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Method for Minimizing Total Generalized Squared
Correlation of Synchronous DS-CDMA
Signature Sequence Sets in Multipath Channels

Paul Cotae and Matt Aguirre

Abstract - We characterize the Total Generalized Squared
Correlation (TGSC) for a given signature sequence set used in
uplink synchronous code division multiple access (S-CDMA)
when channel state information is known perfectly at both
transmitter and receiver. We give a definition of the TGSC based
on the eigenvalues of Gram matrix associated to signature
sequences set for multipath channels in the presence of the
colored noise. Total Squared Correlation (TSC) and Total
Weighted Squared Correlation (TWSC) measures are particular
cases of TGSC. We present a method for minimizing TGSC
(TSC, TWSC) in multipath channels and in the presence of the
colored noise. Numerical results for overloaded synchronous
CDMA systems are presented in order to support our analysis.

Index terms: total squared correlation (TSC), total weighted
square correlation (TWSC), Welch Bound Equality (WBE)
sequences, CDMA codeword optimization and Gram matrix.

1. INTRODUCTION

In code-division multiple access (CDMA) systems with
perfect power control, the major limitation in performance is
due to multiple access interference (MAI). This interference is
the result of the correlation among the users’ signature
sequences and it can be minimized (or eliminated) by
designing signature sequence sets with low (or zero)
correlation values. Much research has been conducted in the
area of multiuser detection to suppress/cancel/avoid
interference for a deterministic signature sequence sets [5],
[14], [17], [26], [27], [28] and references therein.

Recently, there has been interest in managing interferences
in a CDMA system from the transmitter side. When channel
state information (CSI) is available at the transmitter an
effective transmit power allocation may improve error rate
performance or increasing the theoretical information capacity
by decreasing the interferences in the system.
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In view of this problem, we define a global quantity that is
a measure of the total interference in the system, namely Total
Generalized Squared Correlation (TGSC). Our definition is
based on normal property of Gram matrix assuming that the
noise covariance matrix belongs to commuting normal
matrices class. We provide a stable distributed iterative
method, which allows for each user simultaneously and
independent of the others to adjust its signature sequence in
order to minimize TGSC. This method is also applicable to
the case of overloaded CDMA systems when the number of
users is greater then the processing gain and when it is
desirable to let some or all users update their signature
sequence simultaneously. To accomplish this task the base
station needs to send only once for each user the matrix
containing the information of all users’ signature sequences in
the system in presence of the noise.

This paper is organized as follows: In Section II we give a
precise model of the multipath uplink Gaussian vector
multiple access channels (VMAC) synchronous CDMA
systems using Sylvester matrices. Based on this model the
definition of the TGSC criterion is introduced and a
characterization of joint minimization of bit error rate (BER)
and TGSC in multipath is presented. In Section III, we derive
the mathematical background in the context of our vector
CDMA model. The proposed method of minimizing TGSC is
given in Section IV and numerical examples are provided in
Section V to illustrate the theoretical developments in the
previous sections. Conclusions and future work are presented
in Section VI.

II. THE MODEL OF MULTIPATH UPLINK SYNCHRONOUS
CDMA SYSTEM

We start considering uplink vector multiple access channel
(VMAC) of a multipath single-cell DS-CDMA system with
K independent active users and the processing gain N . In
the presence of the vector noise process z , the received signal
in one symbol interval is

K
r=2 \prxiHpsp +2 (1
k=1

where for user k, p; is the transmitted power, x; is the
random information symbol with zero mean and variance

E[x,%]:l. The NxK users’ matrix S =[8],8,....S,..-Sg |
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has unitary signature sequences s; as N dimensional

columns [8], [9], [14], [19]. The spread symbols for user %
are passed through the discrete-time channel with the impulse
response given by the N x1 vector

Iy = [ [k (20, 1y [ 1,0,-+-,0]" 2)

(by T we mean transpose) where L, <N represent the

number of paths, assumed to be spaced at the chip duration
T.=T/N . We also assume a dense multipath profile so the

received signal has duration of N+ L; —1 chips, the channel

delay spread are small compared with the symbol duration
and, hence neglect ISI. The (N +L; —1)x N channel matrix

H foruser k is

[m 1] 0 0
(2] 1]
m2l 0
Hy =\l [L] - Iy (1] 3)
0 I [ Ly ] Iy [2]
_0 .- 0 [ Ly ]_

Let H be the generalized multipath channel matrix
associated with the model given in (1) of the form'
H =diag(H,|,H,,...,Hy) with the same number of paths
L, for each user. The particular case when the multipath
channel matrix is of the form H = Hg (i.e. in the point to

point transmission when K wusers are co-located and the
received signals of all users go through the same multipath
channel matrix) is considered in [24]. For 0<i< N -1
consider the operation of shifting right the vector (2) by i
components as described below

i frd e e T
D hk _[09505hk[1]!hk[2]9 7hk[Lk]sOs 90] (4)
i N-1-i
Using (4) the channel matrix H; given by (3) becomes

Sylvester matrix of order N [4] (® is the Kronecker product
acting element wise and /, denotes the NxN identity

matrix)
H, =[h,Dhy,...D'hy,..DVh,]

:([1 D DN]®IN)[hk,...,hk] ®

! We shall denote the diagonal matrix whose main diagonal entries are the
same as those of the matrix A as diag(A) and the diagonal matrix whose

diagonal entries are formed from vector b as diag(b). By diag(A,B) we

A 0
mean a block structured matrix A® B = [ 0 BJ [29].

One can prove that the matrix H; has the following
properties:

IL1) Vi, je I,_K HI-TH_]- is a banded Toeplitz matrix,
11.2) trace(H] Hy) = Lyhl by, = Ly, ;when bl b =1, (6)
11.3) trace[(HkT H, )“J >, .

Considering P =diag(p,, p;,.... px ) and

x! =(x1,X%p,...,X;), then a compact matrix form for the

model of uplink DS-CDMA system with multipath given by
(1) can be written as

r=HSP"’x+z (7

The noise covariance matrix associated to noise vector z
that contains 1i.i.d circularly symmetric Gaussian noise

samples is X = E[zzT ]. In the case of white noise when each
vector 7z has zero mean and the same variance o then the

covariance matrix is X = 021 x - Our approach is more general

than [10] were it is assumed that the power spectral densities
of thermal noise at all receivers are the same. In the context of
VMAC, and considering the case of colored noise, we assume
the covariance matrix X positive definite’ with its

2

eigenvalues eig(2) = 0'12 <05 £..<Z 0]2\/ as in [13].

GivenK ,N, § and assuming real signature sequences,

the sum capacity of S-CDMA channel per degree of freedom
is given by [5], [13]

C., < LNlog2 det(Iy + = 'spsT) ®)

sum =
2

Let the matrix Cof the form C=1y +27'spsT and
multiplying C left by 2 we obtain

>C=3+SPS” )

Consider the determinant of the matrix XC; taking the
. . s 1
logarithm of both sizes and multiplying by the constant SN

we obtain

1 7o 1
C.,,, <—1log, det(2+SPS" )——1Ilog, det(X 10
sum N g2 ( ) N g2 ( ) ( )

2 In this paper we assume snapshot analysis for model (7). In N
dimensional signal space we assume the eigenvalues {0'[2 |i=1,2,..,N} and
2 s
symmetric and the relationship between diagonal elements and the
eigenvalues is precisely characterized by the majorization theory [2].

transmitted powers p;,1<i<K are given and fixed. The matrix
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When we focus on the overloaded S-CDMA systems (loading
factor =K /N >1) we need to characterize the effect of the

number of users K in the matrix X +SPS’ used in (9) and
(10) which determine sum capacity performance.
Using the Gram matrix approach introduced in [11], [12],

[16], and the fact that the matrix SPST has the same
eigenvalues as the matrix P'?Ggp"? ,(G=S8"S is the Gram

matrix associated with signature sequences), we give the
following

Definition: Given a transmitted signature sequence set
St =[51.85,....,5x] and the power matrix P =diag(p)
defined by (1) then the total generalized square correlation
(TGSC) of received sequences Sp in multipath and in the

presence of colored noise z as in (7) is defined by the
Frobenius norm of the matrix P2 GRPI/ 24X interms of its

eigenvalue® v;

2 K
TGSC(Sg) = “PI/ZGRPI/Z +2HF =52
i=1

(11

This definition includes as particular cases: total correlation
(TC) [16], total squared correlation (TSC) [3], [8], [9], [14]
and total weighted squared correlation (TWSC) [11], [12],
[20], [24], [25], [26]. Under some given conditions in the
system is natural to ask that whether a reduction in TGSC
always translates into an increase in sum capacity. This
problem is the subject of many papers [7-9], [14], [15], [21],
[22], and [24] and in here an iterative stable method of
reducing TGSC in the presence of multipath and in a
controllable number of steps is proposed. The number of
steps is linear with the dimensionality of signal space.

In the case of CDMA systems the channel matrix is
determined by signature sequences. If we assume matched

filter (MF) receivers i.e., then the received power of user k&
through is receiver filter is

~ * *
Dk = pr (s Hi Hysp) = py <Hysp, Hys; > (12)
= Pk < Si» Sk >=
where * is Hermitian transpose, <,> is the inner product,
Sp=[8,%,...85¢], and ¢ is the channel state. These
channel states can be obtained at the transmitter side by
feedback from the receiver, or can be estimated at the
transmitter. In the context of Gaussian VMAC the signal to
interference ratio for the user & is

*Note that in this definition the noise matrix becomes positive semidefinite

with the eigenvalues of the form eig(X) = [03,0%,...,0,2\,,0,...,0] .
| I—
K-N

a
SIRMF =y, = k Pk

(13)

) K I
oi + Z ajpj|< 8,8, >
J=1
j#k

|2

The BER for the & user is generally a function of the y,,
and thus the BER P, (e|¢a;) for a given channel state ¢
may be expressed as

FBy(elag)=F(yy)=F(aypy) (14)

where F(-) is a function determined by a specific modulation

schemes. Since the random information symbols are
independent, the overall BER for a given channel state of
{ay,1<k <K} can be calculated as an arithmetic mean of

FBy(elay)

1 K 1 K
P e|lo,ay,...,ax)=—2 B(elay)=— 2 F(ayp,) (15)
K =1 K =1

We will show that, under Gram matrix approach, where
K
> A =A=trace(P) and in the multipath regime, the
i=l1

objective of minimizing the overall BER given by (15) and
the objective of minimizing TGSC criterion in (11) (or
increasing sum capacity given by (10)) can lead to different
transmitted power allocation {p;,1<k<K}. In order to

prove it, consider the Lagrangian function associated with
these two objectives of the form

K
J(plap29"'spK):f(plsp2>"~spK)+/1(Z pi—A) (16)

i=1
where

S P12 PE) :%é o(re ):%é (B ) (17)

in the case of S-CDMA systems [5],
o0
(O(x) = (1/N27) | exp(—t2 /2)dt )
X
and recognizing that
2 K <
ﬂk =y /(O'k + Zl ajpl |< Sk’sj >| )
Tk

is independent of transmitted power p; , and

K
LN , kaﬂkpk
f(plspZau-apK):ﬁzll()gZ(Gi +=—) (13)
i=
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in the case of TGSC* and in the presence of multipath.
Differentiating (16) with the respect to p; and setting it to

zero, we obtain

DBy, pr)=—4, 1<k<K (19)

The derivative corresponding to BER minimization is defined

1 B 1 .
as Dy (Br, pp) = ———— | & exp(—— Sy pi) » that is a
k> Pk ko \ 5 PrPk
monotonically increasing function of positive p;, whereas
for sum capacity maximization the derivative

K
> Brpk
D¢ (ﬂkapk):(ﬂk/2N21n2)/(o'l.2+k:1T

sum

) isa
monotonically decreasing function of py .

The optimal transmitted powers p}: should make the
derivative D(f, p;) become equal for each user as in (19).
According to the behavior of the derivative Dgpp(B;, py) it

may be effective to allocate more power to the user with
smaller BER in order to reduce overall BER. On the other
hand, from the observation on the derivative Dc Br-pi) it

can be seen that more power should be allocated to the user
with larger f;(or to user that experiences minimum

interference according to (13) as it is also observed in [7], [8],
[14]. But this is the well-known behavior of the water-filling
policy that characterizes the maximizing sum capacity [23]. In
order to compare with the results given in [7-9] the derivation
of BER depending of TSC and TWSC is derived in the
Appendix.

II1. MODIFIED ALTERNANTING PROJECTION METHOD AND
GRADIENT FLOW METHOD

We will present a unified approach of modified alternating
projection method and gradient flow [1] method in order to

minimize (11). Given two vectors lz[/li]eRK and

a=[a]e RX such that a majorizes 4, the Schur theorem

[2, pp. 218, Theorem B.1] states there exist a Hermitian
matrix with eigenvalues 4 and diagonal entries a. Let us

define two hyper planes in REXK space

S, (a) = {W e RN |diag(w) = diag(a)} (20)

ZZ(A):{UTAU|U eO(K)} Q1)

4 We assumed that the matrices = and P'/2GP"? are joint diagonalized
by the same unitary matrix, i.e. they can be written as X =UDU" and

P'2GgP"? =UKU* ,where U and K are the eigenvalue matrices.

where A =diag(1)and O(K) is the group of all orthogonal

matrices in RK . Clearly, by Schur theorem, the shortest
distance between X(a)and X,(A) in the Frobenius norm

min|[W =V .. W €%(a).V € Z5(A) (22)

should be zero. Usually alternating projection method is used
on convex sets. In the context of our method the set X, (A) is

not convex and 7GSC(Sp)will converge to a sub optimum
point.

In modified alternating projection method the main idea is
to alternate between X; and X, in the following way: From

any pointW(k) €, first we find the point vy e 2, such
that HW”‘) —V(k)HF —diss0V® 5,)). Then we find

WD ¢ 3 such that “W("“)—V(">“F:dist(zl,V("’).

The distance is also measured in Frobenius norm. Since in
either step we are minimizing the distance between a point
and a set, we have

“W(k+1) _p kD)

2 2 2
<P vl < ® v ey
F F F

The sequence {W (k),V(k)} will converge to a stationary

point for problem (22). Because X, () is not a convex set, a

stationary point for (22) is not necessarily an intersection
point of X; and X, . The rate of convergence of this method

is linear and might not be very efficient. The above method
assumed a spectral decomposition of the matrix W . In
gradient flow method this will not be necessary.

We want to solve a problem similar to (22), i.e. finding the
minimum of the following functional F(U)

min F(U) = %Hdiag(UT AU) - diag(a)”i U cO(K) (24)

Again the Schur theorem guarantees that there exists a U
matrix at which F(U) vanishes. We need the inner product

applied to matrices U and V' defined in the Frobenius sense
(25)

Taking the Fréchet derivative of F(U) defined in (24)

(acting on arbitrary orthogonal matrix Q € REXK ) and using
(25) we have
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F )0 = 2<diag(UT AU) - diag(a), diag(UT AQ)>

2<diag(UT AU)—diag(a),UT AQ> (26)

= 2<AU[diag(UTAU) - diag(a)}Q>

Thus the flow gradient VF(U) associated to (24) can be
written as

VE(U) = AU[diag(UT AU) - diag(a)} 27)

Obviously a necessary condition to have a minimum of (24) at
a stationary point U is that the condition

[diag(UTA U)- diag(a)] =0 holds (the case when

AU =0is trivial). Thus only those matrices X =U Tqu (at
which [diag(UT AU)—diag(a)J =0) are the asymptotically
stable equilibrium points for (24). At a stationary point U
where [diag(UTAU)—diag(a)J # 0 there exists a certain

direction along which the functional F(U) is increasing. The

corresponding equilibrium point X =U TAU has at least one
unstable (repelling) direction. A stationary point U of (22)

necessarily corresponds to an equilibrium point X =U TAv
of (24) and vice versa. To show the limitation of the method
used in [8], [14] whose convergence was discussed in [18], it
is enough to provide an example when

[diag(UTAU) - diag(a)} #(0 at certain stationary point;

such example for TSC is given in Section V, Experiment 1.

IV. PROPOSED METHOD

Assume channel matrix H is known both at transmitter
and receiver. We minimize TGSC in a multipath channel
considering a received vector in N + L —1 dimensional space

by controlling the transmitted sequence in N dimensional
space. We generalize the results obtained in [20] minimizing

the Frobenius norm of the matrix PI/ZGRPI/Z +2 by

controlling its eigenvalues. At each step these eigenvalues are
modified using a majorization constraint starting with the
maximum eigenvalue. The minimum eigenvalue is always
kept constant and is modified only in the last step. In this way,
by the proposed method, the norm of the columns of the

matrix P2 GRPI/Z +2 is modified iteratively toward to

their global optimum values of maximizing (11). The
proposed method is a generalization of uniform good property
described in [3] and it achieves the minimization of TGSC in
N+ L -2 steps.

The corresponding spreading signatures sequences are
obtained decentralized at each step by using the algorithm

given in [24] for uplink multiple cell CDMA systems and it is
based on the inverse eigenvalue problem. This algorithm
overcomes the limitation of the previous algorithms based on
the same idea [6], [13], [26] when they are applied to multiple
cells S-CDMA systems. When the algorithm proposed in [24]
is applied to a single cell it has the same complexity as the
algorithms given in [26].

It is known that so called iterative multiuser water
filling method [23] achieves in a fully decentralized way the
global optimum of sum capacity, and this coincide with a
Nash equilibrium since each user water fills the noise plus
interference caused by the others. The method given in [23] is
very robust after the first iteration. The method proposed in
this paper it is not so robust after the first iteration but it
controls exactly the number of steps. Both methods perform
optimization in the space of positive semidefinite matrices and
do not depend on the initial starting point. However, for a
large dimensional signal space and a large number of users it
is desirable to let same or all users updating their sequence
simultaneously in a finite number of steps.

Given a normalized correlation matrix Gp (the initial

point of recursion) in the presence of colored noise matrix X',
such that the eigenvalues of TGSC are arranged in decreased

K 2
TGSC(SR) =2 Vi and

i=l1

order v;2v;,; 20, then

V; = Py +trace(X) . By Schur theorem for Gram matrix

T M~

1

G we have the following majorization condition satisfied

K
yeees . 0,...,0 )'<(V1,V2,...,VK)
— — —_—
+L-1 "N+L 1K—(N+L—1)

1,..,1) < (

— N

(28)
obviously
TGSC(Sr)=K 2 /(N +L—1) holds. Our iterative method for
minimizing TGSC and obtaining the corresponding WBE

sequences is reduced to constructing the matrices W; and X

If matrix G is chosen at random,

given by (32) and it consists in the following steps:
L. Inpl’lt K.N, P:[Plzpz Zazsz]
densities such that eig(2') = [0'12 < 0'22 5,0 S 0'12\,+L,1,0,...,0]
(in order to check with the work given in [7], [13]).
Determine the oversized users as in [6]. If there are M

oversized users use (33). If all users are nonoversized then
(28) becomes

and noise

2 2 2
(p1+0i,py +05,.... pg +0g ) <

- Dior Ftrace(X) py,; +trace(Z)
N+L-1 N+L-1 7

<(VM,V2,5VK)

Diot +trace(2)’0’m’0
N+L-1

(29)
2. Given a random weighted Gram matrix W of order
KxK and rank N calculate eig(W). Algorithms to

generate random weighted Gram matrices are well known; see
for example “gallery” Higham test matrices, provided in
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Matlab. Find a permutation matrix @ such that the matrix
W, = QT WQ has cigenvalues eig(Wy) = Ay = (A, Apses Agc ) -

Find orthogonal matrix U, satisfying W, = UOT diag(Ay)U
using the Algorithm given in [24]. Assuming that W and X
commute the same procedure is valid for X so we get

2y = UOTdiag(aO)UO where

. 2 2 2
oy =eig(2y)=[01,0%,....0N4+1-1,0,..,0].
Let VO :AO +O'0.

3. For 1<n < N+ L-2 construct majorization eigenvalues
sets

Doy Htrace(Z)
N+L-1

Dior Htrace(Z)

seeey ,

N+L-1

n

Dior +trace(Zg)
p Lot TEEOAE0)

V1+V2+...+Vn+]— N+l-1

.| (30)

Vis2s-sVN+L-1> 0,...,0
K—-(N+L-1)

At each step the old set of eigenvalues is replaced by a new
one using majorization constraint v,,; <, . In the last step

for n=N+L—-2 we have

Diot Ttrace(Zg)
N+L-1

Dot +trace(Zy)

,0,...,0| (31
N+L-1 j 1)

VI+N-1~ (

4. Construct matrices

W, + %, = Ul [ Uy Wy + Z)UE - diag(vy ~v) |U; (32)

If there are M oversized users in system then majorization
constraint given by (26) becomes

trace(X) trace(X) trace(X)
+ Dyt yyee —
N+L-1 N+L-1 N+L-1

2 2 2
=< +o0{,py)+05,..., +oy, V,..,v , 0,..,0 33
(p1+01,p2+05,..., Py + Oy ) (33)
N+L-1-M K-(N+L-1)

(m )

»PK

< (V,Va5VK)

where

K s
X (p+op)
_ =M+

el 34
N+L-1-M (34)

A oversized user will use alone the signal dimension in signal
space.
For 1</<N+L-1-M (33) becomes

[
2 2 2
M =(p1+0'1 sees PM TOM VI TV +oat Vg — Z(pi'l'Ui ),
i=1

VeV , 0,..,0 )

N+L-1-M K—(N+L-1)

(35)
and repeat steps 3) and 4). In the last step we have
HiiN-1 :(plﬂ"'ﬂpMﬂ VyoV O,...,O ) (36)

N+L-1-M K—(N+L-1)

which is the desired eigenvalue set.

V. NUMRICAL RESULTS

Experiment 1. We start with a numerical example when the
condition diag(U N )—diag(a)#0 is violated. This

condition is equivalent with the relation [(25), 14] and
repeated here:

A = Tracepypo o [(Ry + 555 )21 Trace, o, [(Ry +xx")?120.

By this numerical example we show that algorithms for
maximizing sum capacity or minimizing interference
avoidance [14] are not identically and, in general neither they
are disjoint. Minimizing the TGSC (TSC or TWSC) does not
imply, in general, the convergence of the signature set § to
the optimal sequences. Vice versa, giving a signature set
characterizing the CDMA system at a given channel state,
using a method of convergence of this signature set to optimal
sequences (possible in a finite number of steps) it is not
necessarily equivalent with the decreasing of TGSC (TSC or
TWSC) at each step. Consider K =4, N =3.

The method of minimizing TSC described in section IV
requires only 2 steps. Random matrices G and G are given

below. It easy to verify that 7SC(G) = TSC(G)) = 6.6859 ,
eig(G) =[00.40601.62001.9740], and
eig(Gy) =[1.97401.6200 0.4060 0] .

1.0000 0.4337 0.2636 0.7438
~10.4337  1.0000  0.5732  0.1398

0.2636  0.5732 1.0000 -0.4291

0.7438  0.1398 —-0.4291 1.0000

After the first iteration we got 7SC(Gy) = 7.0534 > TSC(Gy) .
In the last iteration we get
TSC(G,)=5.333=TSC(WBE)=16/3.

1.0000 -0.0683 —0.1140 0.9740
Gy - —0.0683 1.0000  0.5991  0.0683
—-0.1140 0.5991 1.0000  0.1140
0.9740  0.0683  0.1140  1.0000
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It easy to prove that, in general, in order to have
TSC(Gy) > TSC(Gyy) after the first iteration, it is sufficient

that K/ N ¢[ 4, 4,] .

Experiment 2. Consider K =8 N=5L=2 in order
comparing with the results given in [7, Fig.1]. The noise

variances are

6 =[0.023 0947 1 1.005 1.010 1.015 0 0 0 0]

and all users have unitary power. We started with a random
weighted Gram matrix and after permutation the following
eigenvalue vector gives the eigenvalues of initial point of
iterations:

Ay =[3.673 2426 2316 2305 2.150 2.130 0 O].

The results are plotted in Fig.l when we compared the
proposed method with TSC minimization algorithm suggested
in [7], [8]. In only 5 steps (updates) the proposed method in
Section IV produces an optimal spreading signature set that
reaches the maximum of the sum capacity.

T T T T
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Fig.1. Sum capacity maximization in function of number of updates
necessary for K=8 users with N=5 signal processing gain, and L=2
multipath

The proposed method is convergent and stable for any
channel realization in contrast with the results of TSC
minimizing algorithm for Channel B [7, Fig.2]. We also
compared our method with the algorithm proposed in [8] from
BER perspective. The results are plotted in Fig.2 where we
used the results deduced in the Appendix for both procedures.
The improvements of our methods are substantial for
minimizing 7SC in the range TSC €[10.66 12]. This result

is expected since from Fig.l, for 7SC =12, by using the
proposed method the optimal signature set is only a step away
from the Welch bound [1] while the algorithm proposed in
[7],[8] requires 11 additional updates. The main advantage of
the proposed method is relevant in the case of the oversized
users. Such results are not reported in [7]. Consider the
following case where the powers of users are p; =9,p, =7,

p3 =...= pg =1 and the noise variances are the same. There

are two oversized users and method requires only 3 steps. The
results are summarized in Table 1.

TABLE 1
8 USERS, 2 OVERSIZED USERS IN 6 DIMENSIONS

Iteration 0 1 2 3
TGSC(Sg) 179.8551 | 180.5177 180.0418 | 175.5419
TSC(Sr) 131.0842 | 130.9981 130.2137 | 129.0000

BER

u tes ]
Al i i i V7| = Proposed methad |7
B | | | |

| |
) a5 m 1moms N 15 12 125 13 135 14
TSC

Fig.2 Bit error probability versus 7SC for K=8,N=5, L=2

Experiment 3. In this experiment we compare the sum
capacity maximization obtained by the proposed method with
the sum capacity of parallel Gaussian channels (the maximum
sum of rates per unit channel at which all the information can
be transmitted in each of the channels reliably). Considering
the same data as in Experiment 2, for unitary power we can
apply water filing for three users. The water level in this

3

numerical example is .5(trace(P)+ Y. 01-2) and the results are
i=1

plotted in Fig.3.

0.04

0.038

0.036

0.034

0.032

Relative capacity to waterfilling
>

o
9
3

0.028

0.026

Number of Iterations

Fig.3 Relative capacity versus water filling method

It is more relevant in this figure that it is not necessary to
increase the sum capacity after each step as it was required in
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previous works [8], [9], [13], [25]. For example, in the first
three steps the sum capacity is decreasing and after that is
increasing to its maximum value in the next two steps.

VI. CONCLUSIONS AND FUTURE WORK

In this paper we have focused on symbol-synchronous
CDMA systems in the presence of colored noise. The
extension of our results to the asynchronous situation and
considering colored noise is interesting and also an important
open problem. Our current efforts are directed towards
solving this important open question. The results obtained in
this paper are valid for one base station.

The extension to multiple base stations is a challenging
task. Using a Gram matrix approach we defined Total
Generalized Squared Correlation through the eigenvalues on
weighted Frobenius norm of the received sequences in
multipath channels and colored noise.

Controlling these eigenvalues we provided an iterative
distributed method for minimizing TGSC (TSC, TWSC) and
examples are given for oversized and nonoversized users in
the context of overloaded CDMA systems.

APPENDIX

It is instructive to consider first a S-CDMA system using
WBE signature sequences and for the sake of simplicity we
also consider unitary powers. We will derive BER of this
system and after that the generalization for non-unitary power
sequences (or generalized WBE sequences) follows. At the
transmitter side, the total interference in the system is defined

K 2
as [ = X |< Uy >| and it is minimized in the case of WBE
i,j=1
i#j
sequences to

2

K K 2 K

Iin = % X |< 85,8, > =K (37)
i=1 j=1 N

i#j

K 2
and the single interference (k)= ), |< S5 >| for the

j=1
Jj#k
user k is minimized to
K> ©
S 2§ T K
Iin(k)= X |< Sk>S; >| = =——1 (38)
Jj=1 K

J#k

and it is the same for all users in the system. This is so called
uniform good property [3]. Note that in general, the values of
the particular interferences /(i) and /() for different users

. 2 .
i and j are not equal since |< $;s8; >| are different

Vi,j=1,..,K,i# j. However, the expected value of the
single user interference can be obtained by

K 2
Z.|< Sk,Sj >| (K_N)
B[] =+ K-1  NK-) %)

Considering (37) then the BER for unitary power valued
WBE sequences (real or complex) is the same for each user

k and in the case of overloaded systems is reduced to

Pr(iy #x3) = 002 + Iin (k)21 = Q[0 +§—1)*”2]

(40)

Consider now the case when all users have different powers
and no user is oversized. The total power in the system is

K
Diot = 2 p; - The Gram matrix associated has the optimum
i=1

eigenvalue distribution vector given by
(Prot | Prot o 0)[11], [20] and (38) becomes:
N N —

K-N

K K 5 p2 K
Tinin = 2 ZPin|<SiaSj >| =Ly pi (41)
i=1 j=1 N o=l

In order to obtain BER we want the above expression to be
expressed in term of TWSC. Let’s consider the following
majorization relation that characterizes the minimum TWSC
in this particular case

Piot  Piot Prot
S D ey < (=, 00,...,0 42
(1> P2 PK)(N N N ) (42)
X K-N

Multiplying both terms by K and simplifying by p,,, we
obtain

Kp, K K KK K
( 2L 2P ij<(—,—,...,—,0,...,0) (43)
Prot Prot Dot NN__Noy

N

which correspond to WBE sequences having uniform good
property (each column of Gram matrix has the same norm and
it is associated to the interference of each user). Thus

TWSC
- Pk

2
Prot 2
0 —pi =

Imin(k): KN %

(44)

and it is the same for each user. Using (40) BER becomes:

Pr(fckixk)=Q{<az+@—p£>‘”ﬂ (45)



28 JOURNAL OF COMMUNICATIONS SOFTWARE AND SYSTEMS, VOL. 2, NO. 1, MARCH 2006

REFERENCES

[1] L.R. Welch, “Lower bounds on the maximum cross correlation
of signals” IEEE Trans. Inform. Theory, Vol. IT- 20, pp. 397-
399, May 1974.

[2] A.W. Marshall and 1. Olkin, [Inequalities: Theory of
Majorization and Its Applications, New York, Academic Press
Inc, 1979.

[3] J.L. Massey and T. Mittelholzer, “Welch’s bound and sequence
sets for code-division multiple access systems”, in “Sequences
II, Methods in Communication, Security, and Computer
Sciences”, R. Capocelli, A. De Santis, and U. Vaccaro, Eds.
New York: Springer Verlag, pp.63-78, 1993.

[4] G.H. Golub and C.F. Van Loan, Matrix Computation, The John
Hopkins University Press, 1996.

[51 S.Verdu, Multiuser Detection, Cambridge University Press,
1998.

[6] P. Viswanath and V. Anantharam, "Optimal sequences and sum
capacity of synchronous CDMA systems", IEEE Trans. Inform.
Theory, Vol. 45, No.6, pp.1984-1993, Sept. 1999.

[71 J.L. Concha and S. Ulukus “Optimization of CDMA signature
sequences in multipath channels” Proceeding of IEEE VTC
Spring 2001, vol.3, pp 1978-1982, May 2001.

[8] S. Ulukus and R.D. Yates, “Iterative construction of optimum
signature sequence sets in synchronous CDMA systems” /EEE
Trans. Inform. Theory, Vol.47, pp1989-1998, July 2001.

[9] Christopher Rose “CDMA  Codeword Optimization:
Interference Avoidance and Convergence Via Class Warfare”
IEEE Trans. Inform. Theory, Vol. IT —47, No.6, pp.2368 -2382,
Sept. 2001.

[10] G.S. Rajappan and M.L. Honig “Signature sequence adaptation
for DS-CDMA with multipath”, IEEE J. SAC, Vo0l.20, No.2,
pp.384-395, Feb. 2002.

[11] P. Cotae, “Methods for minimizing the total square correlation
for code division multiple access systems” Proceedings of
Workshop on Concepts in Information Theory, Breisach,
Germany, pp.8-11, June 2002.

[12] P. Cotae, ” Total Weighted Square Correlation for Code
Division Multiple Access Systems” IEEE Mini-Workshop on
Topics in Information theory Essen, Germany, pp.29-32,
Sept.2002.

[13] P. Viswanath and V. Anantharam “Optimal sequences for
CDMA under colored noise: a Schur saddle function property,
IEEE Trans. Inform. Theory, Vol. 48, No.6, pp.1295-1318, June
2002.

[14] C. Rose, S. Ulukus, R.D. Yates “Wireless systems and
interference avoidance”, IEEE Trans. Wireless Comm. Vol. 1,
No.3, pp.415-428, July 2002.

[15] G. N. Karystinos and D.A. Pados “ New bounds on the total
squared correlation and optimum design of DS-CDMA binary
signature sets”, [EEE Trans. on Commun. Vol. 51, No.1, pp. 48-
51, Jan 2003.

[16] P. Cotae “Iterative distributed method for minimizing
generalized total square correlation of CDMA systems”, /EEE
Information Theory Workshop, Paris, France, March 30-April 4,
pp. 86-89, 2003.

[17] A. Kapur and M. K. Varanasi” Improved signal design for
bandwidth efficient multiple access” in [EEE Information
Theory Workshop, Paris, France, March 31-April 4, 2003,

pp-34-37.

[18] P. Anigstein and V. Anantharam, ”Ensuring convergence of the
MMSE iteration for interference avoidance to the global
optimum”, /IEEE Trans. Inform. Theory, Vol. 49, No.4, pp.873-
885, April 2003.

[19] D.V. Djonin and Vijay K. Bhargava “ On the optimal spreading
sequence allocation in flat fading channels” IEEE Trans. on
Wireless Communication, Vol.24, No.5, pp.680-689, May 2003.

[20] P. Cotae “ On minimizing total weighted squared correlation of
CDMA systems” [EEE International Symposium on
Information Theory, ISIT 2003, Yokohama, Japan, p.389, July
2003.

[21] C.W. Sung and K.K. Lueng “On the stability of distributed
sequence adaptation for cellular asynchronous DS-CDMA
systems”, IEEE Trans. Inform. Theory, Vol. 49, No.7, pp.1828-
1831, July 2003.

[22] P. Cotae” Extended total weighted squared correlation
signature sequences of DS-CDMA systems in multipath
channels” [EEE Global Telecommunication Conference,
GLOBECOM 2003, Vol.3, pp. 1200-1204, Dec. 2003.

[23] W. Yu, W. Rhee, S. Boyd, and J.M. Cioffi “Iterative water
filling for Gaussian vectors multiple access channels” /EEE
Trans. Inform. Theory, Vol. 50, No.1, pp.145-152, Jan. 2004.

[24] P. Cotae “Spreading sequence design for multiple-cell
synchronous DS-CDMA systems under total weighted squared
correlation  criterion” EURASIP  Journal on  Wireless
Communications and Networking 2004:1, pp.4-11, Aug. 2004.

[25] J.A. Tropp, I. S. Dhillon and R.W. Heath Jr., “Finite step
algorithms for constructing optimal CDMA signatures” /EEE
Trans. Inform. Theory, Vol. 50, No.11, pp.2916-2921, Nov.
2004.

[26] P. Cotae "On the Total Weighted Squared Correlation
Minimization in Multicellular Synchronous DS-CDMA
Systems”, [EEE ICC 2005, Vol. 4, 16-20 May 200 , Korea,
Seoul , pp. 2318 — 2322, May 2005.

[27] P. Cotae “Multicell Spreading Sequence Design Algorithm for
Overloaded S-CDMA?”, [EEE Communication Letters, Vol.9,
No.12, pp.1028-1030, Dec. 2005.

[28] P. Cotae, "Transmitter Adaptation Algorithm for Multicellular
Synchronous CDMA Systems with Multipath”, /EEE Journal of
Selected Areas in Communications (Special issue on the next
CDMA Technologies), Vol.24, No.1, pp.94-103,Jan.2006.

Paul Cotae was born on June 21, 1955 in
Falticeni, Romania. He received Dipl. Ing.
and M.S. degrees in communication and
electronic engineering in 1980 from
Technical University of lassy and Ph.D.
degree in telecommunications from
Politechnica University of Bucharest,
Romania in 1992.

Since 1984, he has been with the
Department of Electrical Engineering, Technical University of lassy,
where he conducted research and teaching in the area of digital
communications as a Full Professor at the same department. From
1994 to 1998 he spent four years in the USA at University of
Colorado at Colorado Springs and Boulder as a Fulbright Scholar
and Visiting Associate Professor doing research and teaching in ECE
department and APPM department. He served also as a consultant to
Navsys Corp., Colorado Springs, USA in 1997. Now he joined the
University of Texas at San Antonio. His current research interests



COTAE AND AGUIRRE: METHOD FOR MINIMIZING TOTAL GENERALIZED SQUARED CORRELATION 29

include multiple access, modulation and coding, mobile
communications, and digital communication systems. He has
authored or coauthored more than 80 papers in these areas and 4
books.

Dr. Paul Cotae serves as an Associate Editor for IEEE
COMMUNICATION LETTERS journal and he has been on
Technical Program Committee and Session chair of the IEEE
Conferences GLOBECOM (2003-2006), VTC Spring 2005 and ICC
2005 and 2006. He is member of HKN (Eta Kappa Nu), ASEE and
SIAM.

Matt Aguirre was born in SanAntonio

1978. He is a PhD. Candidate at The

University of Texas at San Antonio

(UTSA). He graduated with an electrical

engineering degree from Texas A&M

"~ University in College Station in December

! 2001. He completed his Master Degree at

UTSA in Aug.2005. He is -currently

working in wireless communications focusing on the next generation
CDMA systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




