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Abstract—This work presents joint iterative power allocation
and interference suppression algorithms for spread spectrum net-
works which employ multiple hops and the amplify-and-forward
cooperation strategy for both the uplink and the downlink. We
propose a joint constrained optimization framework that con-
siders the allocation of power levels across the relays subject to
individual and global power constraints and the design of linear
receivers for interference suppression. We derive constrained
linear minimum mean-squared error (MMSE) expressions for
the parameter vectors that determine the optimal power levels
across the relays and the linear receivers. In order to solve
the proposed optimization problems, we develop cost-effective
algorithms for adaptive joint power allocation, and estimation
of the parameters of the receiver and the channels. An analysis
of the optimization problem is carried out and shows that the
problem can have its convexity enforced by an appropriate choice
of the power constraint parameter, which allows the algorithms
to avoid problems with local minima. A study of the complexity
and the requirements for feedback channels of the proposed
algorithms is also included for completeness. Simulation results
show that the proposed algorithms obtain significant gains in
performance and capacity over existing non-cooperative and
cooperative schemes.

Index Terms—DS-CDMA networks, cooperative communica-
tions, joint optimization, resource allocation, cross-layer design.

I. INTRODUCTION

Multiple collocated antennas enable the exploitation of the
spatial diversity in wireless channels, mitigating the effects of
fading and enhancing the performance of wireless communi-
cations systems. Due to size and cost it is often impractical
to equip mobile terminals or sensor nodes with multiple
antennas. However, spatial diversity gains can be obtained
when terminals with single antennas establish a distributed
antenna array through cooperation [1]-[3]. In a cooperative
transmission system, terminals or users relay signals to each
other in order to propagate redundant copies of the same
signals to the destination user or terminal. To this end, the
designer must employ a cooperation strategy such as amplify-
and-forward (AF) [3], decode-and-forward (DF) [3], [4] and
compress-and-forward (CF) [5].

Prior work on cooperative multiuser direct-sequence code-
division multiple-access (DS-CDMA) systems in interference
channels has focused on problems that include the impact
of multiple access interference (MAI) and intersymbol in-
terference (ISI), the problem of partner selection [4], [10]
and the bit error rate (BER) [12], [13], outage performance
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analysis issues [11], and the evaluation of the spectral effi-
ciency [22] and the diversity gains [23] based on asymptotic
results. The main motivation for cooperative relaying with
DS-CDMA systems is to increase the capacity, reliability and
the interference suppression capability of these networks [10],
[11], [22], [23]. Recent contributions in the area of cooperative
communications have considered the problem of resource
allocation [6], [7] in multi-hop time-division multiple access
(TDMA) systems and MIMO systems [8], [9]. Related work
on DS-CDMA system has focused on adaptive modulation
[14], power and rate allocation [18], [20] and scheduling
[21]. In the literature, there has been no attempt to jointly
consider the problem of power allocation and interference
mitigation in cooperative multiuser DS-CDMA systems so
far. This problem is of paramount importance in cooperative
wireless ad-hoc and sensor networks [14]-[18] that utilize DS-
CDMA systems. These networks require multiple hops to
communicate with nodes that are far from the base station
in order to increase their coverage [19]. Moreover, multi-hop
cooperative relaying can substantially improve the interference
suppression capabilities [10], [12], [13].

The goal of this paper is to devise a cross-layer optimization
strategy to significantly increase the capacity, reliability and
coverage of spread spectrum networks which employ multi-
ple hops and the AF cooperation protocol. Specifically, the
problem of joint resource allocation and linear interference
suppression in multiuser DS-CDMA with a general number of
hops is addressed. In order to facilitate the receiver design, we
adopt linear multiuser receivers [24], [25] which only require a
training sequence and the timing. More sophisticated receiver
techniques [24], [26], [27], [28] are also possible for situations
with increased levels of interference. A joint constrained
optimization framework that considers the allocation of power
levels among the relays subject to individual and global power
constraints and the design of linear receivers is presented. It
should be noted that the proposed design with individual power
constraints has been initially reported in [29], whereas the pro-
posed design with both individual and global power constraints
has been introduced in [30]. Here, the proposed designs are
described and investigated in further detail, more complete
derivations along with analysis and simulations results are
included. Linear MMSE expressions that jointly determine
the optimal power levels across the relays and the linear
receivers are derived. Adaptive least squares (LS) algorithms
are also developed for efficiently solving the joint optimization
problems and mitigating the effects of MAI and ISI, and
allocating the power levels across the links. An analysis of



the optimization problem is conducted and shows that the
problem can have its convexity enforced by an appropriate
selection of the power constraint parameter. This allows the
algorithms to avoid problems with local minima. A study
of the computational complexity and the requirements for
feedback channels of the proposed algorithms is also included.

The main contributions of this work can be summarized as:
1) A joint constrained optimization framework for the alloca-
tion of power levels among the relays subject to individual and
global power constraints and the design of linear receivers;
2) Constrained linear MMSE expressions for the power allo-
cation and the design of linear receive filters;

3) Recursive algorithms for estimating the channels, the power
allocation and the receive filters;

4) Convexity analysis of the proposed optimization problems;
5) A study of the computational complexity and the require-
ments for feedback channels of the proposed and existing
algorithms.

The rest of this paper is organized as follows. Section II
describes a cooperative DS-CDMA system model with multi-
ple relays. Section III is devoted to the problem formulation
and the constrained linear MMSE design of the interference
mitigation receiver and the power allocation. The proposed
LS algorithms for the estimation of the receive filter, the
power allocation and the channels subject to a global and
individual power constraints are developed in Sections IV and
V, respectively. Section VI is devoted to the analysis of the
computational complexity and feedback requirements of the
proposed algorithms. Section VI presents and discusses the
simulations and Section VII draws the conclusions.

II. COOPERATIVE DS-CDMA SYSTEM AND DATA
MODELS

Consider a synchronous DS-CDMA system communicating
over multipath channels with QPSK modulation, K users, [N
chips per symbol and L (L < N) as the maximum number
of propagation paths for each link. The synchronous DS-
CDMA systems is considered for simplicity as it captures
most of the effects of asynchronous systems with a low delay
spread [25], [26]. We consider both uplink and downlink
transmissions. The network is equipped with an AF protocol
that allows communication in multiple hops using n,. relays in
a repetitive fashion. Therefore, we have n,, = n, + 1 phases
of transmission or hops and only one transmitter (source or
relay) is active per phase, which increases the delay but also
improves the coverage. The throughput is affected by the fact
that there is an extra time slot per phase of transmission,
however, there are situations for which the performance gains
can offset the extra time slots and the throughput can be
improved. Other cooperation protocols such as DF can be
employed without significant modifications, however, the AF
has been adopted for simplicity and due to its lower complex-
ity for implementation [3]. We assume that the source node
or terminal transmits data organized in packets comprising P
symbols, where there is a preamble with training symbols
followed by a part with data symbols. We also assume that
the packet contains a sufficient number of training symbols in
the preamble for parameter estimation and that the network
can coordinate transmissions and cooperation. The relays

and destination terminals are equipped with linear receivers,
which are synchronized with their desired signals. Since the
focus of this work is on the resource allocation and linear
interference mitigation, we assume perfect synchronization,
however, this assumption can be relaxed to account for more
realistic synchronization effects in the system. The proposed
algorithms for power allocation and interference mitigation are
employed at the receivers. A feedback channel is required to
convey the power allocation parameters, which should cope
with the channel variations.
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Fig. 1. (a) Uplink and (b) downlink of the cooperative DS-CDMA system.

The cooperative DS-CDMA system under consideration is
depicted in Fig. 1. The data model is described for the uplink
in what follows. However, it should be remarked that the
downlink data models can be obtained as a particular case of
the uplink one. The received signals are filtered by a matched
filter, sampled at chip rate and organized into M x 1 vectors
Tsd, Tsr; and 7,4, which describe the signal received from
the source to the destination, the source to the relays, and the
relays to the destination, respectively,

K
Tea =Y ab;Dihoq by + Mg+ Nea,
k=1
K
Tsr; = Z a]:erkhsrj,kbk + T]srj + Nsr; s (1)
k=1

K
k 7rid
Trid = E ar qDihr;aiby + My g + Nrja,
k=1

where M = N + L — 1. The quantity by[m,] corresponds to



the transmitted symbol of user %k, whereas Ezj d represents the
symbol b;-’d processed at the relay j using the AF protocol.
The amplitudes of the source to the destination, the source
to the relay j and the relay j to the destination links for
user k are denoted by afy, a, and af ,, respectively. The
Vvectors T4, Mgy, and M. q represent the noise at the receiver
of the destination and the relays. The vectors 1.4, 7n,,. and
7,,q denote the intersymbol interference (ISI) arising from
the source to destination, source to relay j and relay j to
destination links, respectively. The M x L matrix Dy has the
signature sequences of each user shifted down by one position
at each column that form

di (1) 0
pe—| @)
dk(N) .
0 di(N)

where dj, [di(1), di(2), ..., dp(N)] stands for the
signature sequence of user k, the L x 1 channel vectors from
the source to the destination, the source to the relay, and the
relay to the destination are hgsq k, hr,a,k> Por;s k. TESPECtively.
By stacking the data vectors in (1) (including the links from
the relays to the destination) into a (n, + 1)M x 1 received
vector at the destination we have
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Fig. 2. (a) Transmission and (b) reception scheme of the cooperative DS-

CDMA system.

III. PROBLEM STATEMENT AND PROPOSED MMSE
DESIGN

This section states the problem of joint power allocation
and interference suppression for a cooperative DS-CDMA
network. Specifically, constrained optimization problems are
formulated in order to describe the joint power allocation
and interference suppression problems subject to a global
and individual power constraints. The proposed linear MMSE
designs are aimed at the destination, which is responsible
for jointly computing the receiver parameters and the power
allocation that is sent via a feedback channel to the source.

Tsd Zi(:l a];dehsd,kbk Ned nsqA. MMSE Design with a Global Power Constraint
Trid Zszl aa]fldehmd,k’bZld MNrid Ny d The linear MMSE design of the power allocation of the
- | : linkp across the source, relay and destination terminals and
g Z K k' Dk rend 77 4 B ircllte ference suppression filters is presentec} here using'a globgl
" k=1 %ry, d k0, d kg e "power constraint. Let us express the received vector in (4) in

3)

By using the stacked received data from the source and the
relays for joint processing and using ¢ to denote the desired
symbol in the transmitted packet and its received and relayed
copies, we can rewrite the data in a compact form given by

K
rli] = ch%kmBk[i]ak[i] + n[i] + nlil,
k=1
where the (n, +1)M x (n, 4+ 1)L matrix C, contains shifted
versions of Dy, as shown by

“4)

D, 0 0
0 D
Cr= F (5)
: : 0
0 0 Dy,

The (n, + 1)L x (n, + 1) matrix H[¢] has the channel
gains of the links between the source and the destination,
and the relays and the destination. The (n, + 1) x (n, + 1)
diagonal matrix By[i] = diag(bg bzld e bZ”d) contains the
symbols transmitted from the source to the destination (bg)
and the n, symbols transmitted from the relays to the desti-
nation (b*¢...b;"%) on the main diagonal, the (n, + 1) x 1
vector ai[i] = [a¥; af ,...aF ]T of the amplitudes, the
(ny41)M x 1 vector 5[] with the ISI terms and (n,+1)M x 1
vector n[i] with the noise. A schematic that summarizes the
transmission and reception schemes is depicted in Fig. 2.

a more convenient way for the proposed optimization. The
(n, + 1)M x 1 received vector can be written as

r[i] = CrHr[i|Brliar(i] + ni] + ni, (6)

the (n, + )M x K(n, + 1)L matrix
Cr [C1 Co Ck| contains all the signatures,
the K(n, + 1)L x K, + 1) matrix Hrpli]
contains the channel gains of all the links, the
K(n, + 1) x K(n, + 1) diagonal matrix By[i]
diag(by [ma] 574 ma] .. By m, ] - bic[ma] B ma] .
contains the symbols transmitted from all the
sources to the destination and from all the relays
to the destination on the main diagonal, and the
K(n, + 1) x 1 power allocation vector arl[i]
lagalma] ag glma] ...y glma,]. . alglma] aff glme] . ..a
contains the amplitudes of all the links.

Consider a joint MMSE design of the receivers for the
K users represented by a (n, + 1)M x K parameter matrix
Wi] = [wi[i], ..., wgklé]] and for the computation of the
K(n,+1) x 1 optimal power allocation vector ar op[¢]. This
problem can be cast as

where

K
Tny

[(Woopt, @Topt) = arg  min  E[||b[i] — WH[z]r[z]HQ}

Wlil,ax[i]
subject to a! [i]ar[i] = Pr,

)

where the K x 1 vector b[i] = [bi[i], ...,bx[i]]T represents
the desired symbols of the K users. The linear MMSE

TTn,.d
b

almn, ]|
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)
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expressions for the parameter matrix W, and the vector
aropt can be obtained by transforming the above constrained
optimization problem into an unconstrained one with the
method of Lagrange multipliers [39] which leads to

E[[[oli]

+ Ar(af [iar[i] —

Ly = — Wi (CrHrli] Brlilarli] +
PT)7

(®)

Fixing ar[i], taking the gradient terms of the Lagrangian and
equating them to zero yields

Wopt R- PC’H.; (9)
where the covariance matrix of the re-
ceived vector is R = Er[i]rH[i]] =
CrHrli|Brlilarfilal[i| BR[| HA[)CY  + o>I  and

Pcy = E[r[i)b™[i]] = E[CrHr[i|Brlilar[ib” [i]] is the
(n. + 1)M x K cross-correlation matrix. The matrices R
and Py, depend on the power allocation vector ar[i]. The
expression for ar[i] is obtained by fixing Wi], taking the
gradient terms of the Lagrangian and equating them to zero
which leads to

(Rap +ArI)™ (10)

— 1
QAT opt = Doy

where the K (n, + 1) >< K (nr + 1) covariance matrix R,, =

h]’C AilcrHr[i)Brli]] and the vector
paT = CEWIibli]] is a K(n, + 1) x 1
Cross- correlatlon vector The Lagrange multiplier Ar in the
expression above plays the role of a regularization term and
has to be determined numerically due to the difficulty of
evaluating its expression. The expressions in (9) and (10)
depend on each other and require the estimation of the channel
matrix Hp[¢]. Thus, it is necessary to estimate the channel and
to iterate (9) and (10) with initial values to obtain a solution.
In addition, the network has to convey all the information
necessary to compute the global power allocation including
the filter W ... The expressions in (9) and (10) require
matrix inversions with cubic complexity ( O((n, + 1)M)3)
and O((K (n, + 1))?), should be iterated as they depend on
each other and require channel estimation.

B. MMSE Design with Individual Power Constraints

Here, the joint design of a linear MMSE receiver and
the calculation of the optimal power levels across the relays
subject to individual power constraints is presented. Consider
an MMSE approach for the design of the receive filter wy]i]
and the power allocation vector ay[i] for user k. This design
problem is posed as

E[|bili] = wi[i]r[i] %]

k=1, 2,

[’UJk opty Ak opt] = arg min
wy[i],ak[i]
Pk, K.

Y

subject to af [i|ay[i] =

cey

The expressions for the parameter vectors wy[i] and ay[i] can
be obtained by transforming the above constrained optimiza-
tion problem into an unconstrained one with the method of

nfil) |’

Lagrange multipliers [39], which leads to

i3 crrufilBililauli) + nfi] +nli])| ]

=1
Pa),

Ly, = E[|bk[i] —

+ M (afl[i)ay[i] — k=1,2, ..., K.

(12)

Fixing a[i], taking the gradient terms of the Lagrangian and
equating them to zero yields

Whopt = R 'Deqy, k=1,2, ..., K, (13)

where R = Y71 | CoHuli] By lilawli]af [i| B [i|/ 1] [i|CH +
0?1 is the covariance matrix and pey = E[bi[ir[i]] =
CiHli]ay[i] is the cross-correlation vector. The quantities R
and pg4, depend on ag[i]. By fixing wy[i], the expression for
ay[i] is given by

= (Ra, + \eI) 7 'p,,, k=1,2, ..., K, (14
where R, = Y-,y BY i1 [i1C} wililw ]! [i]C H[i] By
is the (n., + 1) x (n, + 1) covariance matrix
and the (n, + 1) x 1 cross-correlation vector is
Da, = E[bi[i) By [i|Hi[])"CHwy[i]]. The expressions
in (13) and (14) have to be iterated as they depend on each
other and require the estimation of the channel matrices
H[i]. The expressions in (13) and (14) also require matrix
inversions with cubic complexity ( O(((n, + 1)M)3) and
O((n, + 1)3). In what follows, we will develop adaptive
algorithms for computing Qj opt, Wkopt and the channels

H[i] for k =1,..., K in an alternating fashion.

A opt

IV. PROPOSED JOINT ESTIMATION ALGORITHMS WITH A
GLOBAL POWER CONSTRAINT

Here we present adaptive joint estimation algorithms to
determine the parameters of the linear receiver, the power
allocation and the channel with a global power constraint. The
proposed joint power allocation and interference suppression
(JPAIS) algorithms with a global power constraint (GPC) are
simply called JPAIS-GPC, are suitable for the uplink of DS-
CDMA systems and rely on LS-based estimation algorithms.
The proposed algorithms are based on the idea of alternating
optimization [31], [32], in which the recursions for computing
the parameters of interest are employed in cycles of iterations
and over the received symbols. Note that more advanced
algorithms [33]-[38] could also be considered in this context.

A. Receiver and Power Allocation Parameter Estimation Al-
gorithms

Let us now consider the following proposed least squares
(LS) optimization problem

(Wil ar(i]] = arg min Za’ ol — w1

Wlil,ar

subject to a! [ilar[i] = Pr,

15)

where « is a forgetting factor. The goal is to develop a
cost-effective recursive solution to (15). To this end, we will
resort to the theory of adaptive algorithms [39] and derive



a constrained joint iterative recursive least squares (RLS)
algorithm. This algorithm will compute W[i] and ar[i] and
will exchange information between the recursions. The part

of the algorithm to compute W] uses ®[i] = R[] =
S, o= e[llrH (1] and is given by
a0 @[i]r[i]
M = e A e (10
®li] = a ' ®[i — 1] — a 'k[i]rH [ ®[i — 1], (17
Wi = Wi — 1] + k[i]g"[i], (18)
where the a priori estimation error is given by
¢li] = bli] - Wi — 1)rli]. (19)

The derivation for the recursion that estimates the power
allocation ar[i] presents a difficulty related to the enforcement
of the constraint and how to incorporate it into an efficient LS
algorithm. This is because the problem in (15) incorporates a
Lagrange multiplier (A7) to ensure the global power constraint
and the resulting system of equations cannot be solved with
the aid of the matrix inversion lemma [39] due to its structure.
Our approach is to obtain a recursive expression by relaxing
the constraint, to solve the system of equations with Gaussian
elimination or with an adaptive conjugate gradient algorithm
[41], and then ensure the constraint is incorporated via a
subsequent normalization procedure.

The power allocation vector ar[i] is estimated via the
solution of the following equation

R [ilar[i] = palil, (20)

where the K (n,+1) x K(n,+1) input data correlation matrix
is given by

Ra,[i] = aRq,[i — 1] + Ur[iJUL[i],

where the K(n, + 1) x K matrix Urpli =
~ H ~

BE[1JH, [1]CEW 4] and the K (n, +1) x 1 cross-correlation

vector is given by

2n

Pay [i] = Pay[i — 1] + Urli]b[i]. (22)
The system of linear equations in (20) can be solved via
Gaussian elimination with cubic complexity or more efficiently
with quadratic complexity via an adaptive conjugate gradient

algorithm [41] as described below

v[i] = P, li] — Rarlilarli], di]=wo[i],  (23)
ali] = v"[ilv[i)/(d"[i] Ra.[i)d][i], (24)
arli+1] = arli] + ali]Ra,[ildli], (25)

v[i + 1] = v[i] — a[i]Ra, [i]d]i], (26)

Bli + 1] = v [i + 1]w[i + 1]/ (v [i]v[i]), 27)

d[i + 1) = v[i 4 1] + B[i + 1])dJd], (28)

In order to ensure the global power constraint @ [i]ar[i] =
Pr, we apply the following rule

-1

arli] < /Pr arli)(\/ a2 [ilar[i)) (29)

The algorithms for recursive computation of W[i] and a|i]
require estimates of the channel vector #p[i], which will
also be developed in what follows. The complexity of the
proposed algorithm is O(((n,. + 1)M)?) for calculating W [i]
and O((K (n, + 1))?) for obtaining ar[i].

B. Channel Estimation with a Global Power Constraint

We present a channel estimator that considers jointly all the
K users and exploits the knowledge of the receive filter matrix
W i] and the power allocation vector ar[i]. Let us consider
the received vector in (6) and develop a channel estimation
algorithm for #Hp[i]. The proposed channel estimator can be
derived from the following optimization problem

Hrli] = arg ’;tni?_] Zai_lH’r[l] — CrHr[i]Brlilari)||*.
T =

(30)

The solution to the above optimization problem is given by

'r o —1px-1 =1

Hrli) = (CFCr) ™ Py, [i|Ryy, [i], 31)
where the matrix inversion (C;I CT)f1 can be pre-computed
and stored at the terminal of interest, and the K'(n, + 1)L x
(n, + 1)L correlation matrix P4y, [i] is computed by the

formula

Py, [i] Zoﬁ ‘cirilug, (1
=1

= Py, [i—1]+Clr HUHTH

where the K (n, + 1)L x 1 input data vector w4, [¢] for this
recursion is

(32)

Uy, [i] = Brlilar[i], (33)

and the inverse of the K(n, —|— 1)L x K(n, + 1)L matrix
Ry il = Zz LA T gy, [udl (1] is computed with the aid
of the matrix inversion lemma [§9] as follows

A1

- Ragyli—1] o 2Ry i = Ve, [iubl (i) Rag, [i — 1)

1l =
werli a L+ a~tull [i| Ry [i — U, [i]
(34)

This algorithm jointly estimates the coefficients of the chan-
nels across all the links and for all users subject to a global
power constraint. Therefore, the complexity of the proposed
RLS channel estimation algorithm is O((K (n, + 1)L)?). A
summary of the main steps of the GPAIS-GPC algorithms is

provided in Table I.

TABLE I
SUMMARY OF THE JPAIS-GPC.

1. Initialise parameters: W[0], @r[0] and A.
fori=1,...,P do

2. Compute the receive filter W [i] using (18).

3. Calculate the power allocation vector @ [¢] using (25).
4. Normalise ar[i] with (29).

5. Compute the channel estimate Hr [¢] using (31).

end for.

6. Transmit power allocation @ [i] to users.




V. PROPOSED JOINT ESTIMATION ALGORITHMS WITH
INDIVIDUAL POWER CONSTRAINTS

In this section, we present adaptive joint estimation algo-
rithms to determine the parameters of the linear receiver, the
power allocation and the channel subject to individual power
constraints. The proposed JPAIS algorithms with individual
power constraints (IPC) are simply called JPAIS-IPC and,
unlike the algorithms presented in the previous section, are
more appropriate for the downlink and for distributed resource
allocation, detection and estimation. Specifically, the JPAIS-
IPC algorithms can be employed in a distributed fashion in
which the linear receivers compute the individual receive filter,
the power allocation and channel parameters, and then convey
the power allocation parameters to the base station.

A. Receiver and Power Allocation Parameter Estimation

We develop a recursive solution to the expressions in (13)
and (14) using time averages instead of the expected value.
The proposed RLS algorithms will compute t[i] and ay|i]
for each user k£ and will exchange information between the
recursions. We fix a;[i] and compute the inverse of R][i] using
the matrix inversion lemma [39] to obtain wy[é]. Defining
®i] = RJi] then we can obtain the recursions

a 1®[ilrfi
kil =17 aer[[g]{[)gi]r[i]’ (35)
®i] = a ' ®[i — 1] — o k[i]rH [i]|®[i — 1], (36)
wy[i] = wy[i — 1] + K[i]SE[i], 37)
where the a priori estimation error is
Exli] = bi[i] — wy! [i — 1]7[i]. (38)

The derivation for the recursion that estimates the power
allocation requires a strategy to enforce the constraint on
the individual power of user k£, which circumvents the need
to compute the Lagrange multiplier ;. In order to develop
the recursions for a[i], we need to compute the inverse

B. Channel Estimation with Individual Power Constraints

We propose here an algorithm that estimates the channels
for each user k across all links subject to individual power
constraints and exploits the knowledge of the receiver filter
wy[i] and the power allocation vector ag[i]. Let us consider
the received vector in (4) for the channel estimation procedure.
A channel estimation algorithm can be developed to solve the
following optimization problem

7

H[i] = arg min

o e
win il -

=1
K

CiH[i| B [lax[l]|?,

for k=1, 2, ..., K,

(44)

The solution to the above optimization problem is

Hili) = (ClCy) " Pu,lil Ry, 1], for k=1, 2, ... K,

(45)
where the matrix inversion (C}C k)_l can be pre-computed
and stored at the base station, relays and mobile tgrminals,
and the (n, + 1)L X (n, + 1)L correlation matrix Pp, [i] is

computed by the formula

Phk ZO/ lC

_ phk [i — 1]+ Cf rlilug], [i],

1)L x 1 input data vector up, [¢] for this

Uhk (1] (46)

where the (n, +
recursion is

Bk[i]ak[i]

L1
and the inverse of the (n, + 1)L x (n, + 1)L matrix Ry, [i]
is computed as follows

Up, [1] = 47)

L1 L1

R, [i] = a 'Ry, P N U ”“hk[']“ﬁ iRy, i — 1]
1+ a—luh [i }th[

un, [i]
(48)

This algorithm estimates the coefficients of the channels of

R i, H
of Ra,[i] =32, By, [l|H,, [I]C, wk[ljw [ ]Ck%k“ ll] each user k across all the links subject to individual power
To this end, let us first define ®,, = R, [i] and proceed as . o 2
foll * , constraints. The complexity is O(((n, +1)L)?). A summary
OLowWs: " of the main steps of the GPAIS-IPC algorithms is provided in
o, [i] = o~ '®,, [i|Bf [iH,, [i]Ck ﬁ;k[i}H Tat:le L
1+ a= Yy [i|ChH i) BL[i|®a, [i| BE [i|Hy, []]C 4wy [i TABLE I
b Gk HA Byl 2o, (1B My | ](36) el SUMMARY OF THE JPAIS-IPC.
Pq,[i] = a7 ®q, [i-1] - ka, [(Jwy [[|CkH L[] Br[i]] ®a, [i-1],
(40) 1. Initialise parameters: Wy [0], Gk [0] and .
aili] = axli] + ka, [1]¢g, [1], (41) for each user k do
. . fori=1,...,P do
where the a priori estimation error for the above recursion is 2. Compute the receive filter 1irg [i] using (37).
I 3. Calculate the power allocation vector Gy [i] using (41).
€ayli] = bili] — ap [i{) By [i ]’Hk il wgli],  (42) 4. Normalise ay[i] with (43).
. 5. Compute the channel estimate H j[i] using (45).
In order to ensure the individual power constraint end for with variable .
a? [i]ag[i] = Py 1, we apply the rule 6. Transmit power allocation @ [¢] to base station.
arli] < v/Pa axli](y/ay [Daxli])” (43)

The algorithms for recursive computation of wy[i] and ay[i]
require estimates of the channel vector H[i], which will
also be developed in what follows. The complexity of the
proposed algorithm is O(((n, + 1)M)?) for calculating iy [i]
and O((n, + 1)?) for obtaining ay[i].

VI. ANALYSIS AND REQUIREMENTS OF THE ALGORITHMS

In this section, we analyze the optimization problems de-
scribed in Section III, and assess the requirements of the
proposed JPAIS-GPC and JPAIS-IPC algorithms in terms of
computational complexity and number of feedback bits.



A. Analysis of the Optimization Problems

In this part, we develop an analysis of the optimization
problems introduced in Section III, which can be extended to
the algorithms introduced in Sections IV and V. Our approach
is based on an algebraic manipulation of the original problem
and the incorporation of the power constraints to illustrate
the properties of the problem. The optimization problems
considered in Section III constitute non-convex problems,
however, it turns out that it is possible to devise a strategy
that modifies the MSE-based optimization and enforces the
convexity. This is corroborated by our studies that verify that
the algorithms converge to the same solutions regardless of
the initialization when this strategy is adopted.

Let us consider the proposed optimization method in (7)
and examine the cost function

C(Wil, ax[i]) = E|[bli] — W [i}r[i]||"]
= By et - e,
k=1
which must be minimized subject to a [ilar[i] = Pr and

where [W];[i] denotes the k-column of the matrix W[i]. Let
us now express x[i] = W [i]r[i] as

x[i] = WHi]r[i]
= WHL)(CrHr i) Brli] arli] + W i) (n[i] + ni])
R[i] t[i]

= > (WK [IR[ar (] + W Tt 7,

zi]

(50)

where 7, is a K x 1 vector that contains a 1 in the k-th
position and zeros elsewhere. Now let us consider the joint
optimization problem via a single parameter vector defined as

mmm}.

. 51
as i ©Dh

ali = |

Using the above definition, we can rewrite the data symbol
expression for user k as follows

I
] >

(qF [i)(U[i] + U 1)) gy i) m

T [Z]

o~
Il
-

(52)
a [Ur[ilgylilme,

M-

E
Il
—

where the (n, +1)(M + K) x (n, +1)(M + K) matrices with
the signal and noise components are

0 0 )

U.lil = (7L7+1)K><(TL7+1)K (ny+1)M X (n,.+1)M and
S[Z] R O(n7 +1)K X (n.+1)K
Ui = t[d] 01, 41) M (np 1) (K +M)—1
On,+1)Kx1  O(n, +1) K x (n,+1)(K+M)—1

If we now rewrite the cost function in (49) as a function of
q,|], we obtain the equivalent function

= B> [bgli] - Urlilqlill®],  (53)

which is also subject to the global power constraint
a'llilarli] = Pr. In order to evaluate the convexity of the
optimization problem, we can verify if the Hessian (Hy)
with respect to user k of C(g,[i]) is positive semi-definite if
mH Hm > 0 for all nonzero m € C"rDMHE)IXT 1417
[40]. Computing the Hessian [41] of the above cost function
for the kth user we obtain

0 ac(g,li)
Hi = %477l daflil
= E[(q? (U rlilauli] - BliDU[] + U2 [ilg,lilg
+<uWﬂmuwmm#wummm

(54)

By examining H, we verify that the second and fourth terms
are positive semi-definite, whereas the first and the third terms
are indefinite. At this stage, it is of central importance in
the analysis to employ the constraint al![i]ar[i] = Pr and
perform some algebraic manipulations in the first and the third
terms, which yield

2Re{ E[((WI [(R[)B7[i] Pr + W] [i]t]i H*bk[])UT([S]S})}
where Br[i] = (araf[i])Tar, (-)T represents the pseudo-

inverse and the operator fe{-} selects the real part of the
argument. The above development shows that the optimization
problem can have its convexity enforced by adjusting the
power constraint Pr so that the following condition holds
m T Re{ B[ (bili] — (W [i]tli]) Ur[i] }m
miRe{E[(WIF [IR[i|B,1])Urli] jm

The previous analysis can be conducted for the proposed
JPAIS-IPC algorithm and leads to the following condition

mRe{ B[ (b [i] — wil [l Urli] ym

T > (56)

P, > (57)
mH%e{E[(wk []%k[] [])UT ]}m
where §Rk[l] = Ckﬂk[l] k[’L], Uk+j[i] = Ukm + Uj[i],
Uk[z] — 0(n7~+1)x_(n7»+1) O(nT-&-l)MX(nr-&-l)M and
k1] 0(n, +1)x (n,+1)
~ il O+ 1) M x (np+1)M—1
U . = r r , th -
il { O(n,+1)x1 O(nr+1) X (ne+1)M—1 e (nr +
1)M x 1 vector j[i] = Z#k CiH,[i)B,[i] + n[i] + n]i], and

~ili] = (arafl[i])Tax. These conditions have been verified
by numerical experiments, which corroborate the analytical
results. Therefore, the optimization problem can have its
convexity enforced by an appropriate selection of the global
and individual power constraints Pr and Py, respectively.

B. Computational Complexity Requirements

We discuss here the computational complexity of the pro-
posed and existing algorithms. Specifically, we will detail
the required number of complex additions and multiplications
of the proposed JPAIS-GPC and JPAIS-IPC algorithms, and
compare them with interference suppression schemes without
cooperation (NCIS) and with cooperation (CIS) [10], [11]
using an equal power allocation across the relays. Both uplink
and downlink scenarios are considered in the analysis. In Table
III we show the computational complexity required by each

H iU i)
g [UF 1],



TABLE III
COMPUTATIONAL COMPLEXITY OF ALGORITHMS WITH A GLOBAL
POWER CONSTRAINT .

Number of operations per symbol

Parameter Additions Multiplications
X 2((nr +1)M)? 3((ns +1)M)?
Wi +2K((nr + 1)M) +2K((nr + 1)M)
—(n-+1)M+1 +3(nr +1)M +1
3K(K(n, +1)) K(K(n, +1))
+K(n, +1)(L —1) +4(K (n, +1))?
arli] +K(M(n, +1)) +(K + L)(K(n, + 1))?
+K(K(nr +1)) —(K(nr +1))*
+6(K(n- +1))? +K(M(n, +1)L
+3K(nr + 1) +np + 2 +n,
A 5(K(n, +1)L)* +5(K (nr +1))?
Hrl[i] +6K(n,+ 1)L

+5K (n, + 1)L
+3 +1

TABLE IV
COMPUTATIONAL COMPLEXITY OF ALGORITHMS WITH
INDIVIDUAL POWER CONSTRAINTS.

Number of operations per symbol

Parameter Additions Multiplications
2((n, + )M)?  3((ny + 1)M)?
Wy 1] +(nr +1)M +5(nr +1)M
+1 +1
2(n, +1)2 3(n, +1)2
+3(nr 4+ 1) +7(n. + 1)
+(n- +1)L +(n + 1)L
-3 +3
) 2((n + 1)L)*  6((ns +1)L)?
H[i] +5M(n, +1)L.  +M(n, +1)L
—5(n,-+1)+3 +4(n,+1)+1

recursion associated with a parameter vector/matrix for the
JPAIS-GPC, which is more suitable for the uplink.

In Table IV we describe the computational complexity
required by each recursion associated with a parameter vector
for the JPAIS-IPC algorithm, which is suitable for both the
uplink and the downlink. A noticeable difference between the
JPAIS-GPC and the JPAIS-IPC is that the latter is employed
for each user, whereas the former is used for all the KAusers
in the system. Since the computation of the inverse of R[] is
common to all users for the uplink in our system, the JPAIS-
GPC is more efficient than the JPAIS-IPC when the latter is
computed for all the K users.

The recursions employed for the proposed JPAIS-GPC and
the JPAIS-IPC are general and parts of them are used in
the existing CIS and NIS algorithms. Therefore, we can use
them to describe the required computational complexity of
the existing algorithms. In Table V we show the required
recursions for the proposed and existing algorithms, whose

TABLE V
COMPUTATIONAL COMPLEXITY OF THE PROPOSED JPAIS AND
EXISTING ALGORITHMS.

Algorithm Recursions

JPAIS-GPC (Uplink) Wi, arli,Hrli]

JPAIS-IPC (Downlink)  v[i], axi], Hyli]

CIS (Uplink) Wi, ar[i] is fixed

CIS (Downlink) Wi[i], arld] is fixed

NCIS (Uplink) Wi with n, =0

NCIS (Downlink) We[i] with n, =0

complexity is detailed in Tables III and IV.

Complexity of RLS Algorithms
10° ; ; ‘ ‘

n=8——>

Number of multiplications
(=
o
T
L

3
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102 L L L L L L
5 10 15 20 25 30 35 40

Fig. 3.  Computational complexity in terms of the number of complex
multiplications of the proposed and existing schemes for the uplink.

In Fig. 3, we illustrate the required computational com-
plexity for the proposed and existing schemes for different
number of relays (n,). The curves show that the proposed
JPAIS-GPC and JPAIS-IPC are more complex than the CIS
scheme and the NCIS. This is due to the fact that the power
allocation and channel estimation recursions are employed.
However, we will show in the next section that this additional
required complexity (which is modest and equivalent to an
additional 20 — 25% cost as compared to the CIS scheme) can
significantly improve the performance of the system.

C. Feedback Channel Requirements

The proposed JPAIS algorithms require feedback signalling
in order to allocate the power levels across the relays. In
order to illustrate how these requirements are addressed, we
can refer to Fig. 4 which depicts the structure for both the
data and feedback packets. The data packet comprises a



preamble with a number of training symbols (/Ni,), which
are used for parameter estimation and synchronization, and
the transmitted data symbols (NNgata). The feedback packet
requires the transmission of the power allocation vector ar
for the case of the JPAIS-GPC algorithm, whereas it requires
the transmission of ay for each user for JPAIS-IPC. A typical
number of bits n;, required to quantize each coefficient of the
vectors ar and ay, via scalar quantization is n, = 4 bits. More
efficient schemes employing vector quantization [42], [43] and
that take into account correlations between the coefficients are
also possible.

For the uplink (or multiple-access channel), the base station
(or access point) needs to feedback the power levels across
the links to the K destination users in the system. With the
JPAIS-GPC algorithm, the parameter vector ar with (n, +
1) K'ny, bits/packet must be broadcasted to the K users. For the
JPAIS-IPC algorithm, a parameter vector a; with (n, + 1)n,
bits/packet must be broadcasted to each user in the system. In
terms of feedback, the JPAIS-IPC algorithm is more flexible
and may require less feedback bits if there is no need for a
constant update of the power levels for all K users.

Data Packet Structure ‘ Nix ‘ Nata ‘

Feedback Packet Structure ar
(JPAIS-GPC) (nr 4+ 1) Kny bits/feedback packet

K times (n, + 1)Kn; bits/feedback packet

Feedback Packet Structure
(JPAIS-IPC)

Fig. 4. Proposed structure of the data and feedback packets.

For the downlink (or broadcast channel), the K users must
feedback the power levels across the links to the base station.
With the JPAIS-GPC algorithm, the parameter vector ar with
(n, + 1)Kn, bits/packet must be computed by each user and
transmitted to the base station, which uses the ar vector
coming from each user. An algorithm for data fusion or a
simple averaging procedure can be used. For the JPAIS-IPC
algorithm, a parameter vector aj with (n, + 1)n; bits/packet
must be transmitted from each user to the base station. In terms
of feedback, the JPAIS-IPC algorithm requires significantly
less feedback bits than the JPAIS-GPC in this scenario.

VII. SIMULATIONS

In this section, a simulation study of the proposed JPAIS
and existing algorithms is carried out. The first existing scheme
that is considered in the comparisons is a linear interference
suppression technique that only takes into account the source
to destination links and does not consider the contribution of
the relays. This scheme is denoted non-cooperative interfer-
ence suppression (NCIS) and corresponds to a linear receive
filter designed according to the MMSE criterion or computed
with an RLS algorithm for each user. The second existing
scheme is denoted cooperative interference suppression (CIS)
and processes the signals arriving from the source and the
relays using an equal power allocation across the relays for
each user. The CIS scheme employs a linear receive filter

designed according to the MMSE criterion or adjusted with
an RLS algorithm, and the entries of the power allocation
parameter vectors are equal (equal power allocation). We
first evaluate the bit error ratio (BER) performance of the
proposed JPAIS-GPC and JPAIS-IPC algorithms and compare
them with the NCIS and the CIS schemes. We consider a
DS-CDMA system with randomly generated spreading codes
with a processing gain N = 16. The noise samples at the
receivers of the relays and the destination are drawn from
zero mean complex Gaussian random variables with variance
o?. The fading channels (that can be time-varying or time-
invariant) are generated using a random power delay profile
with gains taken from a complex Gaussian variable with unit
variance and mean zero, L = 3 paths spaced by one chip, and
are normalized for unit power. The time-varying channels are
generated according to Clarke’s model [44], which is param-
eterized by the normalized Doppler frequency f;7', where fg
is the Doppler frequency and 7' is the inverse of the symbol
rate. The power constraint parameter P4 ; is set for each
user so that one can control the SNR (SNR = Py 1/ o?) and
Pr = KP4, whereas the power distribution of the interferers
follows a log-normal distribution with associated standard
deviation of 3 dB. We adopt the AF cooperative strategy
with repetitions and all the relays and the destination terminal
are equipped with linear MMSE or adaptive receivers. Note
that the noise amplification of the AF protocol is considered
[3]. The receivers have either full knowledge of the channel
and the noise variance ( MMSE design) or are adaptive and
estimate all the required coefficients and the channels using the
proposed and existing algorithms with optimized parameters.
For the JPAIS algorithms employing the MMSE expressions
we employ 2 iterations per packet (when the channels are
time-invariant) or per symbol (when the channels are time-
varying) for the design of the parameter vectors, whereas for
the adaptive versions we use only 1 iteration per update. The
JPAIS algorithms are used at the destination and employ a
feedback channel to send the power allocation vector to the
source, whereas the relays are equipped with conventional
linear MMSE or adaptive receivers. We employ packets with
1500 QPSK symbols and average the curves over 1000 runs.
For the adaptive receivers, we provide training sequences with
Ni; = 200 symbols placed at the preamble of the packets.
After the training sequence, the adaptive receivers are switched
to decision-directed mode.

We first consider the proposed JPAIS method with the
MMSE expressions of (9) and (10) using a global power con-
straint (JPAIS-GPC), and (13) and (14) with individual power
constraints (JPAIS-IPC). We compare the proposed scheme
with a non-cooperative approach (NCIS) and a cooperative
scheme with equal power allocation (CIS) across the relays
for n, = 1,2 relays. The results shown in Fig. 5 illustrate the
performance improvement achieved by the proposed JPAIS
scheme and algorithms, which significantly outperform the
CIS and the NCIS techniques. As the number of relays is
increased so is the performance, reflecting the exploitation
of the spatial diversity. In the scenario studied, the proposed
JPAIS-IPC approach can accommodate up to 3 more users
as compared to the CIS scheme and double the capacity
as compared with the NCIS for the same performance. The
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Fig. 5. BER versus SNR and K for the optimal linear MMSE detectors.

Parameters: A7 = A\ = 0.025.

proposed JPAIS-GPC is superior to the JPAIS-IPC and can
accommodate up to 2 more users than the JPAIS-IPC, while
its complexity is higher. Equivalently, the BER versus SNR
curves show that the proposed JPAIS scheme and algorithms
can obtain a higher diversity order than the existing schemes,
and save up to 2 dB in SNR for the same BER as compared
with the existing techniques. The results in Fig. 5 suggest
that the JPAIS-GPC algorithms are more suitable than the
JPAIS-IPC algorithms for the uplink and situations with a
high SNR and a large number of users. For the downlink and
situations with low SNR and a small number of users, the gains
of the JPAIS-GPC algorithms over the JPAIS-IPC algorithms
are more very significant, suggesting that the latter are more
suitable in these scenarios. The reason for the improved
performance of the JPAIS algorithms over the existing schemes
is that they jointly optimize the linear receive filter parameters
and the power allocation, better exploiting the degrees of
freedom at both the transmitter via power allocation and at
the receiver with linear interference suppression to mitigate the
interference. This approach allows a more effective reduction
of the MSE and an improvement in the BER.

The second experiment depicted in Fig. 6 shows the BER
performance of the proposed adaptive algorithms (JPAIS)
against the existing NCIS and CIS schemes with n, = 2 re-
lays. All techniques employ RLS algorithms for the estimation
of the coefficients of the channel, the receive filters and the
power allocation for each user (JPAIS only). The complexity
of the proposed algorithms is quadratic with the filter length of
the receivers and the number of relays n,., whereas the optimal
MMSE schemes require cubic complexity. From the results,
we can verify that the proposed adaptive joint estimation
algorithms converge to approximately the same level of the
MMSE schemes, which have full knowledge of the channel
and the noise variance. Again, the proposed JPAIS-GPC is
superior to the JPAIS-IPC but requires higher complexity and
joint demodulation of signals, whereas the JPAIS-IPC lends
itself to a distributed implementation.

The algorithms are now assessed in terms of the mutual
information between the k-th user and the base station as

o N=16, SNR = 12 dB, K=6 users, P=1500
10 T T

—o— NCIs(n=2)

—5— CIS(n=2)

—s— JPAIS-IPC(n=2)
% JPAIS-GPC(n=2)

0 500 1000 1500
Number of received symbols

Fig. 6. BER performance versus number of symbols. The curves for the
adaptive schemes are in solid lines, whereas those of the optimal MMSE
schemes are in dotted lines. Parameters: Ap = A\ = 0.025 (for MMSE
schemes), a = 0.998 (for adaptive schemes).
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Fig. 7. BER performance versus fy7'. The parameters of the adaptive
algorithms are optimized for each f;7T.

suggested in [11] and the normalized throughput (NT) defined
as NT = R(1 — BER)F 1°92M in bits/time slot, where R
is the normalized rate, M is the number of points in the
constellation and P is the packet size in symbols. Since the
protocols operate at full rate in a synchronous system and
QPSK modulation is used the parameter used are R = 1 and
M = 4. The results are shown in Fig. 8 and indicate that
the JPAIS algorithms can obtain gains in terms of the mutual
information and the NT for a sufficiently high SNR level.
When the SNR is low the use of more phases of transmission
(or time slots) can degrade the NT and the mutual information
of the system. The use of the proposed JPAIS algorithms
with multihop transmission is not recommended in these
situations. However, as the SNR is increased the proposed
JPAIS algorithms obtain the best results with n,, = 1,2. The
JPAIS-GPC algorithm achieves the best NT results followed
by the JPAIS-IPC and the CIS techniques.
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The next experiment considers the average BER perfor-
mance against the normalized fading rate fy7T" (cycles/symbol),
as depicted in Fig. 7. The idea is to illustrate a situation where
the channel changes within a packet and the system transmits
the power allocation vectors computed by the proposed JPAIS
algorithms via a feedback channel. In this scenario, the JPAIS
algorithms compute the parameters of the receiver and the
power allocation vector, which is transmitted only once to the
mobile users. This leads to a situation in which the power
allocation becomes outdated. The results show that the gains of
the proposed JPAIS algorithms decrease gradually as the fy7T
is increased to the BER level of the existing CIS algorithms for
both n, = 2 and n, = 4 relays, indicating that the power al-
location is no longer able to provide performance advantages.
This problem requires the deployment of a frequent update
of the power allocation via feedback channels. Therefore,
the proposed JPAIS algorithms are suitable for scenarios with
f4T < 1073 for which there are performance gains.
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Fig. 9.  BER performance versus fy7. The parameters of the adaptive
algorithms are optimized for each fy7T.

The last experiment, shown in Fig. 9, illustrates the averaged
BER performance versus the percentage of errors in the
feedback channel for an uplink scenario. Specifically, the
feedback packet structure is employed and each coefficient
is quantized with 4 bits. Each feedback packet is constructed
with a sequence of binary data (Os and 1s) and is transmitted
over a binary symmetric channel (BSC) with an associated
probability of error P.. We then evaluate the BER of the
proposed JPAIS and the existing algorithms against several
values of the P,.. The results show that the proposed JPAIS
algorithms obtain significant gains over the existing CIS
algorithm for values of P, < 0.1%. As we increase the rate
of feedback errors, the performance of the proposed JPAIS
algorithms becomes worse than the CIS algorithms and are no
longer suitable. This suggests the use of error-control coding
techniques to keep the level of errors in the feedback channel
below a certain value.

VIII. CONCLUDING REMARKS AND EXTENSIONS

We have presented in this work joint iterative power allo-
cation and interference mitigation techniques for DS-CDMA
networks which employ multiple hops and the AF cooperation
strategy. A joint constrained optimization framework and algo-
rithms that consider the allocation of power levels across the
relays subject to global and individual power constraints and
the design of linear receivers for interference suppression have
been proposed. A study of the proposed optimization problems
has been carried out and has shown that the convexity of
the problem can be enforced via an appropriate choice of
the global and individual power constraints. A study of the
requirements of the proposed and existing algorithms in terms
of computational complexity and feedback channels has also
been conducted. The results of simulations have shown that
the proposed JPAIS techniques obtain significant gains in
performance and capacity over existing non-cooperative and
cooperative schemes. The proposed JPAIS algorithms can be
employed in a variety of wireless communications systems
with relays including multiple-antenna, orthogonal-frequency-
division-multiplexing (OFDM) and ultra-wide band (UWB)
systems. Prior work on asymptotic results has been reported in
[22] and [23] for 2-phase systems without power allocation.
A possible extension would be to use the power allocation
strategy of this work and investigate the asymptotic gains.
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