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Abstract—We present an approach to solve the nonconvex
optimization problem that arises when designing the transmit
covariance matrices in multiuser multiple-input multiple-output
(MIMO) broadcast networks implementing simultaneous wireless
information and power transfer (SWIPT). The MIMO SWIPT
problem is formulated as a general multi-objective optimization
problem, in which data rates and harvested powers are opti-
mized simultaneously. Two different approaches are applied to
reformulate the (nonconvex) multi-objective problem. In the first
approach, the transmitter can control the specific amount of power
to be harvested by power transfer whereas in the second approach
the transmitter can only control the proportion of power to be
harvested among the different harvesting users. The computational
complexity will also be different, with higher computational
resources required in the first approach. In order to solve
the resulting formulations, we propose to use the majorization-
minimization (MM) approach. The idea behind this approach
is to obtain a convex function that approximates the nonconvex
objective and, then, solve a series of convex subproblems that will
converge to a locally optimal solution of the general nonconvex
multi-objective problem. The solution obtained from the MM
approach is compared to the classical block-diagonalization (BD)
strategy, typically used to solve the nonconvex multiuser MIMO
network by forcing no interference among users. Simulation results
show that the proposed approach improves over the BD approach
both the system sum rate and the power harvested by users.
Additionally, the computational times needed for convergence of
the proposed methods are much lower than the ones required for
classical gradient-based approaches.

I. INTRODUCTION

IMULTANEOUS wireless information and power transfer

(SWIPT) is a technique by which a transmitter actively
feeds a receiver (or a set of receivers) with power that is sent
through radio frequency (RF) signals and, simultaneously, sends
useful information to the same or different receivers [1]. By
harvesting this transmitted energy, battery-constrained mobile
terminals are able to recharge their batteries and, thus, prolong
their operation time [2]. Although there are many different
harvesting techniques used to power devices, such as solar
or wind, SWIPT technology provides an appealing solution
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since the transmitter can control the amount of energy that the
mobile terminals need to keep alive. Historically, due to the
high attenuation of microwave signals over distance, SWIPT
techniques were only considered in low-power devices, such
as RFID tags [3]. Nevertheless, recent advances in antenna
technologies and RF harvesting circuits have enabled energy
to be transferred and harvested much more efficiently [1], [3].

The concept of SWIPT was first studied from a theoreti-
cal point of view by Varshney [4]. He showed that, for the
single-antenna additive white Gaussian noise (AWGN) channel,
there exists a nontrivial trade-off in maximizing the data rate
versus the power transmission. In [5], the authors considered
a multiple-input multiple-output (MIMO) scenario with one
transmitter capable of transmitting information and power si-
multaneously to one receiver. Later, in [6], the authors extended
the work in [5] by considering that multiple users were present
in the broadcast MIMO system. However, the multi-stream
transmit covariance optimization that arises in broadcast MIMO
systems is a very difficult nonconvex optimization problem. In
order to overcome that difficulty, authors in [6] considered a
block-diagonalization (BD) strategy [7], in which interference
is pre-canceled at the transmitter. The BD technique allows for
a simple solution but wastes some degrees of freedom and, thus,
degrades the overall performance. Works [8] and [9] considered
a MIMO network consisting of multiple transmitter-receiver
pairs with co-channel interference. The study in [8] focused
on the case with two transmitter-receiver pairs whereas in [9],
the authors generalized [8] by considering that k£ transmitter-
receivers pairs were present. The work in [10] considered
a MIMO system with single-stream transmission. In contrast
to previous works where the system rate was optimized, the
objective was to minimize the overall power consumption with
per-user signal to interference and noise ratio (SINR) constraints
and harvesting constraints. The design of multiuser broadcast
networks under the framework of multiple-input single-output
(MISO) beamformimg optimization has also been addressed in
works such as [11] and [12].

There exist two approaches in the literature that deal with
the nonconvex optimization of the transmit covariance matri-
ces in multiuser multi-stream MIMO networks. The first is
based on the duality principle [13]. In [14], authors applied
that principle to obtain the beamforming optimization solution
for the multiuser MIMO SWIPT broadcast channel. However,
that work considered an overall (sum) harvesting constraint
instead of individual per-user harvesting constraints. The second
approach is based on the minimization of the mean square
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error (MSE) [15]. However, this technique cannot be applied
to the SWIPT framework due to fact that the resulting problem
remains nonconvex.

The main difference of our work with respect to the previous
works described above is that we assume a broadcast multiuser
multi-stream (non BD-based) MIMO SWIPT network, in which
(per-user) harvested power and information transfer must be
optimized simultaneously. We model our transmitter design as
a multi-objective problem in which the scenarios studied in [5]
and [6] are shown to be particular solutions of the proposed
framework. Additionally, we assume that interference is not
pre-canceled (i.e., the BD approach is not applied) and, thus,
both larger information transfer and harvested power can be
achieved simultaneously. The resulting problem is nonconvex
and very difficult to solve. In order to obtain local solutions, we
derive different methods based on majorization-minimization
(MM) techniques. By means of this strategy, we are able
to reformulate our original nonconvex problem into a series
of convex subproblems that are easily solved (i.e., through
algorithms that have a very low computational complexity) and
whose solutions converge to a locally optimal solution of the
original nonconvex problem.

The remainder of this paper is organized as follows. In Sec-
tion II, we introduce a summary of the mathematical techniques
employed in this paper. In Section III we present the system and
signal models and the problem formulation. In Section IV we
derive the mathematical modeling required to reformulate the
original nonconvex problem into convex subproblems that are
solved using the MM approach. In Section V, we evaluate the
performance of the proposed methods and, finally, in Section
VI, we draw some conclusions.

Notation: We adopt the notation of using boldface lower case
for vectors x and upper case for matrices X. The transpose,
conjugate transpose (hermitian), and inverse operators are de-
noted by the superscripts ()7, (-)¥, and (-)~!, respectively.
Tr(-) and det(-) denote the trace and the determinant of a
matrix, respectively. vec(X) is a column vector resulting from
stacking all columns of X. We use X to denote the /N—tuple
X2 (X;)N, =(Xy,...,Xy) and || - || to denote the matrix
Frobenius norm.

II. MATHEMATICAL PRELIMINARIES

A. Multi-Objective Optimization

Multi-objective optimization (also known as multi-criteria
optimization or vector optimization) is a type of optimization
that involves multiple objective functions that are optimized
simultaneously [16]. For a nontrivial multi-objective problem,
in general, there does not exist a single solution that simul-
taneously optimizes each objective. In that case, the objective
functions are said to be conflicting, and there exists a (possibly
infinite) number of Pareto optimal solutions. A solution is
called Pareto optimal if none of the objective functions can be
improved in value without degrading some of the other objective
values.

1) Definitions

Definition 1 ([16]). A multi-objective problem can be formally

expressed as
fix) = (f1(x),. ..
subject to x € X,

where fi, : CN = Rfork=1,...,K and X is the feasible set
that represents the constraints. Let ) be the set of all attainable
points for all feasible solutions, i.e., Y = f(X).

, i (X)) (D

maximize
X

2) Efficient Solutions

Definition 2 ([16], Definition 2.1). A point x € X is called
Pareto optimal if there is no other x' € X such that f(x’) = f(x),
where = refers to the component-wise inequality, i.e., f;(x") >
filx),i=1,..., K.

Sometimes, ensuring Pareto optimality for some problems is
difficult. Due to this, the condition of optimality can be relaxed
as follows.

Definition 3 ([16], Definition 2.24). A point x € X is called
weakly Pareto optimal (or weakly efficient) if there is no other
x' € X such thar £(x') > £(x), where = refers to the strict
component-wise inequality, i.e., f;(x') > fi(x), i =1,..., K.
All Pareto optimal solutions are also weakly Pareto optimal.

3) Finding Pareto Optimal Points

There are several methods for finding the Pareto points of
a multi-objective problem. In the sequel, we present three
different (scalarization) techniques.

3.1) Weighted sum method: the simplest scalarization tech-
nique is the weighted sum method which collapses the vector-
objective into a single-objective component sum:

K
maférgize kz::l B fr(x), 2

where ) are real non-negative weights. The following results
present the relation between the optimal solutions of (2) and
the Pareto optimal points of the original problem (1).

Proposition 1 ([16], Proposition 3.9). Suppose that x* is an
optimal solution of (2). Then, x* is weakly efficient.

Proposition 2 ([16], Proposition 3.10). Let X’ be a convex set,
and let fi be concave functions, k =1,..., K. If x* is weakly
efficient, there are some B, > 0 such that x* is an optimal
solution of (2).

As as result, convexity is apparently required for finding all
weakly Pareto optimal points with the weighted sum method,
which means that if the original problem is not convex, all the
Pareto optimal points may not be found by using the weighted
sum method. However, there are other weighted sum techniques
in the literature (see, for example, the adaptive weighted sum
method [17]) that are able to find all Pareto optimal points for
nonconvex problems at the expense of a higher computational
complexity.

3.2) Epsilon-constraint method: in this method, only one of
the original objectives is maximized while the others are trans-



formed into constraints:
fi(x) (3)
k=1,....K, k#j.

maximize
xeX

subject to  fi(X) > e,
Let us introduce the following results.

Proposition 3 ([16], Proposition 4.3). Let x* be an optimal
solution of (3) for some j. Then x* is weakly Pareto optimal.

Proposition 4 ([16], Proposition 4.5). A feasible solution x* €
X is Pareto optimal if, and only if, there exists a set of €y, k =
1,..., K such that x* is an optimal solution of (3) for all j =
1,..., K.

Contrarily to the weighted sum method, convexity is not
needed in the previous two propositions (but convexity is still
typically required to solve problems like (3)).

3.3) Hybrid method: this method combines the previous two
methods, i.e., the weighted sum method and the epsilon-
constraint method. In this case, the scalarized problem to be
solved has a weighted sum objective and constraints on all (or
some) objectives.

maximize
xeX

> Brfu(x) 4)
kel

subject to  fr(x) > €, k€ Ko,

where |[K;| < K and || < K, being |A| the cardinality of
set A, and [ are real non-negative weights.

B. Majorization-Minimization Method

The MM is an approach to solve optimization problems that
are too difficult to solve in their original formulation. The
principle behind the MM method is to transform a difficult
problem into a sequence of simple problems. Interested readers
may refer to [18] and references therein for more details.

The method works as follows. Suppose that we want to
maximize fo(x) over X. In the MM approach, instead of
maximizing the cost function fo(x) directly, the algorithm
optimizes a sequence of approximate objective functions that
minorize fo(x), producing a sequence {x*)} according to the
following update rule:

x*H) = argmax fo(x,x®), (3)

XEX

where x(*) is the point generated by the algorithm at iteration k
and fo(x,x*)) known as surrogate function is the minorization
function of fy(x) at x(%) i.e., it has to be a global lower bound
tight at x(*). Problem (5) will be referred as surrogate problem.
In addition, the surrogate function must also be continuous in
x and x(*). The last condition that the surrogate function must
fulfill is that the directional derivatives' of itself and of the
original objective function fo(x) must be equal at the point

"Let £ : CV — R. Then, the directional derivative of f(x) in the direction
of vector d is given by f/(x;d) £ limy_, M

x(®)_ All in all, the four conditions are as follows:

(A1) fox® xM) = fo(x®), wx®) e x, (6)
(A2) fox,x®) < fo(x),  vx,x® e x, @)
(A3) 1 ol xWid)xyon = fo(x*);a),

vd with x*) +d € x, (8)
(A4):  fo(x,x®) is continuous in x and x¥. 9

Under assumptions (A1) — (A4), every limit point of the
sequence {x(k)} is a locally optimal point of the original
problem (globally optimal if the problem is convex) (see [18]
for details).

III. PROBLEM FORMULATION

Let us consider a wireless broadcast multiuser system consist-
ing of one base station (BS) transmitter equipped with nr anten-
nas and a set of K receivers, denoted as Uy = {1,2,..., K},
where the k-th receiver is equipped with np, antennas. We
assume that a given user is not able to decode information and to
harvest energy simultaneously, and that a user being served with
information by the BS uses all the energy to decode the signal.
Thus, the set of users is partitioned into two disjoint subsets.
One that contains the information users, denoted as U; C Ur
with |U;| = N, and the other subset that contains harvesting
users, denoted as Ug C Ur with |Ug| = M. Therefore,
Ur N Ug = B and ‘U[| + |Z/{E| = N + M = K.? Without loss
of generality (w.l.o.g.), let us index users as Uy = {1,..., N}
andUp ={N+1,....,.N+ M}.

The equivalent baseband channel from the BS to the k-th
receiver is denoted by Hy € C"7*"T_ It is also assumed
that the set of matrices {Hy} is known to the BS and to the
corresponding receivers (the case of imperfect CSI is out of the
scope of the paper).

As far as the signal model is concerned, the received signal
for the ¢-th information receiver can be modeled as

Y, = H;B;x; + H; Z Brxi +n;, Viel;.
keUr
ki
In the previous notation, B;x; represents the transmitted signal
for user i € Uy, where B; € C"T*"S: is the precoder matrix
and x; € C"s:*! represents the information symbol vector. It
is also assumed that the signals transmitted to different users
are independent and zero mean. ng, denotes the number of
streams assigned to user ¢ € U; and we assume that ng, =
min{ng,,nr} Vi € U;. The transmit covariance matrix is S; =
BiBf{ if we assume w.l.o.g. that E [xlel] = Insi~ n; € Crrixl
denotes the receiver noise vector, which is considered Gaussian
with E [n;n] = L., > Note that the middle term of (10) is
an interference term. The covariance matrix of the interference
plus noise is written as

Qi(S_;) =H;S_;HI 11,

(10)

Vi € Uy, (11)

2In this paper, we assume for simplicity in the formulation that a user belongs
to either the harvesting set or the information set and that both sets are known
and fixed. This assumption could be generalized by considering that some users
are not selected in either set as well as by defining which particular users are
scheduled in each particular set (i.e., user grouping strategies). However, this
falls out of the scope of this paper.

3We assume that noise power o2 = 1 w.l.o.g., otherwise we could simply
apply a scale factor at the receiver and re-scale the channels accordingly.



where S_; = > reu; Sk- Let X = Bx denote the signal vector

transmitted by the;éBS where the joint precoding matrix is
defined as B = [B; By] € C"rX"s  being ng =
Do cu, s, the total number of streams of all information users,
and the data vector as X = [x{ ... x%]T e C"s*1 that
must satisfy the power constraint formulated as E[||x]|?] =
Zieu; Tr(S;) < Pr, where Pr represents the total available
transmission power at the BS.

The total RF-band power harvested by the j-th user from all
receiving antennas, denoted by @), is proportional to that of the
equivalent baseband signal, i.e., V) € Ug, we have:

Q= e[| Y]] = ¢ Y BB B, 02
1€Ur

€U
where (; is a constant that accounts for the loss for converting
the harvested RF power to electrical power. Notice that, for
simplicity, in (12) we have omitted the harvested power due to
the noise term since it can be assumed negligible.

The transmitter design that we propose in this paper is
modeled as a nonconvex multi-objective optimization problem.
The goal is to maximize, simultaneously, the individual data
rates and the harvested powers of the information and harvesting
users, respectively. Given this and the previous system model,
the optimization problem is written as

maxin}lize ((R,,L (S))nev;s (Bm (S))meME)

i

(13)

subject to C1: Z Tr(S
1€Ur
C2: Sz > O,

<PT

Vi € Uy,
where S £
R,(S) = logdet (I+H,S,HY Q' (S_,))

= log det (Qn(S,n) + HnSan)
—logdet (2,,(S-»)) (15)
= logdet (I+ H,SHY) —logdet (Q,(S_»)), (16)

(Si)vicu,, the data rate expression is given by

(14)

2 5,(8) = gn(2n(8-2))

with § = 3 reu, Sk» and the harvested power is given by

)= Tr(H,S;H}).

1€Ur

En(S a7

The previous problem in (13) is not convex due the objective
functions (in fact, due to €2;(S_;)) and is difficult to solve. In
order to find Pareto optimal points, we can reformulate it by
using any of the techniques presented in Section II-A. In the
following, we propose two approaches based on the weighted
sum method and on the hybrid method. For convenience, we
start with the hybrid method as it is the one that has received
the most attention in the literature [5], [19]. However in that
literature, the interference in (11) is assumed to be removed by
the transmission strategy. This assumption makes the problem
convex and hence easier to solve.

A. Hybrid-Based Formulation to Solve (13)

In the hybrid approach, some of the objective functions are
collapsed into a single objective by means of scalarization

and some of the objective functions are added as constraints.
In particular, the data rates are left in the objective whereas
the harvesting constraints are included as individual harvesting
constraints. With this particular formulation, we are able to
guarantee a minimum value for the power to be harvested by
the harvesting users. Thus, problem (13) is formulated as

max Z w; log det (I+ H;SHY) — w; log det (£2;(S_;))
{Si} i€Ur
s.t. Cl: Z Tr(H;S;HY) > Q;, VjeUp (18)
i€Ur
C2: Z Tr(S;) < Pr
i€Ur
C3:8;, >0, Viel,

where Q; = QC— being {Qm“‘} the set of minimum power
. J

harvesting constraints, and w; are some real non-negative

weights. For simplicity in the notation, let us define the feasible

set Sp as

S = { S: Z Tl"(Hjsle) > Qj7 Vi € Ug,
i€Ur

ZTr

1€EUr

)< Pr,S; FOVZGL{[} (19)

For a set of fixed harvesting constraints, the convex hull of
the rate region can be obtained by varying the values of w;.
In addition, we can use the values of the weights to assign
priorities to some users if user scheduling is to be implemented,
following, for example, the proportional fair criterion [20], [21].
Notice that constraint C'1 is associated with the minimum power
to be harvested for a given user. Note also the similarities of
problem (18) with the single user case presented in [5] and its
extension to the multiuser case presented in [6]. As commented
before, the novelty is that we do not force the transmitter to
cancel the interference generated among the information users
(as opposed to BD approaches [7]) and, thus, we allow the
system to have more degrees of freedom to improve the system
throughput and the harvested power simultaneously. Later in
Section I'V-A, we will present a method based on MM to solve
the nonconvex problem in (18).

B. Weighted Sum-Based Formulation to Solve (13)

In situations where the exact amount of power to be harvested
by harvesting users is not needed, we can also obtain Pareto
optimal points by means of the simpler weighted-sum method.
In this case, we can assign priorities so that some users tend
to harvest more power than others, although the exact amounts
cannot be controlled. As we will see later, the overall problem
based on this new formulation is much easier to solve. The
transmitter design is obtained through the following nonconvex



optimization problem:

max Z w; log det (I+ H;SHY) — w; log det (£2;(S_;))
{Si} i€Ur
+ 3> o Te(H;S;HI) (20)
JEUE i€UT
s.t. C1: Z Tr(S;) < Pr
1€Ur
C2:8;, -0, Viel,

where a; are some real non-negative weights. For simplicity in
the notation, let us define the feasible set Sy as

{s > Tx(s;

<PT,S >OVZ€Z/[I} 21
i€UT

As we will show later in Section IV-B, the algorithm to solve
(20) is easier than the algorithm to solve (18). Hence, there is a
trade-off in terms of speed of convergence of the algorithms and
in terms of the harvested power control since, as we introduced
before, in (18) the transmitter can fully control the amount
of power to be harvested by the users whereas in (20) the
transmitter can only control the proportion of the power to be
harvested among the users.

IV. MM-BASED TECHNIQUES TO SOLVE PROBLEM (13)

In this section, we present a method based on the MM
philosophy to solve problems (18) and (20). Since the original
problems (18) and (20) are nonconvex, we reformulate them and
make them convex before applying the MM method. This refor-
mulation will follow two steps. In the first step, problems (18)
and (20) will be convexified by using a linear approximation
of the nonconvex terms. This is the approach taken in papers
such as [22], [23], and [24]. Instead of solving the reformulated
(convex) problem, in the second step, we design a quadratic
approximation of the remaining convex terms in order to find
a surrogate problem easier to solve. Finally, we apply the MM
method to the quadratic reformulation.

As benchmarks for comparison, we will consider the case of
just convexifying the nonconvex terms, which is an approach
taken in the previous literature, and also consider a gradient
method applied directly to the nonconvex problems (18) and
(20).

Although the mathematical developments of the proposed
MM approaches are more tedious than the approaches usually
taken in the literature, the resulting algorithms are faster.

A. Approach to Solve the Hybrid Formulation in (18)

As we introduced before, we need to reformulate the original
nonconvex problem (18) and make it convex. This will be done
in two steps. Motivated by the work in [23], in this first step,
we derive a linear approximation for the nonconcave (right-
hand side) part of the objective function of (18), i.e., fo(S) =
> icu, wisi(S)—wigi(€2:(S—:)), in such a way that the modified
problem is convex®. In order to find a concave lower bound of

4In fact, by applying the approximation, the overall objective function
becomes concave.

fo(S), Z() can be upper bounded linearly at point Q( ) =
Zkem H,SVH” +1 as

gi(ﬂi(s—i)) <
) o )
= constant + Tr ((QEO)) - Qi(S_i))

2 5((S-:), ). (22)

Even though problem (18) reformulated with the previous upper
bound gi(ni(s,i)ﬂgo)) is convex, we want to go one step
further and apply a quadratic lower bound for the left hand
side of fo(S), i.e., s;(S) in a way that the overall lower bound
fulfills conditions (Al) — (A4) presented before in Section
II-B and the MM method can be invoked. Note that the upper
bound §;(2;(S—;), QEO)) already fulfills the four conditions
(A1) — (A4). The idea of implementing this quadratic bound is
to find a surrogate problem that is much simpler and easier to
solve than the one obtained by just considering the linear bound

3:(Q:(S=), ). 3

We now focus attention on deriving the surrogate function for
the left hand side of f,(S), i.e., s;(S). In order for the surrogate
problem to be easily solved, we force the surrogate function of
si(S) around $' to be quadratic, where s = = e, S (0) and
S,E,O) is the solution of the algorithm at the previous 1terati0n.
By doing this, as will be apparent later, the overall surrogate
problem can be formulated as an SDP optimization problem.

Proposition 5. A valid surrogate functzon 5(S, 5 ) for the
function s;(S) = logdet (I + H,SH}, ) that satisfies conditions
(A1) — (A4) is

5(8,89) 2 Tr (1,8) + T (SHMS) +hy, ¥, 80 esnt,
23)

with matrices J; = G, — S(O)’HMi — MZS(O), G, =
HH (I—i—HiS'(O)Hf{) H; and M; = —~;I, being ~;, >
;)\fnax(Hf{Hi), K1 contains some terms that do not depend

on S, and S denotes the set of positive semidefinite matrices.

Proof: See Appendix B. [ ]

Let us now reformulate the olgtlmlzatlon problem in (18) with
the surrogate function 3;(S, §9y - 3:(2:(S=y), QEO))_

Tr (E;S) + Tr (S MS) Tr (RS:) + o, (24)
-1

where R; = HY <Ql(-0) H; € C'7*"7 E; = J; — R;, and

Ko contains some terms that do not depend on S. Thus, problem

5The surrogate problem obtained by just applying the bound
gi(ni(s_i),nf)) will be used as benchmark. The specific mathematical
details of the optimization problem and the algorithm will be described in
App. A.



(18) can be reformulated as

max
S A=

~os: —SEO)Hi (25)
s.t. Se&y,

where we have added a proximal quadratic term to the surrogate
function in which p is any non-negative constant that can be
tuned by the algorithm. This term provides more flexibility
in the algorithm design stage and may help to speed up the
convergence. By performing some mathematical manipulations,
we are able to obtain the following result:

Proposition 6. The optimization problem presented in (18) can
be solved based on MM method by solving recursively the
following SDP problem:

min t (26)
{Si } y 8y t

s. . C1: 1 H =0
(Czs—c) 1

C2:T;s =vec(S;),
C3:8 €S,

Vi € Uy

where s = [vec(S1)Tvec(S2)T ... Vec(SN)T]T € CrrnrlUilx1

t is a dummy variable, and C?, T, and ¢ are some constant

matrices and vectors computed as shown in Appendix C. Vector
. <0

¢ depends on matrix S ©),

Proof: See Appendix C. ]
The final algorithm is presented in Alg. 1.

B. Approach to Solve the Sum Method Formulation in (20)
Let us start the development by reformulating problem (20):

max Z wi (8i(S) — wigi (2:(S—4))) + Z Tr(RuS;)
S =y icUy
s.t. SE€S8,, (27)

where Ry = ZjEUE aijHj. The right hand side of the
objective function of (27) is convex (in fact it is linear) whereas
the left hand side is not convex. Let us apply the same steps
that we applied before but with a slight modification. Previously
in (22), we found that ¢;(£2;(S—;)) could be approximated by

C s ) Oy ONY . o

Gi(2(S-:), Q7)) = Tr| (€ Q,;(S_;) | (omitting the
constant term). Now, as the objective function is different than
the one from problem (18), the goal is to find a surrogate

function for the function s,(S) that allows us to find efficiently
a solution for the surrogate problem.

Proposition 7. A valid surrogate function, 3;(S,S)), for the
function s;(S) that satisfies conditions (A1) — (A4) is

3:(8,8) & N " Tr(LiSe) + Y Tr (S7M;S,) + ks,
LeUr LeUr

VS, 8 e sn, (28)

Algorithm 1 Algorithm for Solving Problem (18)

1: Initialize S € Sy. Set k=0

2: Repeat

3:  Compute ¢ with sk, given in (61)

4:  Generate the (k + 1)-th tuple (S} )vicy, by solving
the SDP in (26)

Set SV = §* Vi e Uy, and set k =k + 1

6: Until convergence is reached

W

with matrices J; = G; — SO, — M, G, =
—1

H? (I+Hi > et SECO)H,H) H;, and M; = —&lI, being

& > U PA2(HIH;), and k3 contains the constant terms

that do not depend on S.

Proof: See Appendix D. [ ]

Remark 1. Note that the two surrogate functions (23) and (28)
have the same form but with a difference in the quadratic term.
Notice that surrogate function (28) is tighter than (23) and with
cross-products. As will be shown later, this will allow us to
decouple the optimization problem for each information user 1
and, thus, solve all problems in parallel. On the other hand,
thanks to the fact that surrogate function (23) is looser than
(28), a faster convergence can be obtained than if surrogate
(28) were to be applied in problem (18).

Let us now reformulate problem (27) with the lower bound
that we just found (omitting the constant terms):

max ; Tr (1) + Y T (SI'Ms;)

i€EUT

— Z Tr | R; Z St | + Z Tr(RgS;) (29)
1€Ur keUr 1€Ur
ki
s.t. Se€8,,

where J;, = G — SZ(.O)’HM — MSEO), with M = Zkeuf wi M},
and G = > ke, wiG. Note that we have arranged the indices
to make the notation easier to follow and consistent with the
original notation. We can further simplify the objective function
by grouping terms considering that matrix M is diagonal, i.e.,

M = —fL being S = 3[U;]* D okeus Wi A2 0 (HE Hy,):

min 85 T (sff s) -3 T (F:S) (30)
{8:} i€U; =
s.t. Se&,,
where
Fi=Ji— ) Ri+Ry (31)
keUr
ki

Note that we have changed the sign of the objective and
reformulated the problem as a minimization one. The idea is
to find a closed-form expression for the optimum covariance
matrices {S;}. If we dualize constraint C'1 and form a partial



Algorithm 2 Algorithm for Solving Problem (20)

1: Initialize S0 € S,. Set k = 0
2: Repeat
3:  Compute F; with matrix Sgk), Vi € Ur, given in (31)
4 Compute EVD of F; = Up, Ar, U, Viel;
5. Compute p* such that
Yicw, Tr ([Ap, — ) = 28Pr
6. Compute S} (u*) = %[FZ — It Viel;
7. Set SZ(-kH) =S;(u*),Vi €Uy, and set k =k + 1
8: Until convergence is reached

Lagrangian, we obtain the following optimization problem:

min 3 Z Tr (SiHSi) — Z Tr (W, (1)S:) (32)
{Si} iceU; ieUs
S. t. Sz > 0, Vi € Z/{[,

where W, () = F; — pl, for o > 0 the Lagrange multiplier
associated with constraint C'l of problem (27). The previous
problem is clearly separable for each user i. Thus, for each
information user, problem (32) is equivalent to solving the
following projection problem:

min [ /38, - Wi
si t 07

(33)
S. t.

where W;(u) = ﬁwl(u) = %(Fl — pI). The previous
result is very nice as the solution of (33) is simple and
elegant, thanks to the fact that problem (33) is a projection
onto the semidefinite cone and has a closed-form solution
[25]. Let the eigenvalue decomposition (EVD) of matrix F; be
F, = UFiApiUf,{,. The expression of S7(u) is, thus, given by
Si(1) = —= Wil = =UR [Ap, — ] U, VicUs,
VB 2

(34
where A\, ([X]T) = min(0, A\x (X)), with A\x(X) the k-th eigen-
value of matrix X. Now it remains to compute the optimal La-
grange multiplier x. This can be found by means of the simple
bisection method fulfilling », .., Tr ([Ar, — pl]*) = 25Pr.
It turns out that, at each inner iteration, we need to compute
a single EVD per information user, that is, the EVD of F;,
and a few iterations to find the optimal multiplier . Note that
the surrogate problem can be solved straightforwardly with the
previous steps. The final algorithm is presented in Alg. 2.

C. Approaches Used as Benchmarks for Performance Compar-
ison
As the problem introduced in (13) has not been addressed
before in the literature, there are not specific benchmarks to
compare our approaches with. For this reason, in this section,
we propose some benchmark algorithms that will be used in the
simulation section to compare the performance of the proposed
MM approaches. These benchmarks are:
o Gradient-based algorithms based on [26, Sec. 7] applied
directly to the nonconvex problems (18) and (20). The
gradients are not presented due to space limitations.

e MM approaches considering just the linear approximation
presented in (22), i.e., §;(2;(S—;), QEO)), applied to prob-
lems (18) and (20). The specific optimization problems and
algorithms can be found in App. A.

V. NUMERICAL EVALUATION

In this section, we evaluate the performance of the previous
algorithms. In the first part of this section, we present some
convergence and computational time results. For the simula-
tions, we consider a system composed of 1 transmitter with
6 antennas, and 3 information users and 3 harvesting users
with 2 antennas each. In the second part of the section, we
show the performance of the proposed methods compared to
the classical BD approach. In this case, for ease of presenting
the information, we assume a system composed of 1 transmitter
with 4 antennas, and 2 information users and 2 harvesting users
with 2 antennas each. The simulation parameters common to
both scenarios are the following. The maximum radiated power
is Pr = 1 W. The channel matrices are generated randomly with
i.i.d. entries distributed according to CA/(0,1). The weights w;
are set to 1.

A. Convergence Evaluation

In this subsection, we evaluate the convergence behavior and
the computational time of the methods presented in Sections
IV-A and IV-B and the benchmark approach presented in
App. A. The benchmark method for problem (20) presented
in App. A will not be evaluated as it is clearly worse® than
the one presented in Section IV-B. In the figures, the legend is
interpreted as follows: ‘MM-L for (18)’ refers to the method
developed in App. A for problem (18), ‘MM-Q for (18)’ refers
to the method in Section IV-A, and ‘MM-Q for (20)’ refers to
the method in Section IV-B. In order to compare all methods,
we set the values of a; and the values of @); so that the same
system sum rate is achieved. These values are: o = [1, 5, 10],
and Q = [3.8,7.2,6.4] power units. Software package CVX is
used to solve problem (35) [27], and SeDuMi solver is used to
solve problem (26) [28].

Figure 1 presents the sum rate convergence as a function
of iterations. The three approaches converge to the same sum
rate value but require a different number of iterations. In fact,
the required number of iterations depends on how well the
surrogate function approximates the original function. Note that
the surrogate function used in the ‘MM-L for (18)’ approach is
the one that best approximates the objective function and, thus,
fewer iterations are needed.

Figure 2 shows the computational time required by the
three previous methods. We see that the ‘MM-Q for (20)’
method converges much faster than the other two approaches,
as expected. The ‘MM-Q for (18)’ approach requires more
iterations than the ‘MM-L for (18)’ approach but each iteration
is solved faster since a specific algorithm can be employed to
solve the convex optimization problem. Hence, the ‘MM-Q for
(18) algorithm is the best option.

For the sake of comparison and completeness, we also show
in Figures 3 and 4 the convergence and the computational time

®However, it was included in the paper for the sake of completeness
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Fig. 2: Convergence of the system sum rate vs computational time for three
different approaches.

of a gradient-like benchmark approach. The plot legend reads
as follows: ‘GRAD for (18)’ and ‘GRAD for (20)’ refers to a
gradient approach applied to problems (18) and (20), respec-
tively. ‘all ones’ and ‘identity’ mean that covariance matrices
are initialized using an all ones matrix and the identity matrix,
respectively. Results show that the proposed MM approaches are
one to two orders of magnitude faster than the gradient-based
methods.

B. Performance Evaluation

In this section, we evaluate the performance of the MM
approach as compared to the classical BD strategy considered in
the literature (see, for example, [6], [29]). In order to show how
harvesting users at different distances affect the performance,
we have generated channel matrices with different norms. We
would like to emphasize that, as the noise and channels are
normalized, we will refer to the powers harvested by the
receivers in terms of power units instead of Watts.

Figures 5 and 6 show the rate-power surface, that is, the
multidimensional trade-off between the system sum rate and

10 ——GRAD for (18) (all ones)
—GRAD for (18) (identity ones)
——GRAD for (20) (identity ones)

10° ——GRAD for (20) (all ones) —

-4 . . .
1
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Fig. 3: Convergence of the system sum rate vs iterations for a gradient approach
for constrained optimization.
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Fig. 4: Convergence of the system sum rate vs computational time for a gradient
approach for constrained optimization.
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Fig. 7: Contour of rate-power surface for the MM method.

the powers to be collected by harvesting users (see [6] for a
formal definition of the rate-power surface). As we see, the MM
approach outperforms the BD strategy in both terms, sum rate
and harvested power. The maximum system sum rate obtained
with the MM approach when )1 and Q)2 are set to 0 is 4.5
bit/s/Hz, whereas the sum rate obtained with the BD approach is
2.75 bit/s/Hz. The rate-power surfaces are generated by varying
the values of {Q;} in problem (18) or, equivalently, by varying
the values of {a;} in problem (20). A way to reduce the
computational complexity associated with the generation of the
rate-power surface is to use as an initialization point the solution
that was obtained for the previous values of {Q;} or {a;} to
generate the new value of the curve [30]. Note, however, that
the whole rate-power surface need not be generated for each
transmission as it is just the representation of the existing rate-
power tradeoff.

In order to clearly see the benefits in terms of collected power,
Figures 7 and 8 show the contour plots of the previous 3D plots.
We observe that users in the MM approach collect roughly 50%
more power than the power collected by users when applying
the BD strategy.
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Fig. 8: Contour of rate-power surface for the BD method.
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Fig. 9: Rate region for different values of @Q; (in power units).

Finally, Figure 9 presents the rate-region of the MM approach
for different values of {Q;}. The same value of Q; is set
to the two harvesting users. In this case, we vary the values
of w; to achieve the whole contour of the rate regions. We
observe that, the larger the harvesting constraints, the smaller
the rate-region, as expected. However, the relation between the
harvesting constraints and the rate-region is not linear. As the
harvesting constraints increase, a small change in the {Q;}
produces a large reduction of the rate-region. This is because
the 3D rate-power surfaces presented before are not planes.

VI. CONCLUSIONS

We have presented a method to solve the difficult nonconvex
problem that arises in multiuser multi-stream broadcast MIMO
SWIPT networks. We formulated the general SWIPT problem
as a multi-objective optimization problem, in which rates and
harvested powers were to be optimized simultaneously. Then,
we proposed two different formulations to obtain solutions of
the general multi-objective optimization problem depending on
the desired level of control of the power to be harvested. In the
first approach, the transmitter was able to control the specific
amount of power to be harvested by each user whereas in the



second approach only the proportions of power to be harvested
among the different users could be controlled. Both (nonconvex)
formulations were solved based on the MM approach. We de-
rived a convex approximation for two nonconvex objectives and
developed two different algorithms. Simulation results showed
that the proposed methods outperform the classical BD in terms
of both system sum rate and power collected by users by a
factor of approximately 50%. Moreover, the computational time
needed to achieve convergence was shown to be really low for
the approach in which the transmitter could only control the
proportion of powers to be harvested (around two orders of
magnitude lower than a gradient-like approach).

APPENDIX A
BENCHMARK FORMULATIONS AND ALGORITHMS

In this appendix, we are going to describe the benchmarks
based on the works in [22], [23], and [24]. We start with the
benchmark for problem (18).

Note that the upper bound g;(£2;(S_;), QZ(.O)) can be used to
build a lower bound of fy(S) that fulfills the four conditions
(A1) — (A4) presented before in Section II-B.

By applying a successive approximation of fo(‘)A through the
application of the previous surrogate function, i.e., fo(S, S(k)) =

3
> icu, wisi(S) —wigi (i (S—i), ng)) -p Hsi - SZ(-k) HF where

stk 2 (Sgk))vieul, for different evaluation points, we obtain an
iterative algorithm based on the MM approach that converges
to a stationary point (or local optimum) of the original problem
(18). Note that we have considered a proximal-like term. Given
this, the convex optimization problem to solve is

2
max w;S; S 7&)1/1' Qz S—i 7Q(k) — ‘Sz —S(k)H
3 can(S) — e (0(5-0,2) — o881
s.t. Sed&. (35)

We must proceed iteratively until convergence is reached. The
procedure is presented in Alg. 3.

Let us now continue with the benchmark for problem (20). If
we apply the bound from (22), i.e., §; (€:(S_;), ), problem
(20) can be solved by solving consecutively the following
problem:

max Y wisi(S) — widi(i(S—), ") + Tr(RpS;)
{8} 1€Ur l

p\ si s/ (36)
s.t. Se€&,.

As problem (36) is convex, the MM method can be invoked
to obtain a local optimum of problem (20), following the same
procedure as we did before for problem (35).

10

Algorithm 3 Algorithm for Solving Problem (18)

1: Initialize S € ;. Set k=0

2: Repeat

3. Generate the (k + 1)-th tuple (S} )vic, by solving (35)
4:  Set SEkH) =S, VielUr,andset k=Fk+1

5: Until convergence is reached

APPENDIX B
PROOF OF PROPOSITION 5

The proposed quadratic surrogate function of s;(S) has the
following form:

§7;(S,S(O)) £ Jogdet (I + Hq;S(O)HfI)
(o (5-5))|
Ty ((s ~ S(o>)H M, (5 - S(o)))

< logdet (1+H;SHY), v§, 8§ e 877, (37)

where matrices G; € C"7*"T and M; € C"T*"T peed to be
found such that conditions (A1) through (A4) are satisfied, and
Re{z} denotes the real part of x. Note that (A1) and (A4) are
already satisfied. Only (A2) and (A3) must be ensured.

Let us start by proving condition (A3). Let § and §' be
0 §W ¢ ST Then,
the directional derivative of the surrogate function %;(S,S'”) in
37) at § with direction S — 8§ is given by:

Re{ T (61 (s —5)) }.

Now, let us compute the directional derivative of the term
log det (I+ H;SH]"):

Tr (Hff (1 + HiS(O)Hf’) 'R, (S“) . S“”)) . (39)

where we have used dlogdet(X) = Tr(X'dX) [31]. Hence,
by applying condition (A3), the two directional derivatives (38)
and (39) must be equal, from which we are able to identify
matrix G; as

two positive semidefinite matrices, i.e, S

(38)

G, =H” (I—i—HiS(O)Hf{) 'H, G,=GF. 0

Note that as matrix G; is hermitian, the real operator is no
longer needed since the trace of the product of two hermitian
matrices is real. In order to prove condition (A2), it suffices
to show that for each linear cut in any direction, the surrogate
function is a lower bound. Let S = S(O) + p (S(l) — S(O)>,
YV € [0,1]. Then, it suffices to show (41). Since the left hand
side of (41) is concave with respect to u, a sufficient condition
is that the second derivative of the left hand side of (41) must
be lower than or equal to the second derivative of the right hand
side of (41) for any u € [0,1] and any sW. 8§ ¢ SI7, thus,
(42) must hold.

Let us compute the second derivative of the right hand side
of (42). The first derivative is given by (43) and the second
derivative is given by (44), where we have used the identity
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log det (I+HiS(0)HfI> uTr (Gi (S(l) _ S(O))) 2 Tr ((S(l) _ S(O)>HM1- (S(l) _ S(o>)>

< log det (I +H, (S(O) tu (S“) — S(‘”)) Hf’) . w8W 8 e T v e (0,1, (41)
2Tr ((s(” — S(O))HMi (S“) - S(O)) ) < 88—22 log det <I 1 H, (S(O) Yy (S(” - S(‘”)) H (42)
i V8™ S estT vuelo,1]
% log det (I + H; (S(O> + 1 (S(l) — S(O)) )Hf{)
T <(1 SR (SO 4 p (s -0) )u) (80 )y ) , 43)

2 togdet (14 H,(87 4 (8 -5) Jmlr) =

~Tr (A7'H; (8 -8 ) AT (Y-S mIT) @

dX ! = —X"'dXX"! [31] and matrix A; € C"R:i*"R; js
defined as A; =1+ H; (S“” tu (S‘” - S(O)) )Hﬁ.

We need to manipulate the previous expressions. To this end,
let us define matrix P; = HA;'H; € C"7*"7 and let us
vectorize the result found in (44):

Tr (Pi (S(l) _ S(O))Pi (S(l) _ S(O)))
—vec ((S(” i S“”)T) T(I o PTP) vec (S“) _ S(o)) . @5)

where we have used the following properties: Tr(AB) =
vec(AT)Tvec(B), vec(AB)T = vec(A)”(I ® B), vec(AB) =
(I® A)vec(B), and (A ® B)(C ® D) = (AC) ® (BD). Let us
now vectorize the left hand side of (42):

2 Tr ((s - S(O))HMZ- (s - s<0>)>
= 2vec ((S(l) - S(O))T>T (I ® M;)vec (S(l) — S(O)> , (46)

where in (46) we have used the fact that S(l) — S(O) is hermitian
and Tr(ABC) = vec(AT)T (I ® B)vec(C). Finally, we end up
with the relation from forcing that (46) must be lower than or
equal to (45). This relation can be expressed as given by (47).
A sufficient condition for expression (47) is:

1 1
ToM)+ 5 (I P/P;)=1® (Mi + 2PZTPi> =0, (48
which means that

1
M, + inPi <0. (49)
Now, if we set M; = ol (note that this is a particular simple
solution), we have that

a< _%Amax (P?Pz) 9

(50)

where Apax(X) is the maximum eigenvalue of matrix X. Now,
let us introduce the following result:

Theorem 1 ([32]). Let A, B € C"*", assume that A is positive
definite, and assume that B is positive definite. Let \;(A) be the
i-th eigenvalue of matrix A such that \y(A) > X2(A) > -+ >
An(A). Then, for all i,j, k € {1,...,n} such that j+k < i+1,

Xi(AB) < \j(A)A(B). (51)
In particular, for all i =1,... n,
Ai(A)An(B) < N (AB) < Xi(A)M\(B). (52)

Thanks to the previous result, v < —2AZ_ . (P;). Now, let the
singular value decomposition of H; be H; = UiEin . From
this, we can upper bound Apax (P;) = Amax (Hf{ A;lHi) =
Amax (ZiVIATV, ) <02 (H)AL(A;), where 0ax(X)
is the maximum singular value of matrix X. Because matrix A
is positive definite with Ap,in(A;) > 1, we can conclude that

1
a< _iaﬁlaX(Hi)v
and thus, a possible matrix M; satisfying conditions (Al)—(A4)
is finally

(53)

1 1
Mi = — 2 O (H)T = =X (HTH)L - (54)
APPENDIX C

PROOF OF PROPOSITION 6
Let us start by vectorizing the surrogate function in (24):
Ri(8,87) = 5(8,8”) - 4u(u(S-), ")
vec (ST)T (I®M;) vec (S) + e vec (S)
+rlvec (S;) + ko, (55)

where e; = vec (E] ) € C"7"7x1, r; = vec (R} ) € Crrnrx1,
and ko contains some constant terms that do not depend
on {S;}. Let s = [vec(S1)"vec(S2)” ... vec(Sy,)?]" €
CrrnrlUilx1 - Note that vec (S) = Ts, where T €
Ccrrnrxnrnrltil s composed of || identity matrices of size



T
2vec <<S(1) = S(O))T) {(I OM;) + % (I P?Pi)} vee (8 -8 <o,

12

(47)

nrnp X npny, ie, T=[IT ... I]. Now, we can rewrite (55)
as (omitting the constant terms)

Ri(S,S)=s"TH (1© M;) Ts + eI Ts + r/vec (S;). (56)

We know proceed to formulate the objective function (de-
noted by fo(S, S(O)) of problem (18) but substituting the bound
that we just computed and considering the proximal term. If
we incorporate all the terms (but omitting the constant ones)
we have

fo (8.8) =
Z w; <sHTH (I®M;)Ts + e Ts 4 r! vec (S;) )
1€Ur

st

plS: =S8, -

= sTAMTSs + &"Ts + t''s — ps'’s + ps(© s
+PSHS(0) - ;)S(O)’HS(O)7

(57)

(58)

where M = Y, wi I@M;) € Crrrrxnonr g =
T

Dicu, Wi, T = [1'1T ;... I“ZIJ € CrrnrlUixd and s(O) =

T
[vec(S(lo))Tvec(S(QO))T . .Vec(Sl(g{)I‘)T] € Crrrrlixt Now

taking into account that the objective function fo(S,S$(”)) must
be real and combining terms (omitting terms that do not depend
on S) we obtain

f0(8,89) = s"Cs + b's + s'b*, (59)

where b? = %éTT + %f'T + ps(OH ¢ clxnrnrldil apd
matrix C is C = TIMT — pI € Crrrrlilxnrnriin]  Eor
convenient purposes, let us change the sign of fO(S,S(O))
such that fo(S,SY) = —fo(S,S?V) = s#Cs — b”'s — sb*,
where C = —C = 0. Finally, we can equivalently rewrite the
objective function as the following expression (with this new
reformulation, the objective is to minimize f,(S, S(O)) instead
of maximizing it):

fo(8,8) = ||IC

1
2

s — |3, (60)

where

c=C 2p* e Ccrrrrlthlxt, (61)

Note that the term ¢ ¢ does not affect the optimum value of
the optimization variables as this term does not depend on s.
Now, we can reformulate the optimization problem presented
in (18) as

1
minimize ||C?s — ¢||3 (62)
Si},S
subject to C1:T;s=vec(S;), Viel
C2:8S €Sy,
where T; = [0,0,...,0,10,...,0] € Rrrrrxrrnridl g
——

i—1
composed of zero matrices of dimension nynr X npny with an

identity matrix at the ¢-th position. Problem (62) can be further
reformulated as

minimize t (63)

{Si},s,t
subject to  C1: ||C?s —c|]y <t
C2:T;s =vec(S;),
C3:S €Sy,

Vi € Uy

and, finally, as the following SDP optimization problem

minimize ¢

64
{Si},s,t ( )

1
tI C’s—c
subject to  C'1: 1 H =0
<C2s—c) 1

C2:T;s =vec(S;),
C3:S e S

Vi € Uy

APPENDIX D
PROOF OF PROPOSITION 7

The proposed quadratic surrogate function of s;(S) has the
following form:

4:(S,8) 2 log det <I+Hi > sg’)HZH)
keUr

oy (e (s 5)
+ 3 T ((sg = s@o))HM&- (80— s§°)))

LEUT

(65)

< log det <I—|—Hi 3 sen! ) . VS, S e snT,
kel;
where matrices G; € C"7*"T and M; € C"7*"T peed to
be found such that conditions (A1) through (A4) are satisfied.
Note that (Al) and (A4) are already satisfied. Only (A2) and
(A3) must be ensured. Let us start with condition (A3). Let Sgo) ,
S@l) € SiT, V/. Then, the directional derivative of the surrogate
function 3;(S, ) in (65) at Sgo) with direction Sy) - Séo) is

given by
Z 1
teu Re{ﬁ (Gh (Sg - SEO))) }’

I

(66)

and the directional derivative of the right hand side of (65) at
S'” with direction S — §{”) is given by (67). From (66) and
(67), we identify the matrices Gy; as

-1
Gy = HY (I +H; ) Sg»Hf) H;,, Gy =Gy, (68)
keUr

where we find that all matrices Gy; for a given user ¢ can be
the same, G; = Gy; (i.e., they do not depend on ¢).
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-1
Tr (Hf’ <I+Hi > s,§0>Hf> H, <Z (st - ng)) )

kelr LeUr

LeUr

—1
= > 1 |Hf! <I+Hi 3 S;O)Hff> H, (S§”

-s”) 67)

keUr

T

T
vec (Z (s - sﬁf”)) (1®PTP;) vee (Z (s - sff”)) , (70)

LeUr

LeUr

Now, we seek to find matrices {My;} based on condition
(A2). To this end, we follow the same procedure presented
before. We make linear cuts in each possible direction and apply
the condition over the second derivative (see (42)). The second
derivative of the left hand side of (65) is given by

23 T ((S(” “”)HM,% (s - sg0>)) -

LeUr

2 Z vec ((S(1 -S 0)) )T (I ® My;) vec (Sél) - S§O)) )

(69)

LeUr
and the second derivative of the right
hand side is given by (70), where P, =

HY <I+H¢(Zeeu1 (SEO) +p ﬂs@” — Sgo))) )Hf>_1 H;,
S

being constant p 0,1]. Now, let s =
- vec (S(l) — sl

[Vec (Sﬁl) - S§0)> Uz \u1|> ]

introduce the following block diagonal matrix

and let us

I® My, 0 e 0
: . 0
0 . 0 I®Mp,;
Then we have that the following condition should be fulfilled:
2s"M;s +s"T" (1@ PIP;) Ts < 0, (72)
which means that
~ 1
M; + =T (I& P/P;) T < 0. (73)

2

Note that the particular structure of matrix T" (I P} P;) T is
given by

IoP/P;, ... 10 PP,
I12P/P;

T I P/P;) T = o : ;8
I2P/P, ... 10PIP;

From the previous conditions we can see that all matrices
My; will be the same for user i, i.e., My; = M;, V£. Now if we
choose the particular structure M; = o1, then condition (73)
is equivalent to

1
ail + ST (I PYP;) T < 0. (75)

Now, condition (75) is equivalent to

1

cigl'g < —Sg'T" (Ia P/P;) Tg, Vg =  (76)
1

a;gfg < 7||Tg||§/\max (IP/P;), Vg = (@7
1

aigHg < _§||Tg||§)‘max (PzTPi)v vg. (78)

Now, the term ||Tg||2 can be further simplified. Based on the
structure of matrix T, we have that

ITg)3 =
nrnrt
Z |8 + &itnpngt1 Tt gi+nTnT(|M1|fl)+1‘2 (79)
i=1
nrnrtr
< Z ||Ur| max{g;, ... 7gi+nTnT(\u,|—1)+1}|2 (80)
i=1
nrnrt
< Z U |? ('gi|2 ot ‘gi+nTnT(|Z/{1\—1)+1|2) (81)
i=1
nrng|Ur|
= el D lel® = Ul lgls- (82)
i=1
Thus, a sufficient condition to fulfill (78) is
1
aillgl3 < =5 s Pl|gl3Amax (PTP:) . Ve, (83)
and, finally,
1
a; < *§|Z/[I|2/\max (P;TPz) < - |uf| Amax(HlHHl) (84)

Hence, a possible matrix M; satisfying assumptions (A1)—(A4)
is, finally,

M; = —7|u1| A (HPH)L (85)

max(
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