound: X Ants. =2
&— -8 ML without space-time coding

FiGURE 2: FER performance versus E,/Nj (in dB) of the joint maxi-
mum likelihood space-time multiuser detector. K = 2, Ny = 4, and
p=0.4.

transmitter antennas. For example, at 0.1 FER, there is more
than 6dB gain in employing the two-antenna space-time
code, against a system that does not employ transmitter an-
tenna diversity.

Figure 2 shows the performance of the joint ML receiver,
again for an equal power two-user system, when each user
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FIGURE 3: FER performance versus E,/N, (in dB) of the decorrelator-based partitioned space-time multiuser detector. K = 4 in all cases. (a)

p=04and Ny =2.(b) p=0.4and Ny = 4.
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(b)

FiGURE 4: FER performance versus E,/N, (in dB) of the decorrelator-based partitioned space-time multiuser detector. K = 4 in all cases. (a)

p=0.75and Ny = 2. (b) p=0.75and Ny = 4.

employs a space-time code with four transmitter antennas.
Comparing this figure with Figure 1a, we see that, at an FER
of 0.01, there is more than 4 dB SNR gain over the two-
antenna system. Also shown in Figure 2, for comparison pur-
poses, is the performance of a similar multiuser system but
without the space-time coding. It is clear from these results
that space-time coding can offer significant SNR improve-
ment in multiuser channels.

Plots (a) and (b) in Figure 3 show the FER performance
of the partitioned space-time multiuser receiver based on
a decorrelating multiuser detector and ML single-user de-
coders, in a four-user system with two and four transmit an-
tennas, respectively. User cross-correlations are assumed to
be pjx = 0.4 for all k # j. For the same two systems Figure 4
shows the FER performance for user cross-correlations of
p =0.75.
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FIGURE 5: FER performance versus E;/N, (in dB) of the linear MMSE multiuser detector-based partitioned space-time multiuser detector.

K =4inall cases. (a) p=0.4and Ny = 2. (b) p=0.4 and N = 4.

From Figures 3 and 4, it is seen that the decorrelator-
based partitioned space-time receivers may offer some di-
versity gain over single-antenna systems, though they fail
to capture the full gains achievable with space-time coding.
This is especially clear from the large performance gap be-
tween the decorrelator-based partitioned receiver and the
single-user bound in Figure 4. This performance degrada-
tion becomes severe with increasing user cross-correlations,
as one would expect. These results also justify our iterative
approach, which is capable of providing near single-user per-
formance even in severe MAI environments (as we will see
below).

Figure 5 shows the corresponding FER performance re-
sults for a partitioned space-time multiuser receiver based on
linear MMSE multiuser detection at the first stage. These re-
sults are included primarily to further motivate the use of
iterative partitioned receivers in space-time coded multiuser
systems. We observe that for the given cross-correlation val-
ues, the MMSE first stage performance is no better than that
with a decorrelator first stage. Of course in the case of smaller
MAI than what we have simulated, the MMSE first stage
would out-perform the decorrelator-based receiver, since in
this case the background noise would be the dominant noise
source. In either case, these linear detectors fail to exploit the
large performance gains available with space-time coding.

FER performance of the iterative receiver based on in-
terference cancellation, but without linear MMSE filtering,
is shown on Figure 6 for a four-equal-power-user system.
In this figure, plots (a) and (b) correspond to two and four
transmit antenna systems, respectively. In both cases we have
assumed that the user cross-correlations are 0.4 between any
two users. From these simulation results we observe that with

only about four iterations we can achieve most of the gain
available from the iterative decoding process. Significantly,
we see that for medium values of p, this simple interfer-
ence cancellation scheme can achieve near single-user perfor-
mance with few iterations, which is not possible with linear
first stages, as we observed earlier.

However, this simple interference-cancellation-based it-
erative detector fails when the cross-correlations between
users begin to increase. In this case, the performance be-
comes almost insensitive to the number of iterations. This
is not surprising, since when the user cross-correlations are
high our estimates at the end of the initial iteration are very
poor (which of course is the same as a system employing
a single-user matched filter front end), and thus the subse-
quent iterations will be based on these poor estimates.

Figure 7 shows the FER performance of the interference-
cancelling space-time multiuser receiver with instantaneous
linear MMSE filtering. Figures 7a and 7b correspond to two
and four transmitter antenna systems, respectively. In both
cases, there are four users in the system with equal 0.75 cross-
correlations among them. We observe that this modified it-
erative receiver provides excellent performance and is able
to achieve near single-user performance with only a few it-
erations (2-3 iterations), even in the presence of consider-
able MAIL

7. CONCLUSIONS

We have considered space-time coding for multiple-access
systems in the presence of quasi-static Rayleigh fading. By
analyzing the joint ML receiver for space-time coded mul-
tiuser systems, we have shown that codes that achieve full
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FIGURE 6: FER performance versus E,/N, (in dB) of the partitioned iterative space-time receiver based on interference cancelling multiuser

detection. K = 4 and p = 0.4 in both cases. (a) Ny = 2. (b) Ny = 4.
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FIGURE 7: FER performance versus E;,/N, (in dB) of the partitioned iterative space-time receiver based on interference cancelling and linear
MMSE filtering multiuser detection stage. K = 4 and p = 0.75 in both cases. (a) Ny = 2. (b) Ny = 4.

diversity advantage in single-user channels, will also be able
to provide full diversity gain in multiple-access channels. In
order to obtain a better tradeoff between performance and
computational complexity at the receiver, we have proposed
low-complexity receiver structures by partitioning the mul-
tiuser detection and space-time decoding into two stages. In
particular, we have shown that a nonlinear iterative receiver

based on interference cancellation and instantaneous MMSE
filtering is capable of capturing most of the gains available
with space-time coding in multiple-access channels, with
only a few iterations. Our simulation results reveal the gains
achievable with space-time coding in multiuser channels and
the favorable performance tradeoffs offered by the proposed
partitioned space-time multiuser receivers.
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