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ABSTRACT This paper proposes a double-objective optimization resource allocation algorithm for the
multi-user multiple-input/multiple-output (MU-MIMO) system in the general wireless environment and
demonstrates the maximum number of simultaneously supportable users and the achievable bit rates of
users in the general wireless environment with full rank and rank-deficient channels. The double-objective
joint optimization algorithm proposed in this paper simultaneously optimizes energy efficiency and system
throughput by user selection and power allocation. On this basis, the proposed algorithm guarantees the
different QoS requirements of various services, including rate requirements and delay requirements.

INDEX TERMS MU-MIMO, rank deficient, double-objective optimization, QoS guarantee, resource

allocation.

I. INTRODUCTION

MU-MIMO technology can effectively utilize spatial
resources to improve the throughput of wireless communi-
cation systems without consuming additional spectral band-
widths [1]. Therefore, MU-MIMO has become one of the
key technologies of 5th-Generation (5G) networks [36], [37].
With the increasing demand for wireless communications
and the increasing requirement for environmental protection,
the optimizations of system throughput and energy efficiency
(EE, represented by transmission data rate per unit energy)
are two important goals of MU-MIMO resource allocation
algorithm. The algorithm optimizes the two goals through
user selection and power allocation [2]-[4]. In MU-MIMO
systems, user selection and power allocation are related to
the rank of user’s MIMO channel matrix, because the rank of
the user’s channel determines the number of space-division
channels, thus affecting the user’s achievable data rate given
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a certain power level [5]-[7]. The existing literatures only
consider the full-rank channel when designing a resource
allocation algorithm, that is, they assume that the channel
matrices and the aggregate channel matrix of users are full
ranks. However, in a generally practical environment, the full
rank channels and the rank deficient channels exist simulta-
neously in many cases due to the scattering environment and
physical antenna spacing [8]-[10]. For example, when line-
of-sight (LOS) paths exist between the base station and the
user terminal or the distance between the antennas is less than
an integral multiple of the wavelength, the channel matrix
of the user is rank deficient. The simultaneous existence of
full rank and rank deficient channels is more likely to occur
in the user-intensive area because small cells are easier to
cause LOS paths [11], [12]. When the rank deficient channel
exists in MU-MIMO systems, the user’s achievable data rate
and the system throughput vary with the rank of user’s chan-
nel matrix, thus the total system power varies accordingly,
and the maximum number of simultaneously supportable
users will vary with the combinations of selected users.
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Therefore, those resource allocation algorithms in existing
literatures are not suitable for optimizing the system through-
put and energy efficiency in MU-MIMO systems in the prac-
tical wireless environment with full rank and rank deficient
channels. All the above motivate us to study the resource
allocation algorithm with the existence of the rank deficient
channel matrix.

Another problem in the existing literatures is that they only
minimize total system power based on the given minimum
system throughput or maximize the system throughput based
on the given maximum system power [13]-[15]. As far as we
know, there is no research focusing on the double-objective
(throughput and EE) optimization problem. The difficulty
lies in the fact that the system throughput and the energy
efficiency are coupled to each other; thereby the common-
used greedy algorithm cannot optimize the two objectives
at the same time. In addition, the exhaustive method cannot
be practically implemented because of excessive algorithm
complexity. The above observation prompts us to research the
double-objective optimization resource allocation algorithm
that maximizes both the system throughput and the energy
efficiency.

The QoS guarantee, including delay requirements and
rate requirements, must be taken into account when design-
ing the resource allocation algorithm. Since different kinds
of services have different QoS requirements and too many
requirements may lead to excessive constraints or non-convex
optimization problem, the existing literatures do not provide
accurate QoS guarantee, that is, they only consider the lower
bound of the rate requirements without considering the upper
bound of the rate requirements in the QoS profile. In fact,
most real-time services do not require excessive data rate, for
example, 64Kbps can make the quality of the voice service
reach its upper limit, i.e., make MOS (Mean Opinion Score)
reach 4.4 [16]-[18]. Therefore, for real-time services, the data
rate exceeding the upper limit of the data rate requirements is
meaningless and invalid.

To solve the problems mentioned above, the paper pro-
poses a resource allocation algorithm which simultaneously
optimizes the effective system throughput (effective sys-
tem throughput only counts users’ data rates between their
required upper and lower bounds) and the energy efficiency
while guaranteeing the QoS requirements in the practical
wireless environment with full rank and rank deficient chan-
nels. We assume that the MU-MIMO system discussed in the
paper has prefect channel state information. Firstly, we derive
the maximum number of simultaneously supportable users
and the achievable data rates of selected users with full rank
and rank deficient channel matrices in MU-MIMO systems.
Then, we establish a double-objective optimization model.
In this model, the optimization objectives are maximizing
the energy efficiency and the effective system through-
put; the constraints are the upper bound of antenna power,
the lower and upper bounds of user’s data rate. Since the pro-
posed optimization problem has two optimization objectives,
it cannot be directly solved by convex optimization method.
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We utilize the Lagrange dual method to solve the double-
objective optimization problem. We derive the Lagrange dual
convex optimization problem of the original optimization
problem and prove the strong duality between the original
problem and the dual problem, thus the original problem
can be solved by solving its Lagrange dual problem. A con-
vex optimization problem with the same optimal solution as
the Lagrange dual problem can be obtained by simplifying
the Lagrange dual problem. We solve the simplified convex
optimization problem in two steps. Firstly, we obtain the
optimal parallel channel power of users by using convex
optimization method directly. This power depends on the
eigenvalues of user’s equivalent channel matrix. Secondly,
we rewrite the simplified convex optimization problem as
a function of the eigenvalues of selected user’s equivalent
channel matrix by substituting the optimal power of users
which depends on the eigenvalues into the simplified convex
optimization problem. Therefore, we can solve the prob-
lem by user selection to find the optimal eigenvalues of
users’ equivalent channel matrices. In order to guarantee
the delay requirement, the user whose waiting slots reach
the maximum waiting slots is first selected, and then the
user selection criterion is to optimize the value of the above
function.

The contributions of this paper are summarized as
follows,

1. We derive the maximum number of simultaneously
supportable users, the achievable data rates of selected users
and the total system power in the practical MIMO envi-
ronment which contains full rank and rank deficient chan-
nels. We prove that the maximum number of simultaneously
supportable users in the rank deficient environment is
larger than that in the full rank environment, which
means more users can be selected in the rank deficient
environment. However, the achievable data rates and the
power of selected users decrease in the rank deficient
environment.

2. We propose a double-objective optimization resource
allocation algorithm which simultaneously optimizes the
energy efficiency and the system throughput in the practical
MIMO systems.

3. We provide accurate QoS guarantee, including rate
requirements and delay requirements. We consider both the
upper and lower bounds of the data rate requirements and
limit the real-time user’s rate to an effective range, then
more power and data rate are allocated to non-real-time users
correspondingly, thereby optimizing the effective system
throughput.

The rest of the paper is organized as follows. Section II
introduces related works. The maximum number of simul-
taneously supportable users and achievable data rate in the
full rank and rank deficient environments are described in
Section III. In Section IV, a double-objective optimization
model is established, and the solution is presented. Sim-
ulation results are provided in Section V, and Section VI
concludes the paper.

VOLUME 7, 2019



S. Pan et al.: Resource Allocation Algorithm for MU-MIMO Systems With Double-Objective Optimization

IEEE Access

Il. RELATED WORKS

[19]-[23] introduced the user selection algorithms that only
optimize the system throughput on the given maximum sys-
tem power. Reference [19] proposed a user selection algo-
rithm to optimize the system throughput while guaranteeing
the sum of all selected users’ data rates and the sum of all
selected users’ delay time are not less than the thresholds.
The algorithm in [19] considered neither QoS differentia-
tion among various services nor the upper bound of real-
time services’ data rate, so the algorithm could not meet
the requirement of a specific user and could not achieve
reasonable and effective resource allocation. Reference [20]
introduced a Proportional Fair (PF) user selection algorithm
that computes the priority for each user and selects the user
with the highest priority in each scheduling time slot. More-
over, the priority for a user was proportional to the user’s rate
in the current scheduling time slot and inversely proportional
to the user’s average rate of the earlier scheduling time slots.
However, this algorithm did not consider the QoS require-
ments of different services, thus it could not be well applied
to communication systems with multi-services. The capacity
based and the Frobenius norm based user selection algorithms
were proposed in [22], and the chordal distance-based user
selection algorithm was proposed in [23]. However, these
algorithms proposed in [22] and [23] did not consider QoS
differentiation among various services so that they could not
optimize the effective throughput of the system.

References [24]-[28] focused on the energy effi-
ciency optimization in wireless communication systems.
References [24] and [25] proposed resource allocation algo-
rithms to optimize the energy efficiency based on frequency
selective channel and channel state information respectively,
but neither of them considered the QoS requirements of ser-
vices. The energy efficiency optimization algorithm proposed
in [27] only considered the lower bound of rate requirement
of QoS, neither considered the delay requirement of QoS nor
QoS differentiation among various services. The energy effi-
ciency optimization algorithm proposed in [28] considered
the upper and lower bounds of rate requirement, but it did
not consider the delay requirement of QoS and the power
constraint of the antenna in the base station (BS), which
makes the power allocation not significant in practice.

In [38], the authors used the Dinkelbach method to solve
the EE maximization problem that was a typical fractional
programming problem, and the Dinkelbach method per-
formed well in this scenario. However, the double-objective
optimization problem established in our paper is not a frac-
tional programming problem, hence the Dinkelbach method
is not suitable in our paper. Reference [39] adopted a dif-
ferent framework from our paper. Reference [39] formulated
a double-objective problem by using the weighed Tcheby-
cheff method, which was a Multi-objective Evolutionary
Algorithm. The Multi-objective Evolutionary Algorithm has
many advantages, but it still has many shortcomings, such
as high computational complexity, lack of complete conver-
gence proof etc. The algorithm used in our paper can be
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FIGURE 1. System model.

essentially classified into the traditional Multi-objective opti-
mization algorithm (main objective method) which has many
unique advantages, such as small computational complex-
ity, easy implementation etc. We evaluate the computational
complexity of our algorithm in the appendix and find that
computational complexity is at the same level as which of
single objective problem.

IIl. SYSTEM MODEL

As shown in Figure 1, we consider the downlink of
an MU-MIMO system with a normalized bandwidth carrier,
where the BS is equipped with N7 transmit antennas and has
K users totally in the cell. The user m (1 <m < K) has
n,, antennas and Ny > n,, in general. M denotes the maxi-
mum number of simultaneously supportable users in the cell,
which varies with the rank of aggregate channel matrix of
selected users.

A. M IN THE RANK DEFICIENT ENVIRONMENT
In the MU-MIMO system, multiple users can use the same
frequency simultaneously to receive the data from the BS,
and it is necessary to eliminate inter-user interference by
precoding. The commonly used precoding methods include
dirty paper coding (DPC) and block diagonalization (BD)
[29]. We adopt BD in this paper for its lower complexity.
Denoting the transmitting signal vector of the user
m (1<m<K)asx, € C"<! the receiving signal
y,, € C"*1 can be expressed as:

M
Y, =Hy, ZDjxj + k;,
j=1
M
= HuDpxn+Hy Y Dixj+kn M
Jj=1j#m

where H,, € C""*NT denotes the complex channel matrix of
the user m, D, € CNT X" denotes the precoding matrix of the
user m, k,, € C"*! denotes the noise vector with zero mean
and covariance o2,

In (1), Hy, Z]Ai 1.j=mDjxj represents the interference
from other users to user m. To eliminate the interference,
the precoding matrix for the user m needs to meet the
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following equation:

H,D;j=0, m=121L,--- ,M;m#j )
LetH, = [H . HY,L,--- \H, | H! | L ... H},

A

M
H, e CXimtiz"i*N g the joint matrix of interference
users, Ly, denotes the rank of H,,. Applying the singular value
decomposition (SVD) to H,,, we have:

~[ow w25 ol v @

where ¥, denotes a im X im diagonal matrix and V,(,lo) denotes
aNT X (NT - im) unitary matrix. According to the property
of SVD, we have:

2,V —o @)

According to (4), the precoding matrix of the user m can be
expressed as:

D, =vVB, Q)

where V,g)) is used to eliminate inter-user interference and
B,, is used to maximize the data rate [4]. To guarantee V,g))
in (4) has the nonzero solutions, the number of the equations
in (4) must be less than the number of variables, thus:

Ly <Ny, Vm=1,2,--- .M (6)

where im denotes the rank of H m,» Which increases with the
number of selected users. It is obvious that (6) defines the
upper bound of selected users, i.e.,M.

In the full rank environment, L,, = ZJM

the rank deficient environment, L, < Z —1,j2m"j - There-
fore, the maximum number of 51multaneously supportable
users M in the rank deficient environment is larger than that in
the full rank environment, that is, the system can serve more
users simultaneously in the rank deficient environment.

B. THE RELATIONSHIP BETWEEN THE TRANSMISSION
POWER AND THE USER’S DATA RATE IN THE RANK
DEFICIENT ENVIRONMENT

LetH, = H,VY H, € C ) the rank of H,,
is L,, and the rank of H,, is L,,. Applying the SVD to H,,
we have:

H,=H,V" = [Ul U?,,][g’” SMV}n V%]HG)

1jm Y » while in

My X (NT

where A, denotes a L, X L, diagonal matrix and V}n denotes
a (NT — im) x Ly, unitary matrix. Since V® is a unitary
matrix with the rank Ny — im, the rank of H,, can be
expressed as:

i,, = min (Lm, Ny — im) 8)

Let B,, = V:n to maximize the data rate, thereby, D,, =
vyl Substituting D, into (1), we have:

w =HuDyxp, +k,=H,VOV! x, +k,
= UL Ay + ko ©)
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TABLE 1. Types of services and the corresponding requirements.

Rate Request 7, Delay Requirement

Service Type z

(Kbps) d_ (ms)
z=1 Voice 4~64 100
z=2 Streaming 50~85 150
z=3 Interaction 3~385 250
z=4 Background 15~10° None

Multiplying y,, by U ,lnH which is a unitary matrix, we obtain:
H H
"= Upy Y = A + U,y ki (10)

(10) indicates that the MIMO channels of each user can
be divided into several parallel equivalent channels and the
number of these parallel channels is L,, which is the rank
of A,, [30], [31]. Therefore, the relationship between the
achievable data rate R;, of the user m and the transmission
power in the parallel channel k of the user m can be expressed
as:

Rn = Zlogz <1 + p’"kk’”")
min (Lm Nr —L,,,)

m ks
Z log, (1 + p—k = k) (11)

k=1

where A, 1 is the k-th diagonal element of A,,.

IV. DOUBLE-OBJECTIVE OPTIMIZATION MODEL
A. DOUBLE-OBJECTIVE OPTIMIZATION PROBLEM
In this paper, we consider the QoS requirements of four types
of services divided by 3GPP as shown in TABLE 1 [32].
According to Table 1, for a real-time service user such as
voice user, if the user’s achievable data rate exceeds 64kbps,
the excess is meaningless. However, the existing literatures
only consider the lower bound of data rate requirements
and ignore the upper bound of data rate requirements in the
QoS profiles. In this paper, we consider both the lower and
upper bounds of QoS rate requirements. We assume that each
user uses one service.
R,1 and R,,» denote the upper bound and the lower bound
of data rate of the user m respectively, we have:

L

D,k
Rino < Ry = Zlog2 (1 + ’”G_mk) <Rn (12)
k=1

M denotes the maximum number of simultaneously sup-
portable users in the MU-MIMO system, so the effective
system throughput is the sum of all selected users’ rates.
Denote the effective system throughput as C, which follows:

2
m,k) (13)
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Denote the minimum system throughput as Cp, and we
have:

C=0G (14)

Pl.TX denotes the transmission power of the antenna i,

i=1,2,---,Nr. According to [33], PiTXcan be expressed
as:
M Ly
PP =33 "Dy . )1 - pimi < Po (15)
m=1k=1

where Py denotes the upper bound of antenna power. Then,
the total system power E can be expressed as:

Nt
E=e- Y PX+P, (16)
i=1
where e denotes the reciprocal of drain efficiency of the power
amplifier, and P, denotes the circuit power dissipation [34].
According to (13) (15) (16), the energy efficiency EE can
be expressed as:

M I:m Pmk 3,,](
A A
EE — E m=1k=1 (17)
30> YL 1Dy (i, k)2 - pk + Pe
i=1 m=1

According to (12) (13) (14) (15) (17), the double-objective
optimization problem that simultaneously optimizes the
energy efficiency EE and the effective system throughput C
through power allocation (pm,k) and user selection ()»m’k) is
established as follows:

C (pm,ka Am,k)
E(pm,k)
max C (pm.k: Am.k)
s.t. C (Pm» Amk) = Co
P i=1,2,...,Nr
Ry <Rpy <Rpy, m=12,....M
Vi, m (19)

max EE = (18)

< Py,

Pmk = 0,

Note that (18) and (19) indicate that there are two maxi-
mizing goals in the above optimization problem. The double-
objective optimization problem can be rewritten as:

min E(pm k) (20)
max C (pm,k, )»m,k)
s.t. C (Pmks Amk) = Co

P <py, i=1,2,...,Nr
RmOSRmmel, m=1,2,...,M
Pmk =0, Viom 21)

It is noted that the data delay requirement is not included in
the above equations. This requirement is considered in user
selection stage which will be explained in the next section.
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B. SOLUTION OF THE DOUBLE-OBJECTIVE
OPTIMIZATION PROBLEM

Since it takes more energy to increase the throughput,
(20) and (21) in the above problem are incompatible. Accord-
ing to [35], a common method for solving multi-objective
optimization problems is the main objective method, which
retains (20) as the main objective and converts (21) into a con-
straint. Therefore, the double-objective optimization problem
can be rewritten as:

min Epp, k)
s.t. max C (pm,k, )\vm,k) > Co
Pl.TX<P0, i=1,2,...,Nt
Ruo <Ry <Ry, m=12,....M
Pmi =0, Vi,m (22)

It is noted that the above problem is different from the
single-objective optimization problem since the constraint
C (pm,k, )\m,k) > (p in single-objective optimization prob-
lem does not maximize C (pm,k, )»m’k). The main objective
method in the paper, however, is to minimize E(p,, i) while
maximizing C (pm’ k> )Lm’k) as much as possible. In the above
double-objective optimization problem, the feasible set is a
convex set, the constraints include concave functions, (21) is
a concave function, (22) is an affine function, so the proposed
double-objective optimization problem is not a standard con-
vex optimization problem and cannot be directly solved by
convex optimization method. We use Lagrange dual method
to solve (22). First, we define the Lagrangian associated with
the (22) as:

Idpmi}. v, e, ¥, B)
(E(pm k) — v(max C(pm ka mk) Co)

- Z vi (Po—P¥) - 3" o (o — o)
m=1

- Zﬂm (R mo)>

M min (Lm Nr— )

B33 2

i=1 m=1

Dy (i, K)1? - Pk + Pe

(Lm Nr— Lm)

ZZ

— U | max

2
Pk - A
X10g2 (1 + m—2n1,k> - Co
o

Nt M
=Y v (Po—PIX) = > ctn R = R
i=1 m=1
M
=" B (R — Ruo) (23)
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where & = (a,00,....am), ¥ = (V1.72.---. YNg)s
B = (B1, B2, ..., Bu), and v denote the Lagrange multi-
pliers respectively, v, &, ¥, 8 > 0,VYm, i, k. We define the
Lagrange dual function as:

h(Uaav }’7 ﬂ) =mln 1({pm,k}a U’uv }’» ﬂ) (24)

According to (23) (24), the Lagrange dual problem of the
original problem is:

max h(v, o, ¥, B)

subject to pp g, v, 0, Y, >0, Vm, ik (25)

According to [35], whether the original problem is a
convex optimization problem or not, its dual problem is a
convex optimization problem. In the following, we prove
that the original problem (22) and the dual problem (25)
have the same optimal value. Thus we can solve (22) by
solving (25).

Definition 1: E* denotes the optimal value of the original
problem, if g that satisfies ¢ < E* exists, then ¢ is a lower
bound of E*.

Definition 2: Q denotes a set of real numbers, if any g € O
satisfies ¢ < E*, then all elements in Q are the lower bounds
of E* and the maximum element gn,x € Q is the infimum
of E*.

Proposition: For any feasible v, a”, y”, B, let b =
h (UA, a’, ", ﬂ/\) , then the dual function is the lower bound
of the optimal value of its original problem, and the optimal
value of dual problem is the infimum of the original problem,
i.e., For any feasible v", «”, ¥, B, we have:

h < E* (26)

Proof:
Supposing P, is a feasible point of the original
problem (22), then:

M min(Lm,NT —[,,,,)

~ 2
Dmje = M
ooy log (1 + ’”—;””‘)—co =0 @)
m=1 k=1 o
M Zan
Po— Y Y 1D (i )P - pruk = 0 (28)
m=1 k=1
L ~ 2
= Pm kA
> log, (1 + ’”—2’”"> — Ry >0 (29)
k=1 o
n P i
m,
R —Zlogz (1+TM> >0 (30)
k=1

For any feasible v”,a”,y”,B”, and v, a”, p”,

BN > 0,Vm, i, k, we have:
1({1’51’7[,/(}’ U/\v a/\a )’Av ﬂ/\)
M mm(Lm Nt — )

=ZZZ

i=1 m=1

|Dm (is k)|2 'I~7m,k + Pc
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mm(L,,l Nt Lm)

—v" | max Z Z

m=1
~ 2
kA

Nt M
=7 (Po=PP) = D el Rt = Ru)
i=1 m=1

M
— " B (R — Ro)
m=1

min (Lm Nt— Lm)

5 »> 2

i=1 m=1

That is:

h(UA, (I/\, }’A7 ﬁ/\) = mln Z({pm,k}a UA?
M mm(Lm Nr— Lm)

55>

i=1 m=1

Dy i, k)| - i + P (31)

o™ y" B

D s DI - Prge + Pe - (32)
For any feasible %pm,k, v a, yN, BN RN, o,y BT
< E(%opm.x) < E* can be satisfied. Therefore, (26) is proved.
End of proof.
v*, a*, p*, B* denote the optimal solution of the dual
problem, and i* denotes the optimal value of dual problem,
then according to (26), we have:

h* < E* (33)

Obviously, the original problem (22) in the paper is
an abstract convex optimization problem and satisfies the
Slater’s condition [35]. Therefore, according to Slater’s con-
dition, the strong duality holds and the duality gap h* — E*
is 0, then:

W = E*
W = E* (34)

(34) indicates that the original problem (22) and the dual
problem (25) have the same optima, and then the opti-
mal solution of (24) is the optimal solution of the original
problem.

The Lagrange dual function (24) can be expanded and
written as:

h(v,a,y.B)
mln(Lm Np— —I )
= min
Pm,k ZO,Vm,k IZ] ;; Z
X|Dyy (i, K)|* - pmic + Pe
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min (Lm Nt — Lm>

ZZ

— v max
Dk shm.k

2
Dmk * A
x10g2 (1 + m0—2mk> —Cy

mm(Lm Nr—

—Z% 3 Z

m=1

Dy i, k)|

min (Lm N1 _im)

M
- Zam R — Z
m=1

k=1

2
PmiA
x log, (1 + %)

min (Lm Nt _I:m)

_mXA;'Bm Z

k=1

2
Pm.kh
x log, (1 + %) — R

Nr

=h(v.a.y.B)+Pc+vCo— Y ¥iPo
i=1

- Zam ml+2,3m m0

m=1
where
’
h(u,e,y,B)
Nr M mln(LmsNT_Lm)
= minmin e- Z
Ak Pmk
mik Pm i=1 m=1 k=1

m=1 k=1
M mm(Lm Nr— )
+ Z Z Vi 1D (i ) - i
i=1 m=1
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* Pm.k

mm(Lm Nr— Lm)
+ Z 2
=1
M min(LmsNT*i/m)

_Z ];

m=1

2
Dm.k
oy log, (1 + ma_zmk>

2
kA
B log, (1 + l%) (36)

(36) is the simplified function of Lagrange dual func-
tion (35) by removing the constants from (35). The opti-
mal solution of the Lagrange dual problem (35) can be
obtained by solving its simplified function (36). In the paper,
we solve (36) by two steps: power allocation and user
selection.

1) POWER ALLOCATION

In the power allocation step, we derive the opti-
mal ppr that depends on Ay, where Ay, is the
k-th (k =1,L, min (Lm, Nr — I:m>) diagonal element of
H,, and H,, is the equivalent channel matrix of the user m.
It means A, is depended on which user is selected, so the
value of A,, x can be determined in next user selection step.
In this step, we assume that X, x is a constant, so (36) can

be rewritten as the following standard convex optimization
problem (37):

min g(pm,k)
min (L N7 — )

ZZZ

i=1 m=1

Dy i, k)|

*Pm.k
mm(Lm Nt— Lm)

52
—v Z Z log, (1 + p—m’kazkm’k>

(35) mm(Lm N7 — Lm)

55>

i=1 m=1

mm(Lm Np— )
+ mzl Z

mm(Lm Np— )
_ mzl Z

subject to pp i 2 (),

Vi |Dm (iv k)|2 *Pm.k

2
Dk
ap logy <1 + ma—zmk)

2
Pm.kA
ﬂmlog2 <1+ m 2m,k)
o

Vm, k 37

The standard convex optimization problem (37) can be
directly solved by the convex optimization method. The
Lagrangian of (37) is:

mm(L Np— L)

g(pmk)"‘z Z
m=1

where 0 (6,,c) denotes the Lagrange multiplier and
Omx > 0,Vm, k. According to [35], the point satisfying

em,kpm,k (38)

61313



IEEE Access

S. Pan et al.: Resource Allocation Algorithm for MU-MIMO Systems With Double-Objective Optimization

the Karush-Kuhn-Tucker (KKT) conditions is the optimal
solution when the optimization problem is a standard convex
optimization problem. Then we have:

mm(L Np— L)

Vg(pmk)+z Z

em,k me,k =0 39

OmiPmk =0 (40)

where V represents taking the derivative of p,, x. The condi-
tion that makes (40) always true is:

Bk = 0 (41)

Substituting (41) into (39), then the optimal value p,,
denoted as an, & can be expressed as:

vBm o
ph = max - ,0

T N )‘ik
In2a,, Y (e + i) IDm (i, k)| ’
i=1

vB o?
= yos " - 42)
In2a, Y (e + ) 1D (i, K)[> "™k
i=1

where (a)T represents the maximum one between a and 0.
Substituting (41) into (39), then we obtain the achievable data
rate Ry, with the optimal valuep}, ,:

min(L,,,,NrflA‘m) )\2
Ri= Y g, <1+p—m’22’"”‘>
k=1
min(Lm,Nrfi,,,)

= max E

k=1

VA2
x log, kP ,0

Nt
In2-02a, Y (e + y,) D (i, k)?

i=1

min(Lm,NT —I:m)

= X

k=1

Az
x log, kP (43)

Nr
In2-02ay, Y. (e + v) |Dm (i, k)[?
i=1

Substituting (42) and (43) into (36), we have:
H(v.a,y. B)

mm(L ,NT L)

_mln(e ZZ Z

i=1 m=1

Dy i, k)| -
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VBm o

o 2 Mk
In 2a;, § (e +vi) Dy (i, k)| "
i=1

M min(Lm,NT 7im>

P DS

m=1 k=1
+
V)\i k:Bm
x log, Ny -
In2-02a, Y (e + v Dy (i, k)?
i=1
M mln(L N7 — - )
+ Z Z i D i )
i=1 m=1
+
VB o’
0 g
In20,, Y (e + ¥4) [D (i, k)| "
i=1
M min(Lm,NT—I:m)
| D
m=1 k=1
+
V)\; k:Bm
x log, N
In2-02a, Y. (e + v) |Dm (i, k)2
i=1
M min(L,,,,NT *izm)
L DD
m=1 k=1
+
v)\i B
x log, Ny -
In2-02a, Y (e + v Dy (i, k)?
i=1
(44)

Obviously, (44) is a function of A, x and A, « is determined
by user selection.

2) USER SELECTION

In the user selection step, we not only solve (44) but also guar-
antee the data delay requirements. In Table 1, we assume that
the service type of user m is z and we denote r, and d, as data
rate request and delay requirement respectively. According to
the QoS delay requirements in Table 1, the delay requirement
d, of service z can be transformed into the maximum number
of waiting slots n_, thatis, n, = d; / tti with ##i being the length
of the time slot. W, , denotes the number of waiting slots
when user m using service z. In user selection, the user whose
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waiting slots reach the maximum waiting slots is first selected
to guarantee the delay requirement, and the other users are
selected to minimize h/(v, o, y, B). Therefore, the proposed
resource allocation algorithm that simultaneously optimizes
the energy efficiency and the effective system throughput is
as follows:

Step 1: Initialize Umin = 0, ¢min = Ymin = Bmin = 0,
Umax > 0, @maxs> ¥ maxs Bmax > 0.

Step 2: Initialize v = M
%=£@%ﬁﬂ,szmuwﬂ
ﬁm==gﬂfﬂigéﬂfﬁ, Vm=1,2,...,M;
“m=%’++%”m“, Ym=1,2,..., M.

Step 3: Initialize the set of unselected users as Q =
{1,2,---, K} and the set of selected users as ¥ = ¢.

Step 4: Compute W,, , of every user in set Q. If Wy, , = ng,
select user m. Then, update the set of selected users ¥ =
{m : Wy, = n;} and the set of unselected users 2 = Q — W.
If U = ¢ go to step 5, otherwise go to step 6.

Step 5: Compute Ly of every user in set W, and judge
whether it satisfies that im < Nt for any user m. If the result
is true, compute h/()\m,k) of user m in set 2, select a user
who can minimize h/(km,k) as mp, update ¥ = W + {m1},
Q=Q —{m}and h/(km,k); otherwise go to step 8.

Step 6: Compute Ly of every user in set W, and judge
whether it satisfies that im < Nt for any user m. If the result
is true, for each user m in set 2, define ¥,, = ¥ + {m}
and compute h/()»m, ) of W,,,, select a user who can minimize
B (Ami) as m*, update W = W + {m*}, @ = Q — {m*} and
h/()»m,k); otherwise go to step 8.

Step 7: Repeat Step 4.

Step 8: Compute p,, x by substituting v, &, y, B and A, «
into (42).

Step 9: Substitute A, x and p,,r into (13) to compute
Z/n‘f:l R, If Zlmw=1 R, > Co, set Upax = U, Omin = @,
Brax = Bs Ymin = ¥, otherwise set Upin = U, Omax = o,
ﬁmin =8, YVmax = V-

Step 10: Repeat step 2 to step 9 until vpmax — Unin < 6,
®max — @min < 8, Ymax — Ymin = 05 Bmax — Bmin < 8, where
8 denotes the constant that we set to control the accuracy of
the algorithm.

We evaluate the computational complexity of the proposed
algorithm, which is O (KMN% log w / 8). The computational
complexity is at the same level as the throughput-based
algorithm which only optimizes the throughput of the sys-
tem [40]. The computational complexity of the throughput-
based algorithm is O (KM 2N%). The complexity derivation
of the proposed algorithm is shown in Appendix.

V. SIMULATION RESULTS AND DISCUSSIONS

We consider an MU-MIMO system with a single BS. The
upper limit of the transmission power of each antenna Py
is 10W. The drain efficiency e and the circuit power
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FIGURE 2. Maximum number of supportable users versus the number of
base station antennas.

dissipation of base station power amplifier P, are 1/0.38
and 10W, respectively. The number of antennas N7 is 20,
and the total number of users K is 30. We assume that the
number of receiving antennas for each user is 3, that is,
n, = 3,Vm. We denote the transmit signal-to-noise ratio
as SNR = P, / o2, the value of SNR is changed by
changing the value of o2 in the simulation. We assume that
the number of real-time users and non-real time users are
equal and the achievable data rate is calculated on the base
of bandwidth normalization.

Fig. 2 shows that the maximum number of simultaneously
supportable users versus the number of base station antennas
in the full rank and rank deficient environments. As we can
see from the figure, the maximum number of simultaneously
supportable users in the system increases with the number
of base station antennas when the total number of users is a
constant. Meanwhile, the maximum number of supportable
users in the rank deficient environment is larger than that
in the full rank environment with the same number of base
station antennas. The reason can be found in the constraint
of the maximum number of simultaneously supportable
users (eq. (6)).

Fig. 3. shows the energy efficiency versus the number of
transmitting antennas. As it can be seen from Fig. 3, the
energy efficiency of the system increases with the number
of base station antennas when the total number of users is
a constant. The reason is that the number of users that can
be selected simultaneously in the system is proportional to
the number of transmitting antennas. However, when the
increasing number of antennas reaches a certain value, the
energy efficiency will not increase with the number of anten-
nas due to the limitation of the total number of users in the
system. In Fig. 3, the energy efficiency is fluctuant because
the proposed algorithm in the user selection step is essentially
an improved greedy algorithm which can only reach the local
optimal result instead of the global optimal result in each
user selection process. Therefore, the result obtained in each
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FIGURE 3. Energy efficiency versus the number of base station antennas.
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FIGURE 4. System throughput versus the number of base station
antennas.

user selection process is uncertain, which has an uncertain
gap with the global optimal result. In addition, we can also
see from Fig. 3 that when the number of antennas exceeds
a certain number, more total users in the system will lead
to higher energy efficiency. That is because ‘“‘better” users
that make the local optimal result closer to the global optimal
result can be selected.

Fig. 4. shows the system throughput versus the number
of antennas in BS. As it can be seen from Fig. 4, the sys-
tem throughput increases with the number of base station
antennas when the total number of users in the system is a
constant. The reason is that the maximum number of selected
users increases with the number of antennas, thus the system
throughput increases.

Fig. 5 shows the comparison of energy efficiency among
different algorithms under different SNR. In Fig. 5, the dif-
ference between the algorithm A and the proposed algorithm
is that the algorithm A is a single objective algorithm which
only optimizes the energy efficiency. The algorithm B is
obtained from the algorithm A without considering the upper
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FIGURE 5. Comparison of energy efficiency among different algorithms.

TABLE 2. Algorithms comparison table.

Algorithm General Double- The Upper Bound f
Environment Objective QoS Rate Requirements
Algorithm A N X 7
Algorithm B X x
Algorithm C X X %
Algorithm D X N J
Proposed N N N
Algorithm

bound of the rate requirements; the algorithm C presented
in [21] only maximized the system throughput in the full rank
channel environment without considering the upper bound of
the rate requirements; the algorithm D is same as the proposed
algorithm except that D does not consider the existence of
the rank deficient channel matrix. The details of these five
algorithms are shown in Table 2.

As it can be seen from Fig. 5, the energy efficiency
increases with SNR when the total number of users in the
system is a constant. The reason is that the increase of
signal-to-noise ratio means the reduction of noise power,
and hence the higher achievable bit rate can be obtained
with a certain transmission power. In addition, the energy
efficiency of the proposed algorithm and algorithm D is larger
than that of algorithm A, B and C, which indicates that the
double-objective optimization algorithm is superior to the
single-objective optimization algorithm in optimizing energy
efficiency. Meanwhile, the energy efficiency of algorithm A
is larger than that of algorithm B, because algorithm B does
not consider the upper bound of the rate requirements and
rate exceeding the upper bound is ineffective. Algorithm C is
designed only in the full rank channel matrix environment,
thereby its energy efficiency significantly lower than that
of other algorithms in the real environment (which contains
full rank and rank deficient channels). In the rank deficient
environment, i.e., in the simulation, the maximum number of
simultaneously supportable users of algorithm D is smaller
than that of the proposed algorithm, thereby the effective
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FIGURE 6. Comparison of system throughput among different algorithms.

system throughput and the energy efficiency of algorithm D
is smaller than the proposed algorithm.

Fig. 6 shows the comparison of system throughput among
different algorithms. It can be seen from Fig. 6 that the
system throughput increases with the total number of users
in the system when the number of base station antennas is a
constant. In addition, the system throughput will not increase
when the total number of users in the system reaches a certain
value, where the number of simultaneously supportable users
reaches its upper bound. It also can be seen from Fig. 6 that
the system throughput of the proposed algorithm and algo-
rithm D is larger than that of algorithm A and B, but slightly
smaller than that of algorithm C. The reason is that algorithm
C only maximizes the system throughput without considering
the optimization of system power at all while the proposed
resource allocation algorithm optimizes both.

VI. CONCLUSION

In this paper, we propose a resource allocation algorithm
for MU-MIMO systems in the general wireless environment
with full rank and rank deficient channels. The resource
allocation algorithm simultaneously maximizes the energy
efficiency and the effective system throughput through power
allocation and user selection. The proposed resource allo-
cation algorithm guarantees the different QoS requirements
of heterogeneous services, and it considers the upper and
the lower bounds of the QoS rate requirements. Due to the
excessive constraints, the optimization problem established
in this paper is not a standard convex optimization problem
and cannot be directly solved by convex optimization method.
We construct the Lagrange dual problem of the original prob-
lem and then prove the strong duality between the original
problem and its dual problem. When solving the dual prob-
lem, we firstly simplify and decompose the problem, such
that power allocation and user selection can be applied sepa-
rately to solve the problem. Simulation results show that the
proposed double-objective optimization algorithm is superior
to the existing single-objective optimization algorithms in
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terms of energy efficiency and effective system throughput.
In addition, compared with the existing algorithms that only
consider the full rank channels, the proposed algorithm can
select more users in the rank deficient environment, thereby
further enlarging the energy efficiency.

APPENDIX
The computational complexity of the proposed algorithm can
be counted as the number of flops, where a flop is equal to a
real floating point operation. A real operation is counted as
one flop, and complex addition and multiplication operations
are considered as two flops and six flops, respectively.

For a complex matrix H € C"™*" (m < n), the complexity
of typical matrix operations is summarized as follows [41]:

1. The flop count for SVD is 48m*n 4 24mn> + S4m?.

2. Matrix multiplication of a m x n complex matrix and a
n x p complex matrix has 8mnp flops.

In each iteration, the derivation of the proposed algorithm’s
complexity is as follows.

1. The initialization of the Lagrange multipliers takes
2 + 2N7 + 4M flops.

2. For i = 1: It takes K to compute the delay of all users.

3.Fori > 2:Itis noted that the complexity derivation of the
proposed algorithm in the following is in full rank environ-
ment. And the flops needed in the rank deficient environment
are less than which in full rank environment. Therefore,
computational complexity we derive in the following is the
upper bound of computational complexity of the algorithm.

1) SVD is used to get A, x for each user in 2.

SVD of H m takes

48 (i — 1)* n2 Ny +24 (i — 1) n,y,N2 454 (i — 1)* n}, flops.

To compute H,, takes 8 (i@ — D ny [Nt — (i — 1) ny,] flops.
For a simple analysis, Nt — (i — 1) n,, is replaced to Nt.
Then, the flop count to compute H,, can be rewritten as
8 (i — 1) nyNr flops.

SVD of H,, takes

48n2 [N — (i — 1) np)+24n,, [Ny — (i — 1) n,y]* +54n3,
flops. Similarly, the flop count for SVD of H,, can be rewrit-
ten as 48n%1NT + 24nmN% + 54nfn flops.

2) To compute h/()\,m’k) takes

2iNtn,, 3Nt + 10) + 9in,, (N7 + 3) flops.

3) To compute the optimal value of p,, x and Z%zl R,
takes 3N7 + 7 + 4n,, flops.

Therefore, in the rank deficient environment, the upper
bound of total complexity of an iteration is as follow:

M
W =2+42Nr +4M + K + Y [K — (i — DI{

i=2
48 (i — )2 n2 Ny +24 (i — D) nyuN7 4+ 54— 1> nd +
8 (i — 1) Ny + 48 (i — 1) n2 Ny + 24n,N? + 54n>, +
2iNtny, BN + 10) + 9iny,, (N7 + 3) 4+ 3N7 + 7 + 4n,,}
~ 0 (KMN}n, ) ~ 0 (KMN3 )
In addition, the computational complexity of the num-

ber of iterations is the maximum value of O (log Umax / 8),
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O (10g &tmax /8), O (108 ¥ max /8). and O (log B, /8), which
is defined as O (logw/s), w is a constant. Therefore,
the upper bound of total complexity of the proposed algorithm
is O (KMN% log a)/(S)
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