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Abstract—

This paper proposes a precoding technique for the complete
elimination of both MAI and ISI in the uplink of a CDMA
system based on burst transmission, with reduction of the
MMSE joint detector to a simple filter matched to the to-
tal impulse responses. If the received power is fixed, this
system minimizes the variance of the symbol estimation er-
ror. An infinity of solutions exists to orthogonalize the sys-
tem. Two objectives are added: a possible progression in the
number of users and a minimization of the average emitted
power. In an ideal progressive system, users can enter or
leave the system easily without recomputing the codes of
the other users. The minimization of the emitted power is
a complex optimization problem. An approximate solution
is proposed. It is shown that the system introduced in this
paper outperforms burst systems using a conventional set of
codes.

Index terms: code division multiple access, code design,
multiuser channels.

I. INTRODUCTION

Orthogonality is the underlying concept in the design of
many communication systems. Namely, there is orthog-
onality in the frequency domain (no interference between
different carriers) and orthogonality in the time domain
(no interference between the different symbols transmit-
ted on the same carrier at different time slots). Multiuser
communication systems can be described by means of syn-
thesis/analysis operators (transmultiplexers) as it is shown
in [3]. In frequency division multiple access (FDMA) based
systems, the communication channel is divided into sepa-
rate frequency subchannels. Hence, the synthesis and anal-
ysis filters are nonoverlapping sinusoids. For time division
multiple access (TDMA), the impulse responses of the anal-
ysis and synthesis filters are rectangular windows at differ-
ent locations in time. With direct sequence code division
multiple access (DS-CDMA), these filters are related to the
codes allocated to the different users.

The code families presented above do not take into account
the time dispersion of the current channels. The interesting
orthogonality properties of the transmitted signal are often
lost at the receiver due to the high multipath component. It
is interesting to investigate new code design methods taking
into account the channel effects. Hence, the purpose of this
paper is to investigate design methods assuming that the
channel impulse responses (CIRs) of the active users are
known.

Salz has first reported on the problem of joint transmitter
and receiver optimization for coupled multi-input multi-
output (MIMO) systems in additive noise [4]. A solution is
obtained only for the restrictive case of a system bandlim-
ited to the first Nyquist zone ([—1/2T,1/2T]). A signifi-
cant feature is that the optimization of the cross-coupled
system leads to an equivalent decoupled system consist-
ing of parallel subchannels. In their paper [5], Yang and
Roy extend the result to MIMO systems with arbitrary
bandwidth and unequal numbers of inputs and outputs.
However, a close form solution is not given. As shown in
[7], the redundancy introduced by the nonmaximally deci-
mated filterbank can overcome the difficulties encountered
in the standard MIMO systems for channels with spec-
tral nulls. A close form solution is presented for the joint
transmitter-receiver optimization under the average trans-
mission power constraint. A unifying framework based on a
multirate filterbank model is introduced in [8] by Scaglione
et al. An optimum solution is presented for the design of
transmitter-receiver filterbank pairs able to miminize the
symbol estimation mean square error (MSE) under a con-
straint of interference suppression at the output of the re-
ceiver. It turns out that this problem is equivalent to the
minimization of the symbol estimation MSE under a re-
ceived power constraint: the optimal solution is to elimi-
nate all the interference in order to reach the matched filter
bound (MFB) given by the constraint. The symbol esti-
mation MSE is also minimized under a transmitted power
constraint. The two problems give rise to a singular value
decomposition (SVD) of the channel matrix.

The optimization of the precoding scheme in case of syn-
chronous multiuser downlink transmission over multipath
channels is considered in [9]. The purpose is to find linear
transformations applied on the symbols at the transmitter
and at the receiver that minimize the symbol estimation
MSE under average and peak emitted power constraints.
In the following paper [10], a precoding scheme is intro-
duced that eliminates completely the multiple-access inter-
ference (MAI) and the inter-symbol interference (ISI). A
filter matched to the CIRs is used at each receiver. The
precoding matrix is the inverse of the matrix that repre-
sents the impulse responses including the matched filters
at the receivers. The multiuser detection problem reduces
to independent parallel single user detection problems. In



the last two schemes [9,10], the precoding is applied on
the data symbols, rather than on the transmitted wave-
forms, so that the higher resolution inherent to a CDMA
system is not exploited. In [11], the transmit waveforms
themselves are modified. The receivers are made of sim-
ple pre-designed code correlators. Knowing the structure
of the receiver, the spreading sequences used at the trans-
mitter are designed in such a way that the interference be
totally eliminated by the receivers. In this scheme, the
receivers are not composed of filters matched to the total
impulse responses.

In [12], low complexity CDMA transceivers are introduced
that are capable of eliminating MAT deterministically in the
presence of unknown and even rapidly varying multipath,
provided that the users asynchronism is limited. The re-
cent so-called Lagrange-Vandermonde CDMA transceivers
generalize the orthogonal frequency division multiple ac-
cess (OFDMA) technique.

In this paper, the design of spreading sequences which or-
thogonalize the channels of all users under a received power
constraint, is considered for the uplink of a system based on
burst transmission. We assume that the CIRs are known at
the transmitter. The issue of channel estimation is crucial
but beyond the scope of the present paper. The effects of
MAT and ISI due to multipath fading are mitigated by the
use of a simple filter matched to the total impulse responses
at the receiver. The feasibility is first demonstrated based
on the subspace theory. Since there is an infinite num-
ber of ways to orthogonalize the user channels, two specific
strategies for the sequence design are considered. In Sec-
tion IV, an algorithm which is progressive in the number
of users is presented and, in Section V, the transmit power
is approximately minimized.

II. SYSTEM MODEL

The lowpass equivalent uplink of a multiuser system is con-
sidered. The base station receives the contributions of K
different users, modified by the user specific channels and
the additive noise. A detailed model of the transmission
system is given in Figure 1. Each active user k transmits
a sequence of symbols di(n) at the rate 1/T. The sym-
bols are spread by the user specific codes si(n) and shaped
by means of the chip shaping filter with impulse response
ug(t) (it is assumed to be a half-root Nyquist). T, is the
chip duration and NV, is the spreading factor. Each user sig-
nal is transmitted over a user specific channel with lowpass
equivalent impulse response ¢, 1 (t). At the receiver, p,(t)
represents an ideal lowpass presampling filter. w,(t) is the
additive noise and v, (t) is the noise filtered by p,(t). The
received signal is denoted by 7,(t). We define the impulse

def

responses hg ;(t) = ug(t) ® cqk(t) ® pa(t). The opera-
tor ® denotes a convolution. A sampling of the received
and noise signals at the rate 1/Ty = M/T. = MN./T
gives the received sequence r(n) = r.(t = nTs) and the
noise sequence v(n) = v,(t = nTs). To get a discrete
time model, we define the discrete time impulse responses
hi(n) = her(t = nTs). In our computations, we further
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Fig. 2. User k specific matrices

assume that the power control is such that the received
energy be equal for all user symbols.

In case of burst transmission, each user is assumed to send a
packet of IV symbols. In our model, we want to separate the
spreading codes from the other elements of the composite
channels. A matrix s, represents the transmitter precoding
operation and a matrix h, represents the impulse responses
of the different users. The observation model becomes [1,2]

ry = gbdb + U (1)
where g = h,s,. The following definitions have been
introduced:

def T
d, = [df - di] (2)
der 5 QNchN
e . .
5 = : : (3)
Ovnoxn 7 Sk

where dj, = [ di(0) di(N —1) ]T. Furthermore,

we have
h, = [b b, - b ] (4)
def T
r, = [T(O) T(M(NNC+L—1)—1)] (5)
v, = [w0) - oMENN.+L-1)-1)]" (6)

L is the size of the impulse responses hq i (t) evaluated in
numbers of T..
A description of the matrix h, of size M(NN.+ L — 1) x

N N, is given in the left part OF Figure 2 in which the vector
h,, is the impulse response corresponding to channel k. We

have hy, < [ i (0) h(MrL—1) 1"

A description of the precoding matrix EN of size NN, x N
is given in the right part of Figure 2 in which the vector s,
is the code allocated to user k in a conventional precoding

scheme. We have s, = [ s(0) sk(N. — 1) ]T.
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After multiplication of the symbol vector d, with the ma-
trix s,, we get a sequence at chip rate corresponding to the
symbols spread by the codes. If the length of the codes does
not exceed the symbol period, each symbol is spread by a
particular code with no a priori interference with the sym-
bols around. However such a constraint can be relaxed in
practice: the length of the codes can be larger than a sym-
bol period, different codes can be assigned to the successive
symbols of a user, and finally, the codes can be constituted
with complex elements. As a key element to our precoding
scheme, we assume that the matrices s, shown in Figure 2
can be totally filled in with complex elements. This actually
amounts to having codes overlapping with each other and
being different from one symbol to another (even for the
same user). The choice of this precoding matrix which is
an extension of the classical spreading, is a key element for
rendering the system MAI/ISI free.

III. OPTIMUM SYSTEM UNDER A RECEIVED POWER
CONSTRAINT

The joint transmitter and receiver optimization is per-
formed for the minimum mean square error (MMSE) cri-
terion. At the output of the MMSE linear joint detector

[2]
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applied on the received vector (1), the symbol estimation
error auto-correlation matrix is equal to

R _ 2 I L - 8
Zhee U_?l:KN + ng ﬂb (8)
where £ denotes the symbol estimation error vector and
L, . is the identity matrix of size K'N. Cross-correlation
between two vectors in a burst transmission scheme is de-

fined as ﬁb’zy =FE [gb ng] where E[] denotes the expec-

tation operator. Independent symbols of variance equal to
o3 and additive white Gaussian noise (AWGN) of one-sided
power spectral density equal to Ny are assumed. o2 denotes
the noise variance at the output of the presampling filter.
The error variance of any symbol estimate can be found
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at the appropriate location on the diagonal of the matrix
=b,ec’

The optimization of the transmitters is performed under a
constraint of constant received symbol energy E;. In this

case, the MFB is equal to the constant vy ef E;/N, for

each user. As the symbols are independent, we minimize
the sum of the symbol estimation error variances. The
problem becomes

o[ .
subject to

g

2 = 10

o2 (gb gb) 7 (10)
for i =1,---, KN. The operator tr [z] denotes the trace

of the matrix z. An interesting result due to Witsenhausen
[13], restated in [7] and introduced here as a proposition,
allows the optimization.

Proposition Let q be a square non-negative definite her-
mitian matriz and_gd be the diagonal matriz obtained from
q by setting all off-diagonal elements to zero. It can be

proven, for a square non negative diagonal matriz A, that

tr{(g + gdé)l] < tr[(g + gé)l] .

The diagonal of the matrix g g is constant due to the

(11)

Zp
received symbol energy constralnt Asa result of the propo-
sition, a diagonalization of the matrix g g, results in the

minimization of the trace of the error auto- correlatlon ma-
trix £, . Hence, the precoding matrix s, is ideally chosen

H. H
such that s, ﬁb Qb s,

to v (o7/ Ud)

In this case, the conventional MMSE linear joint detector
(7) reduces to the whitening matched filter multiplied by
a factor 03/(1 + 7). Thanks to this channel adapted pre-
coding, the interference is eliminated by the use of a filter

matched to the total impulse responses. Consequently, the
MFB is reached for each user.

be diagonal with the elements equal



From a matrix analysis point of view, we have to find a
matrix EN such that the columns of the matrix gb be or-

thogonal. The orthogonality feasibility is proven with the
aid of the vectorial subspace theory. Each part hk of the
matrix h corresponding to the specific user k constitutes
a vectorlal subspace of dimension NN, in the space of di-
mension M (NN.+ L —1). Since the columns of h, are
delayed versions of the same vector h;, they are hnearly
independent and form a base of the subspace associated
with user k. The product h s, is a juxtaposition of the
respective products h N These products are equivalent
to choosing N vectors i 1n the subspace associated with each
user k. They are linear combinations (achieved by the co-
efficients contained in the NV columns of the matrices ék)
of the base vectors of a particular subspace. It is shown
hereafter that all those vectors can be chosen orthogonal.

o N orthogonal vectors are chosen in the first subspace h h,.

e The N vectors assigned to user 1 are projected onto the
subspace h_ of user 2. A subspace of dimension N (N, — 1)
orthogonal to the N projections and included in subspace
h_ exists. It is possible to choose NV orthogonal vectors in
this subspace. Of course those vectors orthogonal to the
projections are also orthogonal to the initial N vectors.
They are assigned to user 2.

o The same operations can be performed with the subspace
23 of user 3. We look for the subspace of dimension N (N, —
2) orthogonal to the projections of the N vectors assigned
to user 1 and to the projections of the N vectors assigned
to user 2. N orthogonal vectors are chosen in this subspace
and assigned to user 3.

e This procedure is followed up to user K.

Two remarks are important:

« This iterative procedure is only possible if the spreading
factor IV, is at least equal to the number of users K. The
size of the initial subspaces is NN.. At each step, we have
to find a subspace orthogonal to the projections of the N
vectors assigned to the previous users. For the last user,
we need a subspace of size N included in the subspace K of
size NN, and orthogonal to N(K — 1) projections. Thus
N, must be at least equal to K.

o At each step, an infinite number of solutions exists.

The last remark requires a criterion for optimization. The
maximization of the signal-to-noise-ratio (or the minimiza-
tion of the MSE) cannot be considered since it is a constant
equal to the MFB. In the following sections, some objec-
tives are introduced:

e The precoding matrices can be chosen in order to get
some progression in the number of users. A flexible system
should be such that any user can enter or leave the system
without the need to recompute the codes of the other users.
o The average emitted power depends on the precoding
matrices. It should be as low as possible.

We define the channel auto and cross-correlation matrices
m, .= hH h for k1,ks = 1,---, K in order to simplify
the notatlons 1n the following sections.

IV. A SYSTEM PROGRESSIVE IN THE NUMBER OF USERS

The number of users that can be accommodated in the
system is limited by the spreading factor N, as explained
in Section IIT (at least in the context of this paper where the
target is a perfect orthogonalization of the system). Since
the bandwidth is constant, N, must be as low as possible to
increase the bit rates. There is thus a serious advantage in
keeping N, equal to the number of users. It will be the case
in the procedure described below in which the precoding
matrices s, are adapted when the number of users varies.
The purpose of the method explained in this section is to
get some progression in the number of users. Ideally users
can be added and removed easily without recomputing the
codes of the other users.

In the initialization period, the base station should have
an estimation of the durations the users stay active in the
system (for instance the users are expected to declare the
time they will be active in the system). A user active for
a long period will receive a high priority: his symbol codes
will be computed first. The code allocation is pursued until
the user with the lowest priority (short presence in the
system) be processed. After the initialization period, any
user can enter (N, is increased by one) or leave (N. is
decreased by one) the system. The current system does
not have to be completely recomputed.

In the proposed procedure, only a limited number of vectors
in the initial vectorial subspaces h, is used.

e The codes are first computed for user k; with the highest
priority. An orthogonal base of dimension N is selected
in the subspace generated by the first N columns of the
matrix b, . The last N(N. — 1) column vectors of b, ~are

not used. This means that the N(N. — 1) last elements of
all columns of the matrix s g, Are equal to 0.

e The codes are computed for user k, which is the sec-
ond user with the highest priority. An orthogonal base of
dimension NN is selected in the subspace of dimension N
orthogonal to the N vectors allocated to user k; and in-
cluded in the subspace generated by the first 2N columns

of the matrix A, . The other N(N. — 2) column vectors
of h, are not used This means that the N(N, — 2) last

elements of all columns of the matrix s 5,, are equal to 0.

o The procedure is followed up to the last user kg .

The Gram-Schmidt orthogonalization procedure is used at
each step to get an orthogonal base of a particular sub-
space. Some vectors in the initial subspaces are not used.
The associated code elements are equal to ”0”. This makes
possible the progression in the number of users. The pro-
cess allows the addition of an orthogonal user in the sys-
tem without having to recompute the codes of the current
users. The codes of the already active users are simply
extended with zeros. As the bandwidth is constant, this
means of course a reduced symbol rate for these users. Only
the codes of the new user have to be explicitly computed.
When a particular user k is removed, the spreading factor
can be decreased by one in order to increase the bit rates
of the other users. The last NV rows of the code matrices



corresponding to the users who have entered the system be-
fore user k are made of zeros. They are removed without
loss of orthogonality. Only the codes corresponding to the
users who have entered the system after user k& have to be
recomputed. The system introduces some kind of TDMA
component since most of the code elements are equal to ”0”
(this will be confirmed by the numerical results). It should
be mentioned that if burst error times are in the order of
TDMA slots, interleaving will not be able to distribute er-
rors wide enough. Then coding will not be able to correct
the burst errors. The number of operations required to
compute the entire system is O(K*N?) (as compared to
the complexity required to compute the MMSE joint de-
tectors which is O(K2N?)). If a new user is added in the
system, the number of operations required to compute his
codes is only O(K3N?).

V. EMITTED POWER MINIMIZATION

We would like to investigate the issue of the transmis-
sion power minimization for a system where the MFB is
reached. This is a complex problem of non-linear optimiza-
tion. A lower bound on the emitted power at the output
of each transmitter is first computed and an approximate
solution is provided next.

A. A lower bound

In this section, we are only interested in the computation of
a lower bound (LB) on the emitted power. The detection
of the data symbols is not considered. It is thus not neces-
sary to take ISI and MAI into account and the minimum
emitted power is obtained by assuming that all symbols
of each user k are spread by the same code s;, that min-
imizes the emitted power under a constraint of constant
received symbol energy. The precoding matrix s, is the
repetition N times of the column vector s, of dimension
N N,. The different data symbols can not be distinguished

after spreading. The optimal code vector s,, is the solution

of
min  tr [s; 57 ] (12)
Sy
subject to
o8 (0
o2 (ﬁk gkkﬁk) =7. (13)

This is a classical problem of constrained optimization. A
modified code vector ¢, is defined such that s, = v, b,
where v, is the matrix of eigen-vectors of m The so-
lution requires that only one element of the vector Qk be
different from zero. The element associated with the largest
eigen-value of the matrix m _ is chosen in order to mini-

mize the emitted power.

kk

In the special case of flat fading channels, the columns of
each matrix h_ are already orthogonal. Any vector s,
which satisfies the received power constraint can be cho-
sen for each symbol. It is possible to achieve a system
completely orthogonal where each symbol is sent at a min-
imum emitted power, for instance by using the classical

H 2
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Fig. 3. Constraint of orthogonality for user 1

TDMA, synchronous CDMA or digital multi-tone (DMT)
codes.

B. The problem and an attractive approximate solution

This section studies the minimization of the emitted power
of each transmitter for a system where the MFB is reached.
The total interference suppression by the use of a matched
filter is assumed. The problem is formulated as

K
min Ztr [gk s, ] (14)
= k=1
subject to
% (gt = Vo 1
U_% (ﬁk @klél) = VOl Ly (15)

where k,l = 1--- K. d;; denotes the Kronecker symbol. It
is a complex problem of non linear optimization. An easily
realizable solution close to the optimal system is achieved.

A LB on the emitted power is available for each user. It
allows a classification of the users according to the atten-
uation of their channels. The codes are first computed for
the user requiring the largest emitted power in order to
decrease his power as much as possible. The algorithm is
pursued until the user requiring the lowest emitted power.
Orthogonality is kept at each step.

B.1 User k;

The codes are first computed for user ky. The problem is
to choose an orthogonal base of dimension IV in a subspace
of dimension N N, that minimizes the emitted power of the
user. The problem is thus formulated as (see Figure 3)

. H
min - tr [gklgkl} (16)
Zkq
subject to
9 (gt =71 17
2 (gkl my ékl) =Ly (17)
v

To get a simple solution, each code assigned to a partic-
ular symbol will be computed regardless of the following
symbols. The first symbol receives the LB code. The
eigen-value decomposition of the matrix m, . is com-
puted. The N codes allocated to user k; are the eigen-
vectors associated with the N largest eigen-values. We
1/2
have 8, = (% ’7) / le é,;lﬂ whereé ) denotes a diag-
onal matrix of dimension N with the largest eigen-values
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Fig. 4. Constraints of orthogonality for user 2

in the decreasing order on the diagonal and v " denotes the
—Rr1
associated eigen-vectors in columns.

B.2 User ko

The second user is denoted by k. The solution must be
orthogonal with the first user k1. The N vectors allocated
to user kp are projected onto the vectorial subspace of user
k2. The problem is to choose an orthogonal base of dimen-
sion N in a subspace of dimension N(N. — 1) (included
in the vectorial subspace of user ky and orthogonal to the
projections of the vectors of user k;) that minimizes the
emitted power of user ks. The problem is written

. H
min  tr [§k2§k2] (18)
Zko
subject to
H _
Sy Dby Sy = Oy
o2 bia (19)
4 (s5'm s =l .
02 \Zky —koko =k2) =N

To get a favorable solution, two different steps are followed.
e The solution must be orthogonal with the first user.
The first constraint becomes (see the definitions intro-

duced in the upper part of Figure 4) s5* = —t s? where
1 =ko =ko =ko
dif H o - H B . . . .
Ekz = (gkl @klh) Sp My isa matrix of dimension
N x N(N, —1).

¢ The problem is rewritten taking the last result into ac-
count. It becomes (see the definitions introduced in the
lower part of Figure 4)

; B8 \H H B
min b [())" (Lywooy + L4, ) 5] (20
Zko
subject to
%a ((s5VE B8 ) — I 21
ﬁ ((glw) gkzkz §k2) - ’YZN ( )

~B8 df H aa H , aof Ba
where My Ekz L. Ekz + Ekz L. + L. Ekz +
@fsz . The eigen-value decomposition of the matrix
H

£N(NC—1) + £k2 £k2
matrix is defined in order to get the same formulation of
the problem that has been approximately solved for user
k1.

The same kind of decomposition is extended until the last

user ki .

is computed and a modified precoding

The solution achieved with this procedure is not the opti-
mum solution of the initial problem. Each code allocated to
a particular symbol of a user is computed in order to min-
imize the emitted power while avoiding interference with
the previous symbols and users. The next symbols and
users are not taken into account to compute the current
symbol. This explains the degradation with respect to the
optimum solution. It will be seen later that this system is
however quite effective. The number of operations required
to compute the entire system is also O(K*N?).

VI. RESULTS

The main purpose of this section is to compare the pre-
coding schemes providing orthogonality for all users at the
receiver with a classical set of codes. Different criteria of
performance are studied: the average emitted power, the
instantaneous received power, the received power spectral
density, the achievable signal-to-interference-and-noise ra-
tios (SINRs) and the corresponding bit rates. The average
emitted power of each user is compared to the LB which
is the solution of (12). The statistical property of station-
arity, required for the computation of the power spectral
density, is lost in a burst system. Nevertheless, it can be
recovered if we suppose that an infinite number of bursts
are transmitted. A guard time is introduced between two
successive bursts in order to avoid inter-burst interference
at the receiver. The user bit rates are computed with the
assumption that the symbol error probability is equal to
10~ 7. Firstly, Hadamard codes are used to spread the sym-
bols of the different users. Then, a precoded system which
is progressive in the number of users is studied. Finally, the
performance of the precoded system that approximately
minimizes the emitted power is studied.

A. A small size system

A system composed of 2 users communicating with the
base station has first been assumed. For each user, the
emitted burst contains 10 symbols. The spreading factor
is equal to the number of users. The bandwidth is equal
to 10 [MHz]. The chip shaping filter (halfroot Nyquist)
has a rolloff factor equal to 0.2 so that the chip duration
is equal to 0.12 [us]. Noise is added which is white and
Gaussian. The ratio E;/Ny is fixed at 20 [dB] for each
symbol. The single sided noise power spectral density Ny
is equal to —100 [dBm/Hz]. The user specific channels
are characterized by multipath propagation. The taps are
complex random variables. Four-paths lowpass equivalent
complex CIRs are assumed. They are characterized by the
following parameters:



« attenuation [dB]:

user 1 | user 2
40 45
o relative amplitudes:
user 1 | user 2
path 1 | 0.5832 | 0.4303
path 2 | 0.5249 | 0.5164
path 3 | 0.4666 | 0.6025
path 4 | 0.4082 | 0.4303
o delays [us]:
user 1 | user 2
path 1 0.00 0.00
path 2 | 0.15 0.10
path 3 | 0.25 0.20
path 4 | 0.35 0.25
¢ phases:
user 1 | user 2
path 1 0 0
path 2 | 147/8 | 2%/8
path 3 | 47/8 | 107/8
path 4 | 27/8 | 147w/8
A.1 Hadamard codes
user 1 | user 2
Emitted power LB [mW] | 130.79 | 320.09
Emitted power [mW] 267.97 | 633.00
Matched filter [dB] 2.65 2.80
MMSE linear [dB] 14.61 16.91
MMSE linear [Mbits/s] 5.00 5.55
MMSE DF [dB] 17.52 18.86
MMSE DF [Mbits/s] 5.83 8.33
TABLE 1
EMITTED POWER, SINRS AND BIT RATES; HADAMARD CODES, K = 2,
N =10.

In case of Hadamard codes, the interference (ISI and MAT)
can not be completely eliminated. The results are given
in Table I. The SINRs at the output of the linear and
decision feedback (DF) MMSE joint detectors are smaller
than the MFB equal to 20 dB. The matched filter performs
poorly. The DF joint detector outperforms the linear one
but requires an increased working complexity and suffers
from error propagation. The average emitted power of each
user is larger than the emitted power LB.

A.2 Progression in the users

In case of a system progressive in the users, the codes al-
located to user 1 are computed before the codes allocated
to user 2. The results are given in Table II. This system
requires a large emitted power (as compared to the LB).
The MFB is reached for the symbols of each user since
there is no interference left at the output of the matched
filter. Figure 5 shows the instantaneous received power.

user 1 | user 2
Emitted power LB [mW] | 130.79 | 320.09
Emitted power [mW] 901.20 | 1287.20
Matched filter [dB] 20.00 | 20.00
Matched filter [Mbits/s] 8.33 8.33

TABLE II
EMITTED POWER, SINRS AND BIT RATES; PROGRESSIVE SYSTEM,
K =2, N =10.

The contribution of each user is illustrated separately. It
is shown that the signal energy of user 1 is received before
the signal energy of user 2. The users are separated in the
time domain. So it appears that the solution is close to a
TDMA operating mode.

A.3 Emitted power close to optimum system

user 1 | user 2
Emitted power LB [mW] | 130.79 | 320.09
Emitted power [mW] 358.57 | 554.97
Matched filter [dB] 20.00 | 20.00
Matched filter [Mbits/s] 8.33 8.33

TABLE III
EMITTED POWER, SINRS AND BIT RATES; CLOSE TO OPTIMUM
SYSTEM, K =2, N = 10.

Since the emitted power LB of user 2 is larger (user 2 suf-
fers a larger attenuation than user 1), the codes allocated
to user 2 are computed before the codes allocated to user 1.
The results are given in Table III. In this case, the emitted
power of user 2 is relatively close to the LB. However, user 1
needs an increased emitted power. The difference between
the emitted power and the LB of each user is increasing
according to the order of user code computation. Figure
6 shows that the received signals of the different users are
located in different frequency bands. The users are sep-
arated in the frequency domain. The algorithm allocates
the frequency bands favorable to user 2 and the remaining
frequency bands to user 1.

B. A larger size system

The performance of a 16 user system has also been in-
vestigated. Each user sends a burst of 10 symbols. The
spreading factor is equal to the number of users. Four-path
lowpass equivalent complex CIRs are assumed. The con-
clusions are the same as for the case of a 2 user system. Ta-
ble IV compares the total emitted power between the small
size system and the large size one. It is shown that the sys-
tems providing orthogonality at the receiver require a total
emitted power closer to the LB for a larger size system
(especially for the close to optimum system). The system
using a set of Hadamard codes needs an increased emitted
power. Table V illustrates the total bit rates for the small



2 users | 16 users
MMSE (linear and DF) 1.99 2.67
Progressive system 4.85 3.78
Close to optimum system 2.02 1.24

TABLE IV
RATIO BETWEEN THE TOTAL EMITTED POWER AND THE ASSOCIATED
LB FOR A 2 USER SYSTEM AND A 16 USER SYSTEM.

size system and the large size one. When the number of
users becomes larger, the symbol duration is increased (the
bandwidth is constant and the spreading factor is equal to
the number of users). The inter-burst separation becomes
negligible as compared to the burst duration so that the bit
rates are improved. Figure 7 illustrates the instantaneous

2 users | 16 users
MMSE linear [Mbits/s] 10.55 12.07
MMSE DF [Mbits/s] 14.16 | 17.89
Orthogonal systems [Mbits/s] | 16.66 22.72

TABLE V
TOTAL BIT RATE FOR A 2 USER SYSTEM AND FOR A 16 USER SYSTEM.

received power contributions of users 3 and 11 for a 16 user
system which is progressive in the users. The users are sep-
arated in the time domain. Figure 8 illustrates the received
power spectral density contributions of users 3 and 11 for
an emitted power close to optimum system. The users are
separated in the frequency domain.

VII. CONCLUSION

In this paper, a joint transmitter and detector optimization
has been investigated for a multiple access system. A burst
transmission system with constant average received power
has been assumed. The proposed solution leads to a total
orthogonalization of the system at the receiver: a simple
matched filter eliminates completely the interference. In
this case, the MFB is reached. An infinite number of solu-
tions exists to make the system orthogonal. Two objectives
have been added: a possible progression in the number of
users and a minimization of the average emitted power.
The solution of the last objective is a complex problem of
non linear optimization. An approximate solution has been
introduced based on the eigen-value decomposition of the
channels auto and cross-correlation matrices.

It is shown that the system introduced in this paper outper-
forms the burst system using a conventional set of codes.
Nevertheless, an initial information about the impulse re-
sponses is needed at the transmitters. The base station
should compute the precoding matrix of the whole system
and send the particular precoding signatures to each user.
The channels are assumed to be constant within the burst
and also slowly variant from burst to burst. The asyn-
chronism between the users has to be reduced in order to
decrease the time separation between two following bursts.
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