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Abstract

We consider the problem of turbo multiuser detection for synchronous and asynchronous CDMA
in the presence of unknown users. Turbo multiuser detectors, as previously developed, typically
require knowledge of the signature waveforms of all of the users in the system and ignore users
whose signature sequences are unknown, e.g., users outside the cell. In this paper we develop turbo
multiuser detection for CDMA uplink systems and other environments in which the receiver has
knowledge of the signature waveforms of only K < K users. Subspace techniques are used to
estimate the interference from the unknown users and the interference estimate is subtracted from
the received signal. We will see that the new receiver significantly outperforms the conventional
turbo multiuser for moderate and high signal-to-noise ratios. It is also seen that the traditional

turbo receiver provides little gain through iteration when unknown users are present.
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1 Introduction

Most of the early work on multiuser detection for code-division multiple-access (CDMA) focused on
uncoded systems. Since most practical CDMA systems use error control coding, more recent work
has addressed coded systems. Optimal joint decoding and symbol detection for coded asynchronous
CDMA, for example, was investigated in [1]. However, the computational complexity resulting from
the combined trellises of the convolutional code and the multiuser detector is O(25") where K is
the number of users and v is the constraint length of the code. Some suboptimal techniques that
separate the functions of symbol detection and channel decoding are studied in [2].

More recently, iterative (Turbo) receivers for coded CDMA have received much attention. The
inspiration behind these receivers is the decoding of turbo codes [3, 4], in which the transmitted
signal contains two-dimensional redundancy in the form of two recursive, systematic convolutional
codes separated by an interleaver. Decoding is accomplished via an iterative process in which
extrinsic likelihood information is fed back and forth between two soft-input soft-output channel
decoders. Turbo receivers for CDMA typically use only a single convolutional code. The second
form of redundancy is induced by the channel (in the form of ISI, multipath, etc.) or by the structure
of the transmitted signal. Examples of turbo equalization for single-user convolutionally coded
transmission over intersymbol interference (ISI) channels include [5, 6]. Turbo multiuser detection
methods based on different interference cancellation schemes are proposed in [7, 8, 9, 10, 11]. In
[12], Moher develops an optimal iterative multiuser detector for synchronous coded CDMA based
on cross-entropy minimization. Reed et al. [13] developed an iterative receiver that has some
similarities to [5] but whose application is to turbo-coded CDMA. These receivers can achieve near-
optimal performance, but complexity is still exponential in the number of users (for the multiuser
detection applications) or the channel ISI length (for single user ISI applications) unless significant
suboptimal modifications are made.

Honig et al. [14] developed a turbo receiver for synchronous CDMA that reduces complexity
by using a suboptimal linear filtering operation for multiuser detection. Later, Wang and Poor
developed a low-complexity turbo receiver for coded asynchronous CDMA in fading-multipath
channels that relies on a MMSE-based multiuser detector working in conjunction with a MAP
channel decoder [15]. Complexity was reduced to O(N?:2 4 2¥) where N is the processing gain
and ¢ is the maximum delay in symbol intervals. In a separate work, Wang and Host-Madsen [16]
developed (non-iterative) multiuser detectors for CDMA uplink environments in which the receiver
has knowledge of the signature sequences of all of the users within the cell, but no knowledge of the

sequences of users outside the cell. They termed these receivers “group-blind”. In this paper we



merge Wang and Poor’s low-complexity turbo receiver structure with the concept of group-blind
multiuser detection to develop a turbo group-blind receiver for synchronous and asynchronous
CDMA in which some of the users have spreading codes that are unknown. We will compare the
performance of the new turbo group-blind receiver to the traditional turbo receiver developed in
[15]. We will see that the group-blind turbo receiver provides a significant performance gain over
a non-iterative receiver in this environment, while the traditional turbo receiver provides little
performance gain through iteration when unknown users are present.

The remainder of this paper is organized as follows. In Section 2, the system under study is
described. In Section 3 we develop the soft-input soft-output (SISO) MMSE group-blind multiuser
detector that is used in our system. Simulation results are presented in Section 4, and Section 5

concludes.

2 System Description

We consider a coded synchronous CDMA system with K users, employing normalized modulation
waveforms si, 8o, ..., Sk, and signaling through an AWGN channel. A block diagram of the trans-
mitter /receiver structure appears in Figure 1. The binary information bits for user k, {dx(n)}, are
encoded using a convolutional code, resulting in a coded bit stream {b;(m)}. A code-bit interleaver
is used to reduce the probability of error bursts and to remove correlation in the coded bit stream.
The coded, interleaved bits are then mapped to BPSK symbols, yielding a symbol stream {by(7)}.
Each symbol is then modulated by a spreading waveform sj, and transmitted through the channel.

The received signal is the superposition of the K users’ transmitted signals plus the ambient noise,

given by
K
r(i) = Y Agbi(i)sk +n(i) (1)
k=1
= SAb(i)+n(i), i=0,...,M—1. (2)

In (2), M is the number of data symbols per user per frame; A 2 diag(A1, ..., Ax) where Ay is
the received amplitude of the k-th user; b(7) 2 [b1(7) - - b (i)]T where b(7) denotes the i-th symbol
of the k-th user; S 2 [81- - Sk] where si is the normalized spreading waveform of the k-th user;
n(i) is a zero mean i.i.d. Gaussian noise vector with variance o2 that is independent of the symbol

sequences. The spreading waveform is of the form

1ok BByl B e (1, 3)

1>

Sk

where N is the processing gain.



In the group-blind multiuser detection scenario, we assume we have knowledge of the first

K (IV( < K) users’ spreading sequences (and received amplitudes), whereas the rest of the users are

unknown to the receiver. Denote S as the matrix consisting of the first K columns of S. Denote the

remaining K = K — K columns of S by S. These signature sequences are unknown to the receiver.

Let b(i) be the K-vector containing the first K bits of b(i) and let b(i) contain the remaining K

bits. Similarly, denote A 2 diag(A1,...,A;) and A% diag(Aj,4,---,Ak). Then we may write
(2) as

(i) = SAb(i) + SAb(i) + n(i). (4)

Since we do not have knowledge of § we cannot hope to demodulate b(i). We therefore write (4)

as

r(i) = SAb(i) + I(i) 4+ n(i), (5)

where I(7) 2 S Ab(i) is regarded as an interference term that is to be estimated and removed by
our multiuser detector before it computes the a posteriori log-likelihood ratios (LLRs) for the bits
in b(i).

In Figure 1, the MAP channel decoder accepts, as inputs, the set of extrinsic LLRs of all the
code bits in the frame. It delivers, as output, updated LLRs of the code bits and, at the last
iteration, the LLRs of the information bits. A forward-backward recursion of the type in [17] was
developed in [15] and was used here. For brevity, the details are omitted. We note in passing that
although some related work has been completed [18], the issue of passing extrinsic information
versus full likelihood ratio information is not fully resolved. It may be true that for some system
loads, passing the full likelihood ratio information may improve performance. Since a full analysis is

beyond the scope of this letter, we will use the standard approach of passing extrinsic information.

3 SISO Group-Blind Multiuser Detectors

The heart of the turbo group-blind receiver is the soft-input soft-output (SISO) group-blind mul-
tiuser detector. The detector accepts, as inputs, the a priori LLRs for the code bits of the known
users delivered by the SISO MAP channel decoder and produces, as outputs, updated LLRs for
these code bits. This is accomplished by soft interference cancellation and MMSE filtering. Specif-
ically, using the a priori LLRs and knowledge of the signature sequences and received amplitudes
of the known users, the detector performs a soft-interference cancellation for each user, in which
estimates of the multiuser interference from the other known users and an estimate for the inter-
ference caused by the unknown users are subtracted from the received signal. This is in contrast to

previously developed turbo multiuser detectors which ignore the interference from unknown users.



Residual interference is suppressed by passing the resulting signal through an MMSE filter. The a
posteriori LLR can be computed from the MMSE filter output. In this section we develop SISO

group-blind detectors for synchronous and asynchronous CDMA.

3.1 SISO Group-Blind Detector for Synchronous CDMA

The detector first forms soft estimates of the user code bits as by (i) 2 E{by(i)} = tanh (3 Aa[bx(7)])
[15] where Aa[bg(7)] is the a priori LLR of the k-th bit during the i-th time slot delivered by the
MAP decoder and is given by

Pribg (i) = +1]

R T T 1< k< K O0<i<M-—1. 6
Prlbp(i) = -1 ~ — === (©)

)\2 [bk(l)] = log

We denote hard estimates of the code bits as by, (i) 2 sign[by,(i)] and define b(7) 2 [b1(i) bo(i)--- Bf( ().
In the next step we form an estimate of interference of the unknown users, I(), which we denote

by T (7). We begin by forming a preliminary estimate

v(i) = r(i)— SAb() (7)
= SAb(i) + SAb(i) + n(i) — SAb(:) (8)
= SA[b(i) - b(i)] + SAb(i) + n(i) (9)
= SAd(i) + SAb(i) + n(i), (10)
where d(i) 2 [dy(i) da(i) -~ d(i)]7 and d;(i),1 < j < K, is a random variable defined by
4;(1) = bj(i) — by (0). (11)

We will see that our ability to form a soft estimate for d;(i) will allow us to perform the soft
interference cancellation mentioned above. Clearly, d;(i) can take on one of three values, {—2,0, 2},
i.e. 0 or 2b;(i). The probability that d;(i) is equal to zero is the probability that our hard estimate

is correct and is given by

Pr[d;(i) = 0] = Pr [bj (1) = sign {tanh <)\2 [b;(z)]> H . (12)
It is shown in [15] that for b € {—1,1}, the probability that b;(i) = b is given by
Pr[b;(i) =b] = % + gtanh <M) (13)

We substitute sign {tanh </\2[b2j(i)]>} for b in (13) and we find that

[1 + sign {tanh (AZ[ij(i)]) } tanh <A2[b2j(m >] (14)

[1 + tanh (M)] (15)

5
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Therefore, d;(i) is a random variable that can be described as

ai (i) 0 with probability 3 + 1 tanh ‘)‘Z[sz( ll 16)
() =
’ 2b;(i) with probability 1 — 1 tanh (22l0l

Denote by U, the K largest eigenvectors of the eigendecomposition of E{~(i)v(i)*}. When perfect
prior information is available, d(i) = 0 and U, represents the (exact) signal subspace of the
unknown users, i.e. the interference subspace. In order to refine our estimate of I(i) we project

~(i) onto U,. The result is

i) =U,UT {éAd(i) + SAb(i) + n(i)} . (17)

1>

¢(2)

where w(i) 2 n(i) — v(i).

For each known user we perform a soft interference cancellation on (i) to obtain

where by (i) £ [by(i) -+~ bp_1(6) 0 bpy1 (3) - by (i)] and d(i) £ [dy (i) da(i)---dy(i)]T where d;(i) is

a soft estimate for d;(i) and is given by

(i) = E{d(i)} -
= E{B{4;0) 6,0} )
= BJ(Z) {1 — tanh <&2J(Z)”>} C1<j< i o

Substituting (20) into (21) we obtain

ri(i) = SA[b(i) - bk(i)]*s’A[d(i) d(i)] +w(i) (25)
= Hb(i d(i)

where H = SA and H



An instantaneous linear MMSE filter is then applied to 74(¢) to obtain

26(0) 2 (D) Tr(i). (27)

The filter (i) € R is chosen to minimize the mean-squared error between the code bit by (i) and

the filter output zx(i), i.e.,
N A . . .
@i (i) = arg min B{[by(i) — x"ry(i)]*}, (28)
TeRN

where the expectation is with respect to the ambient noise and the interfering users. The solution
to (28) is given by
(i) = B{ri(i)ri(i)" 3~ E{bs(i)ri(0)} (29)

It is easy to show that

v N Al R, o
BT} = E {[ﬁ ] [ —g((;))_—gkf)w) ] [ —g((;))_—gk;)w) ] [ i, }+ (30)
o [I-U,UTL] (31)
— HCov { [ Zf((f))__ 5((;; ] } HT + o2 [1-U,UT], (32)
AL

where H 2 [H H]. Ay(i) has size 2K x 2K and may be partitioned into four diagonal K x K
blocks as

All(i) A12(i) ] (33)

Ai(i) = ‘ .
k( ) |: Agl(z) AQQ(’L)
where, for convenience, we have dropped the user index k from the submatrix notation. The

diagonal elements of Ajq(i) are given by

[An()];; = Var{b;(i)} (34)
_ {1—?@>1§jfj2j¢k (35)

Similarly, the diagonal elements of Ay (i) are given by

[A(i)];; = Var{d;(i)} (36)
= 2a;(i) —b2(i)ad(i), 1<j<K, (37)

where
a; (i) 21 tanh <w) . (38)
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The diagonal elements of Aj2(i) and Ag (i) are identical and are given by

[A12(i)];; = —Cov{b;(i),d;(i)} (39)
= a(HBIH) -1, 1<j<K. (40)

It is also easy to see that
E{b(i)r(i)} = Hey — c (i) Hey, (41)

where ey, is a K-vector whose elements are all zero except for the k-th element which is 1. Using
(32) and (41) in (29), we may write the MMSE filter for user k as

zi(i) = [HAGYHT + o2 [T - U, UT]] ™ [Iérek - ak(i)f{ek] . (42)
If we make the common assumption that the MMSE filter output is Gaussian [19], we may write

20) 2 &l (D)) (43)
= pg(0)bg (i) + nx(2), (44)

where u(7) is the equivalent amplitude of the k-th user’s signal at the filter output, and 7y (i) ~

N(0,22(i)) is a Gaussian noise sample. We may compute the parameter zix(i) as

pe(i) = E{z(i)br(i)} (45)
= ) B{bp(i)ri(i)} (46)
- [ff@,;l(i)ﬁ] L +ai() [IEIT@;(Z-)ISI} = 20u(0) [IérT@,;l(i)ﬁ L (D)

where @(i) 2 [HALGHT + 0 [T - U, UT]].
Finally, the extrinsic information, A;[bg(7)], delivered by the SISO multiuser detector is given
by

MNGIEE 10%?5:E2§}Z:8;tﬂ "
) m@P [+ )P
- 2V§(i§ k 2”’%(; v

This algorithm is summarized in Table 1. Each step in the algorithm is annotated with its approxi-
mate complexity in floating point operations per user per symbol. The major computation involved
in generating the MMSE filter output is the inversion of the matrix @(i) in Step (5). Notice,
however, that HA()HT = HAyG)H + HAun () H' + HApG)H + HAp()H' can be



written as the sum of 8K vector outer products (vector length N) and U,UT can be written as
the sum of K vector outer products (vector length N) and is independent of k. Hence, the matrix

inversion can be computed iteratively using the matrix inversion lemma as in [15], resulting in a

complexity of O (N2 + I;[—AI[;) rather than O(N3).

3.2 Sliding Window Group-Blind Detector for Asynchronous CDMA

It is not difficult to extend the results of the previous subsection to asynchronous CDMA. The
received signal due to user k(1 < k < K) is given by

M-1  N-1
ve(t) = Ap > beli] Y erlilo(t — 5T —iT — di), (51)
i=0 =0

where dy, is the delay of the k-th user’ signal, {cx [j]};\[: _01 is a signature sequence of +1’s assigned
to the k-th user and v (¢) is a normalized chip waveform of duration T, = T//N. The total received

signal, given by

K
r(t) = 3 wlt) + o(t), (52)
k=1

is matched filtered to the chip waveform and sampled at the chip rate, The n-th matched filter

output during the i-th symbol interval is

T+ (n+1)Te
rlin] 2 /T el =i T
1T'+nTe

S DT iTo+(n+1)T.
=y {/ P(t —iT — nTc)yk:(t)dt} +/ v(t)(t —iT — nT.)dt (53)

k=1 T+nTe, T+nT,
ynlion] vlion]
Substituting (51) into (53) we obtain
M-1 N-1 iT+(n+1)T.
yelin] = Ax Y belp] Y ckld] / Pt —iT —nTo)p(t — jTe — pT — dg)dt  (54)
p=0 =0 iI'4+nT,
te—1 N—-1 T,
= D bli—pl A D> alil [ vt — jTe + nT. + pT — di,)dt (55)
p=0 §=0 0
hk‘[;’n}
where 1 21+ [(dg +T.)/T]. Then
kal
rli,n] = hi0,n]bk[i] + D hilj, nlbeli — 51+ Y ywli,n] +oli, n. (56)
j=1 k' £k

ISI MAI



Denote

Hlj] = : : (58)
hl[]aNi]-] h[v([]aNi]-] hK[]aNi]']
Then
r[i] = H[i] » bli] + vli]. (59)
By stacking ¢ 2 maxy i successive received sample vectors, we define
r[i] vld] bli — ¢ +1]
rfi] = z . ol = ; ;i = | (60)
Nex1 rli 4+ —1] Nux1 vfi +0—1] rx1 bli + ¢ —1]
and
Hi-1 o HO 0
H 2| (61)
~
Nuxr 0 -« H[t—1] --- HJ0]
where r £ K (20 — 1). Then we can write the received signal in matrix form as
rli] = HIbJi) + vi]. (62)

Define the set of matrices {H j}?;_oz such that H ; is the Nu x K matrix composed of columns
jK + 1 through jK + K of the matrix H. We define the matrix H 2 [H, H,---H,, ,]. The
size of H is Nu x K (2. —1). We denote by H the matrix that contains the remaining K (2. — 1)
columns of H. We define b[i] and bli] by performing a similar separation of the elements of bJi].

Then we may write (62) as

r[i] = Hb[i] + Hb[i] + vli. (63)

This equation is the asynchronous analog to (4). We can obtain estimates of by[i], ba[i], ..., bz[1]

with straightforward modifications to the algorithm in Table 1.
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4 Simulation Results

In this section we present simulation results to demonstrate the performance of the proposed turbo
group-blind multiuser receiver for asynchronous CDMA. The processing gain of the system is 7 and
the total number of users is 7. The number of known users is either 2 or 5, as noted on the figures.
The spreading sequences are random and the same sequences are used for all simulations. All users
employ the same rate %, constraint length 3 convolutional code (with generators g; = [110] and
g2 = [111]). Each user uses a different random interleaver, and the same interleavers are used in
all simulations. The block size of information bits for each user is 128. The maximum delay, in
symbol intervals is 1. All users use the same transmitted power and the chip pulse waveform is a
raised cosine with roll-off factor .5.

Figure 2 illustrates the average bit-error-rate performance of the known users for the group-
blind turbo receiver and the conventional turbo receiver [15] for the first 4 iterations. The number
of known users is 5. For the sake of comparison, we have also included plots for the conventional
turbo receiver when all of the users are known. The three sets of plots in this figure are denoted in
the legend by “GBMUD”, “TMUD”, and “ALL KNOWN?” respectively. Note that the curves for
the first iteration are identical for GBMUD and TMUD. Hence we have suppress the plot of the
first iteration for TMUD to improve clarity. Notice that iteration does not significantly improve the
performance of the conventional turbo receiver while the group-blind receiver provides significant
gains through iteration at moderate and high signal-to-noise ratios. We can also see that the use
of more than three iterations does not provide significant benefits.

In Figure 3, the number of known users has been changed to 2. As we would expect, there
is a performance degradation for both the conventional and group-blind turbo receivers. In fact,
the conventional receiver gains nothing through iteration for this scenario because there are now 5
users whose interference is simply ignored. It is also apparent that the group-blind turbo receiver
will not be able to mitigate all of the interference of the unknown users, even for a large number
of iterations. This is due, in part, to the use of an imperfect interference subspace estimate in the

SISO group-blind multiuser detector.

5 Conclusions

In this paper we have developed a new turbo multiuser receiver for CDMA systems that is ca-
pable of suppressing interference not only from known users, but also from users whose signature
sequences and received amplitudes are unknown. This technique differs from previously developed

turbo multiuser receivers that ignore unknown interferers. We have seen that this so-called group-

11



blind turbo multiuser receiver provides a significant performance improvement over a non-iterative

receiver, whose performance is illustrated in Figures 2 and 3 by the first iteration. We have also seen

that the traditional turbo receiver fails to provide a useful performance gain over a non-iterative

receiver when unknown users are present.
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| Given: (1), Aa[b;(1)], 0<I<M -1,1<j < K.

1. [O(1)] For 1 <k < K and for 0 < j < M — 1, form soft and hard
estimates of code bits: by (j) = tanh [Aa[bk(7)]/2], br(j) = sign[br(5)].
Define the vectors b(j) 2 [b1(5) ba(j) - I;Iv((j)}T and
RNy > . P . 7 .
br(7) = [01(4) -+ br—1(7) 0 brgr () - -~ b (7).

2. Form U,, an estimate of U, by using the K largest eigenvectors
of X I'TT, where I’ 2 [v(0)---~(M —1)] and ~(j) 2 r(j) — SAb(j).

3. fori=0,1,...,.M —1

K T
(2). [0 (1)) Define d(i) £ [dy (i) da(i)---d(i)]T and compute d; (i)
acgording:co:
d;(i) = bj (1) (i),
where o(7) is defined in (38).
(3). [O (N??)} Subtract I(i) from r(i) and for 1 < k < K perform soft
interference cancellation:
ri(i) = r(i) — I(i) — SAby(i) + SAd(3).
(4). [O (1)] Calculate Ag(i) according to (34)-(40).

(5). O [NQ + %} Calculate and apply the MMSE filter:

mk(z) = [HAk(’L)HT + O'2 [I - ﬁuﬁfn ' [ﬁek - ak(z’)f{ek
21 (1) = 21 (1) T ().
where H 2 [H H] and where H 2 5Aand H 2 SA.
(6). [O(1)] Compute py(i) according to (47).
(7). [O(1)] For 1 < k < K compute the a posteriori LLR for code bit
by (7):
A1 (2)] = 22 (2) /[1 — pe(4)]-

(1). [O (ACQ)} Refine the estimate from step 2 by projection:

end

Table 1: SISO group-blind multiuser detection algorithm
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Figure 2: Performance of the group-blind iterative multiuser receiver with 5 known users. Curves
denoted GB-TMUD are produced using the turbo group-blind multiuser receiver and those denoted
TMUD are produced using the traditional turbo multiuser receiver. Also included are plots for
TMUD when all users are known.
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Figure 3: Performance of the group-blind iterative multiuser receiver with 2 known users. Curves
denoted GB-TMUD are produced using the turbo group-blind multiuser receiver and those denoted
TMUD are produced using the traditional turbo multiuser receiver. Also included are plots for
TMUD when all users are known.
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