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Spectral and Energy Efficient Power Allocation for
MIMO Broadcast Channels with Individual Delay

and QoS Constraints
Jae-Hong Kwon, Jungil Cho, Byunggil Yu, Seongju Lee, Inha Jung, Chanho Hwang, and Young-Chai Ko

Abstract: In this paper, we propose a novel power allocation al-
gorithm to maximize the spectral efficiency (SE) and energy ef-
ficiency (EE) of multiple-input multiple-output (MIMO) broad-
cast channels under individual quality of service (QoS) constraints.
In several wireless applications, one of the most important fac-
tors for QoS guarantee is delay outage. To address the impact of
delay outage occurring in the link layer, effective capacity (EC)
that means the maximum constant arrival rate satisfying statisti-
cal delay-QoS constraint is considered. Using a novel performance
metric, effective-EE, which is defined as EC divided by total power
consumption, we formulate an EC and effective-EE maximization
problem with QoS constraints as an adaptive power allocation
problem. By applying Lagrangian method, we solve optimization
problem and propose an optimal power allocation algorithm. Sim-
ulation results demonstrate that our proposed algorithm can im-
prove the EC and effective-EE performance.

Index Terms: Delay outage, effective capacity, energy efficiency,
MIMO broadcast channels, power allocation, quality of service.

I. INTRODUCTION

MULTIPLE -input multiple output (MIMO) technique has
been widely deployed in wireless communication sys-

tems such as cellular system, wireless local area network
(WLAN) standards etc. Traditionally, studies of MIMO predom-
inantly focus on the improvement of spectral efficiency (SE) and
achieving higher data rate for the extensive demands of mobile
users. However, increasing the number of antennas, as well as
deploying additional deploying base stations (BSs) densely con-
sumes a great deal of circuit power. For this reason, energy ef-
ficiency (EE), defined as the achievable rate divided by power
consumption, has attracted considerable attention for the design
of future MIMO systems such as millimeter wave (mmWave)
and massive MIMO systems [1]–[3].
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As described previously in [4], general energy efficient pre-
coding method used in the MIMO system has been asymptoti-
cally investigated in several special cases, including slow fading
environments or cases with a high signal-to-noise ratio (SNR).
Specifically, for a MIMO singular value decomposition (MIMO-
SVD) which is known as the optimal scheme in terms of SE,
power allocation problem for the EE maximization has been
studied in [5]. Although the EE of a MIMO system is not a con-
vex problem, it is known that direct solving EE function does not
is available since EE function is convex-concave fractional prob-
lems [6]. Furthermore, an EE optimization problem can be trans-
formed into an equivalent convex optimization problem, which
can be the efficient method in certain cases [7].

Nevertheless, works found in [4], [5] and [7] focus principally
on point-to-point MIMO systems. In general downlink scenario,
however, MIMO broadcast channels (MIMO-BC) have mainly
been examined instead of point-to-point MIMO for spatial mul-
tiplexing gains since mobile units generally have a limited num-
ber of antennas due to both battery and size constraints. Simi-
lar to issues of point-to-point MIMO systems, studies concern-
ing EE maximization problems in MIMO-BC also exist [8],
[9]. In [8], energy efficient design of massive MIMO-BC was
proposed by adopting an iteration algorithm for the number
of transmit antenna and transmit power when zeroforcing (ZF)
beamforming or maximal ratio transmission (MRT) beamform-
ing were applied. For ta general situation, not specific beam-
forming cases, optimal and suboptimal beamforming techniques
for EE in the MIMO-BC systems were investigated [9].

Meanwhile, the guarantee of quality of service (QoS) require-
ments, i.e., delay constraints, for ultra-reliable communication
is also one main objective of future cellular networks. To ad-
dress the delay requirements in a QoS of link layer, the concept
of effective capacity (EC) was proposed as a QoS-aware link
metric [10]. Considering the aspects of both physical layer and
link layer, EC provides a maximum constant arrival rate with a
delay-outage probability constraint that is specified by the de-
lay exponent θ based on a large deviation principle theorem.
In [11], an optimal power allocation method was proposed that
adaptively determines transmit bits according to the variation
of channel in each time slot. This work focused on the tradeoff
between transmission power and delay of link layer. In [12],
the authors applied a different approach that considered EE un-
der the delay-QoS constraint using an EC metric and analyzed
the tradeoff between EE and SE. The analysis of [12], how-
ever, did not consider circuit power consumption and therefore,
it could only provide insights about the tradeoff between EE
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and SE under asymptotic conditions such as a large transmis-
sion power scenario where circuit power consumption is negli-
gible. The performance analysis of an effective-EE was under-
taken in [13] by using the realistic power consumption model
which includes the circuit power consumption. Furthermore, the
maximum effective-EE with the minimum rate constraint was
proposed in [14]. The delay outage probability effect on the EE
was also analyzed in [15] and EC maximization problem with
the EE constraint under the Nakagami-m fading channel was
considered in [16]. The works in [11]–[16], however, only con-
sidered single user point-to-point communication, while studies
on the EE of MIMO-BC with delay-QoS constraints were lim-
ited.

In this paper, we propose two power allocation algorithm to
maximize the EC and effective-EE for MIMO-BC with indi-
vidual QoS constraints. As mentioned above, extensive stud-
ies on the conventional SE and EE maximization problem in
MIMO-BC without any consideration to delay outage in link
layer already exist [9]. The objective of this work is to propose
a novel spectral and energy efficient power allocation method,
which takes into consideration the fact that each user has dif-
ferent network traffic and wireless applications. Our proposed
algorithm has potential to be applied to certain scenarios that
consider not only physical layer but also delay outage occurring
in link layer, which is far more practical than adopting exist-
ing power allocation algorithms for SE and EE maximization in
MIMO-BC. Rather than using conventional SE, we use a novel
performance metric, EC. Also, effective-EE is adopted as an ob-
jective function, which is defined as the EC divided by the total
power consumption [16] and formulate optimization problem to
include the effect of the delay outage in link layer. We impose
an EC threshold constraint that guarantee QoS for all the se-
lected users, including a total power consumption constraint at
the BS. By solving this optimization problem, we propose the
power allocation algorithm to improve the EC and effective-EE
performance and verify our result through simulation.

The rest of this paper is organized as follows. In section II,
we describe the system model and explain the performance met-
ric, EC and energy efficiency. Section III presents the optimal
power allocation strategy to maximize the EC under individual
QoS constraints. Also, section IV illustrates the optimal power
allocation to maximize effective-EE. Section V shows simula-
tion results and demonstrates our proposed algorithm. Finally,
section VI summarizes the paper.

The following mathematical notations will be used through-
out this paper. Uppercase and lower case boldfaces are used
to denote matrices and vectors, respectively. (·)T, (·)H,tr(·) and
E[·] represent the transpose, conjugate transpose, trace and ex-
pectation, respectively.

II. SYSTEM MODEL

A. Signal model

We consider a system model for MIMO-BC with single cell
shown in Fig. 1. Here the BS is equipped with Nt antennas and
each K user has a single antenna. We assume that the channel
matrix from the BS to eachK users as being H ∈ CK×Nt where
all the channel coefficients are independent and identically dis-

tributed (i.i.d.) complex Gaussian random variables CN(0, 1).
When x is a transmitted signal vector satisfying |xi| = 1 for
i = {1, 2, · · ·,K}, the received signal vector, y, with transmit
beamforming is given by

y = HFP
1
2x + n, (1)

where n ∈ CK×1 is the additive white Gaussian noise (AWGN)
vector with zero mean and variance σ2 per entry, F = [f1, f2, · ·
·, fK ] ∈ CNt×K is a beamforming matrix which satisfies
||fm|| = 1 for all m, and P = diag (p) ∈ CK×K with
p = [p1, p2, · · ·, pK ]

T is the power allocation matrix. The re-
ceived signal for the ith user is expressed as

yi =
√
pih

T
i fixi +

K∑
j=1,j 6=i

√
pjh

T
i fjxj + ni. (2)

We assume that channel state information (CSI) for the ith user,
hi, can be perfectly estimated at the ith user and all CSI is fed
back to the BS with no error. After CSI is received from all K
users, the BS can design the transmit beamforming matrix F.
The achievable rate for ith user is given by

Ri = log2

(
1 +

pi
∣∣hT

i fi
∣∣2∑K

j=1,j 6=i pj
∣∣hT
i fj
∣∣2 + σ2

)
. (3)

We consider that BS applies zero-forcing beamforming (ZFBF)
without generality [17]. Although minimum mean squared er-
ror (MMSE) beamforming is known as the optimal technique in
the MIMO-BC systems, ZFBF can also achieved near optimal
performance with high SNR regime. In this case, the transmit
beamforming matrix is given by

F =
1
√
γ
HH

(
HHH

)−1
, (4)

where γ = tr
[(
HHH

)−1
]

is the power normalization fac-
tor. Note that 1/γ becomes the effective channel gain for all
K users. Assuming that the noise variance is equal to one for
simplicity, we can write the achievable rate of the ith user as
Ri = log2 (1 + pi/γ) .

B. Conventional definition of EE

The EE is defined as the channel capacity divided by the
power consumption [18]. For MIMO-BC, we can present EE
as [19]

EE =

∑K
n=1Rn

α
∑K
n=1 pn +NtPBS +KPuser

(bits/J/Hz). (5)

Note that PBS and Puser are circuit power consumption per one
radio frequency (RF) chain required for BS and user, respec-
tively, while α is an efficiency of power amplifier (PA) at a
BS. The realistic circuit power consumption model is generally
given by [20]

PBS = PDAC + Pmix + Pfilt (6)
Puser = PLNA + Pmix + PIFA + Pfilr + PADC, (7)



392 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 22, NO. 5, OCTOBER 2020

User 1

User 2

User 𝐾𝐾

+

𝑄𝑄1

𝑄𝑄2

𝑄𝑄𝐾𝐾

Channel state information 
(CSI) feedback

Queue of user 1

Queue of user 2

Queue of user K

Beamforming

Physical layer
channel

Delay violation → Outage !

Arrival rate
for user 1

Arrival rate
for user 2

Arrival rate
for user K

Service rate
for user 1

Service rate
for user 2

Service rate
for user K

Base station

Fig. 1. A system model for queueing length where Qn is the threshold of the queue length for the nth user.

where PDAC, PADC, Pmix, Pfilt, Pfilr, PLNA and PIFA are the power
which is consumed in the digital-to-analog converter (DAC),
analog-to-digital converter (ADC), mixer, filters of transmit-
ter, filters of receiver, low noise amplifier and intermediate fre-
quency amplifier, respectively. According to [20], the power
consumed by ADC and DAC is significantly larger than the
power consumed by other parts. In the previous works on EE
of the MIMO-BC [21], [22], the performance metric of (5) was
used. However, when we consider delay outage in link layer,
an EE metric would need to be modified by taking the effect of
delay into account.

C. Effective capacity

In the physical layer, the Shannon capacity can provide in-
sights on the maximum data rate for wireless channel. In most
of the existing works that consider conventional physical layer
channel metrics, QoS was generally defined as the SNR of the
received signal or the Shannon capacity for each user. Studies
based on this assumption have been conducted without consid-
ering that each user uses different wireless applications and has
different characteristics of network traffic. In order to overcome
this limitation, authors in [10] mathematically analyzed the out-
age probability caused by the queueing delay at the link layer
and proposed a new performance metric called effective capac-
ity (EC). EC describes the performance of a physical layer wire-
less channel with the parameters of link layer. According to the
large deviation theory, a buffer violation probability is approxi-
mately modeled as

Pr {Q = qmax} ≈ e−θqmax , (8)

where Q is the steady state queue length at the transmitter and
qmax is the delay threshold [10]. The EC is defined as the max-
imum constant arrival rate that a given service process can sup-
port to guarantee statistical delay requirements which is speci-
fied by delay exponent θ. Under the block fading channel as-
sumption, the EC with the length of fading block, Tf , is de-
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Fig. 2. Effective capacity w.r.t. SNR under different QoS constraints.

scribed as [10]

EC (θ) = − 1

θTf
lnEγ

[
e−θTfR

]
,

where R and θ is an Shannon capacity and delay exponent, re-
spectively. When θ → 0, there is no delay constraint and EC
is equivalent to the Shannon capacity. Fig. 2 describes the EC
under different QoS constraint.

III. EFFECTIVE CAPACITY MAXIMIZATION

A. Problem formulation

In this section, we consider the power allocation to maxi-
mize the sum effective capacity (EC) with individual delay con-
straints in the MIMO-BC systems. We assume that each user
has a different QoS requirement such as a delay outage proba-
bility constraint, while the case that all the selected users have
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the same requirement of QoS was considered in previous work
of effective-EE of the MIMO-BC [23]. In other words, a more
general assumption was imposed on each user with a different
value of delay exponent, θ [24]. In this case, the EC of the ith
user is given by

EC (θi, pi) = − 1

θiTf
lnEγ

[
e−θiTfRi

]
, for i = 1, 2, · · ·,K.

The total EC of the K users, ECtot, can be expressed as the total
sum of each user’s EC as follows.

ECtot (p) =

K∑
n=1

EC (θn, pn) (9)

Let us denote the EC threshold to avoid the delay violation as
Ωthr. Hence we can formulate optimization problem as follows

(OP1) max
p

ECtot (p) , (10)

subject to EC (θn, pn) = Ωthr ∀ n, (11)
Pt (p) 5 Pmax, (12)
pn = 0,∀ n, (13)

where Pt (p) =
∑K
n=1 pn. Note that inequality constraint of

(11) indicates that each user should have the minimum EC per-
formance for reliable communication. (12) means that the sum
of transmit power to K users is less than maximum power and
(13) is the nonnegative power constraint. According to [25],
[26], it was proved that EC (θn, pn) is a convex function with
regard to pn. Since the objective function of (OP1) is the sum
of convex functions and constraints are linear or convex, (OP1)
is a strictly convex problem with regard to pn. Thus, we can ap-
ply standard convex optimization method such as interior point
method.

To obtain the solution, we need to compute EC (pn) with
given pn and θn as

EC (θn, pn) = − 1

θnTf
ln

∫ ∞
0

(
1 +

pn
γ

)−θnTf
ln 2

fγ(γ)dγ,

where fγ(·) is the probability density function (PDF) of γ. Un-
fortunately, it is complicated to obtain the closed form expres-
sion of EC (θn, pn) due to the unknown fγ(·). Hence we apply
a numerical method such as bisection searching.

B. Low complexity power allocation to maximize EC

To reduce the computational complexity, we first remove the
individual QoS constraint through statistical analysis. If we de-
fine the minimum transmission power to satisfy the QoS con-
straint as pthr(θn), as follows:

pthr (θn) =

(
−βn ln 2Ωthr

E [γβn ]

)− 1
βn

, (14)

where βn = θnTf/ln 2.
Proposition 1: The threshold power pthr(θn) can be approxi-

mately expressed as
(
−βn ln 2Ωthr

E[γβn ]

)− 1
βn .

S M

S
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thr( )

thr( )
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Fig. 3. The concept of our proposed algorithm.

proof: To obtain the minimum power to satisfy the QoS con-
straint, we apply simple lower bound of EC as

EC (θn, pn) = − 1

βn ln 2
lnEγ

[(
1 +

pn
γ

)−βn]
(15)

= log2 pn +
1

βn ln 2
ln
(
E
[
γβn
])
. (16)

From (11), we can obtain

pthr (θn) ≈
(
−βn ln 2Ωthr

E [γβn ]

)− 1
βn

. (17)

If we can predetermine the pthr(θn) and allocate to total K
users previously, we can remove the individual delay-QoS con-
straint of (11). Under the assumption of Pmax � Pt (pthr), we
can additionally allocate the remaining power after allocating
the minimum transmit power, Pmax−Pt (pthr), to each of the K
users to maximize the EC. Thus, we can reformulate optimiza-
tion problem as

(OP2) max
p̃

ECtot (pthr + p̃) , (18)

subject to p̃n = 0 ∀ n, (19)
Pt (pthr + p̃) 5 Pmax. (20)

Note that pthr = [pthr (θ1) , pthr (θ2) , · · ·, pthr (θK)]
T and p̃ =

[p̃1, p̃2, · · ·, p̃K ]
T where p̃n is the additional power allocated to

the nth user to improve the EC performance. Fig. 3 describes
the concept of our algorithm. Since objective function of (OP2)
is still convex, we can adopt Karush-Kuhn-Tucker (KKT) con-
dition to achieve the global optimum. To solve this problem, we
consider the Lagrangian function, L1 (p̃, ν), with multipliers ν
as

L1 (p̃, ν) = ECtot (pthr + p̃)+ν (Pmax − Pt (pthr + p̃)) . (21)

To calculate the optimal additional power allocated for the nth
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user from dual problem, we have

p̃∗n=

[
arg
p

min

(
Mζ (1− βn, γ)− Mφn (−βn, γ)

ν ln 2

)]+

,

(22)

where [x]+ = max {x, 0}. Note that MX (τ, t) =

E
[
X (t)

τ−1
]

represents the Mellin transform where φn(γ) =

γβn+1 + γβnp and ζ(γ) = 1 + pγ−1. To obtain the Lagrangian
dual variable ν, we adopt well known subgradient method as
follows

ν(j+1) = ν(j) −∆(j)
ν

[
Pmax − Pt

(
pthr + p̃(j)

)]
, (23)

where j is an iteration number and ∆
(j)
ν is corresponding non-

negative step size. This process is similar to the well known
water-filling method. In our approach, we need to compute ad-
ditional power for N 5 K users who have less value of θ at
each iteration and N is monotonically decreased until conver-
gence. Also, since the number of constraints is less than (OP1),
we can reduce the computational complexity.

IV. EFFECTIVE EE MAXIMIZATION

A. Problem formulation

In [9], work on the EE-optimal power allocation method for
MIMO-BC focused on the maximization of conventional EE
without a delay violation probability in the link layer. It means
that this work was only valid in the physical layer of the wireless
communication system. Considering the effect of queueing de-
lay, we need to use the performance metric as effective EE that
is defined as the total EC divided by total power consumption.
Using the power consumption model of (5), we can define the
effective-EE, η, as

η =
ECtot (p)

αPt (p) + Pc (Nt,K)
. (24)

where Pc (Nt,K) = NtPBS + KPUE is the sum of transmit
power and circuit power consumption. Similar to the relation-
ship between EC and Shannon capacity, when θ is equal to 0,
effective-EE is close to the conventional EE. Here, we use (24)
instead of (5) to include the effect of the delay as well as the
QoS of users.

In this section, we formulate the optimization problem in
terms of the effective-EE under the QoS constraint for each
user. Similar to EC maximization case, we can formulate the
effective-EE maximization problem as follows

max
p

η, (25)

subject to EC (θn, pn) = Ωthr ∀ n, (26)
Pt (p) 5 Pmax. (27)
pn = 0, ∀ n. (28)

Three constraints are the same as the (11)–(13).

B. Optimal power allocation with Dinkelbach’s transformation

The objective function of (25) is called a nonlinear fractional
problem which is generally non convex function. To handle the
fractional problem, we adopt well known Dinkelbach’s trans-
form technique [27]. We reformulate with auxiliary variable z
as follows.

(OP3) max
p

ECtot (p)− z (αPt (p) + Pc (Nt,K)) , (29)

subject to EC (θn, pn) = Ωthr ∀ n, (30)
Pt (p) 5 Pmax, (31)
pn = 0, ∀ n. (32)

Note that objective function of (OP3) is a strictly convex prob-
lem since the ECtot (p) is convex and αPt (p) + Pc (Nt,K) is
a linear function. Hence we can optimal P ∗ with fixed z. The
proof of equivalence between (OP3) and (25)–(28) is in [27]. To
obtain the value of auxiliary variable z, we use iterative manner
as

z[t+ 1] =
ECtot (p[t])

αPt (p[t]) + Pc (Nt,K)
, (33)

where t is the iteration index. First, we have initial value as
z[1] = 0 and solve the (OP2) to obtain the p[1]. In the next step,
we compute z[2] using (33) and solve (OP2) again. We continue
these processes until z[t] is converged. At each step, we adopt
standard convex optimization algorithm such as interior-point
method. As iterations continue, the value of z is monotonically
increased and fast converge to global optimum of original prob-
lem.

C. Low complexity power allocation for effective-EE

In this section, we take the alternative low complexity power
allocation method into account. To reduce the computational
complexity, we first remove the individual QoS constraint
through statistical analysis similar to EC maximization case. We
then reformulate the problem of (25)–(28) as

(OP4) max
p̃

ECtot (pthr + p̃)

αPt (pthr + p̃) + Pc (Nt,K)
, (34)

subject to p̃n = 0 ∀ n, (35)
Pt (pthr + p̃) 5 Pmax. (36)

The objective function of (OP4) is a concave-convex fractional
problem since the numerator is concave and the denominator is
convex with respect to allocated power. When both the numer-
ator and denominator of the concave-convex fractional problem
are differentiable, the stationary point of this function is then
known to be at a global maximum and Karush-Kuhn-Tucker
(KKT) conditions are sufficient [6]. Therefore, we can directly
solve our optimization problem by applying KKT condition
even though the effective-EE function is not a convex problem.
The Lagrangian with multiplier λ, L2 (p̃, λ), is described as

L2 (p̃, λ) = η + λ (Pmax − Pt (pthr + p̃)) .

The partial derivatives of L2 with respect to p̃n is then given by
∂L2

∂p̃n
= ∂η

∂p̃n
− λ. First, we need to calculate partial derivative,
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gη(p̃n) , ∂η
∂p̃n

, as follows.

gη(p̃n) =
Mφn (−βn, γ) (αPt (pthr + p̃) + Pc (Nt,K))

ln 2Mζ (1− βn, γ)

+
α lnMφn (−βn, γ)

βn ln 2
(37)

For the KKT condition, allocating pm = pthr
m is an optimal solu-

tion for the mth user in the case of gη(p̃m = 0) < 0. Consider-
ing that K is a set of all selected users, we define S as a set of
users who receive additional transmission power, and Y as a set
of users who do not receive additional transmission power, that
is, S = K−Y . Then, the optimal additionally power allocation
for the nth user, p̃∗n, is given by

p̃∗n =

{
arg min

pn
gη(p̃n) for n ∈ S

0, for n ∈ Y.
(38)

If we denote the cardinality of Y as M , we would then need
to calculate K −M simultaneous equations since the objective
function of (OP4) becomes the function of all p̃n for n ∈ S.

After computing p̃∗n for all n, when we define p∗n = p̃∗n +
pthr
n for n, we take two cases into the consideration for the total

power constraint.

C.1 Pmax = Pt (pthr + p̃∗n) case

In the case above, p∗n obtained from (38) is a valid solution
for the nth user. Hence, the inequality constraint of (36) is no
longer needed. Therefore, we can easily obtain the solution by
solving all K −M equations in (38).

C.2 Pmax < Pt (pthr + p̃∗n) case

In this case, we need to modify the inequality constraint
(36) to Pt (pthr + p̃∗n) = Pmax. When the total average trans-
mit power is fixed, the effective-EE maximization problem is
equivalent to the EC maximization problem since the denomina-
tor of the effective-EE is unchanged. Thus, when the maximum
transmission power available at the transmitter is not sufficiently
large, the method maximizing the EC performance forms the so-
lution.

To get the insight of system design, we need to find the
point of Pt (pthr + p̃∗n) = Pmax statistically. Considering
ECtot (p) 5

∑K
n=1 log2 (1 + γpn) when θ → 0, we have

E
[∑K

n=1 log2 (1 + γpn)
]

5
∑K
n=1 log2 (1 + E[γ]pn) due to

the Jensen’s inequality. Using the Then the expectation of η is
computed as

E [η] 5

∑K
n=1 log2 (1 + E[γ]pn)

α
∑K
n=1 pn + Pc

≈
K log2

(
1 + Pt(Nt−K)

K2

)
αPt + Pc

.

Note that the expectation of trace of inverse wishart matrix is
given by E [γ] = K/Nt −K. Differentiating E [η] with regard
to Pt, we can obtain the closed-form expression of P ∗t as fol-
lows.

P ∗t ≈
K2

Nt −K

(
e
W
(

(Nt−K)Pc
K2αe

− 1
e

)
+1 − 1

)
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Fig. 4. Effective-EE optimization algorithm.

whereW(·) is Lambert W function. For the optimal system de-
sign in terms of effective EE, P ∗t becomes a sufficient maximum
power of BS.

We can summarize optimal power allocation algorithm as
shown in fig 4. Our proposed algorithm is more efficient than
the ZFBF scheme for maximizing conventional EE as proposed
in [9] for practical purpose since effective EE metric includes
the impact of queueing delay outage in the link layer.

D. Computational complexity comparison

The computational complexity of (OP1)–(OP4) is evaluated
and compared. We have total K decision variables for objective
function and (2K + 1) convex and linear constraints in (OP1)
and (OP3). Thus, the computational complexity is asymptoti-
cally expressed as order of O

(
K3 (2K + 1)

)
for (OP1) and

O
(
IK3 (2K + 1)

)
for (OP3) where I > 1 is the number of

iterations for variable z. On the other hand, proposed low com-
plexity algorithm has limited number of decision variables and
constraints due to the predetermined minimum power to satisfy
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the statistical QoS constraint. Since the number of optimization
variables is N << K and the number of constraint is (1 +N),
the computational complexity is denoted asO

(
N3(1 +N)

)
for

both (OP2) and (OP4).

E. The effect of θ

In the concept of EC introduced by [10], the value of θ
determines the delay constraint of the user’s wireless applica-
tion. In other words, users have low value of θ in loose delay-
constrained system and high value in tight delay-constrained
system. When delay constraint becomes tighter, BS needs to
allocate more power to users to transmit accumulated informa-
tion in the queue to escape the queueing delay outage. We can
see that pthr (θn) is proportional to the value of θ. If the se-
lected users have low θ value, the optimal solution in terms of
effective-EE is that BS does not use all available transmit power.
However, for the tight-constrained case, BS needs to utilize all
available transmit power to satisfy delay-QoS constraint for each
user. Hence we can expect that performance gap between our
proposed algorithm and other schemes such as equal power al-
location is decreased when delay constraint becomes tighter.

V. SIMULATION RESULTS

In this section, we demonstrate that our proposed algorithm
improves EC and effective-EE performance through Monte-
Carlo simulations under the Rayleigh channel assumption. We
assume Tf = 1 and Ωthr = 1. For the power consumption
model, we set the parameters by referring to [20] and references
therein. Although this parameter setting has an impact on the
effective-EE performance, the impact of these parameters on the
effective-EE using our proposed algorithm is little.

In Fig. 5, we show the EC performance with regard to the
number of transmit antennas. For the low θ group, θ is uniformly
distributed in (0, 10] and for the high θ group, θ has uniformly
distributed in (0100]. Compared to the equal allocation case,
our proposed algorithm can improve the EC performance. Sim-
ilar to Fig. 5, Fig. 6 shows the EC versus SNR. It can be also
demonstrated improvement of our proposed EC maximization
algorithm. From both Fig. 5 and Fig. 6, it can be shown that our
proposed algorithm achieves the performance of original opti-
mization method

In Fig. 7, we show the effective-EE performance versus the
number of transmit antennas, Nt, for the different values of de-
lay exponent θ. It confirms that our proposed algorithm has the
ability to improve the effective-EE performance. Furthermore,
we observe that the optimal number of transmit antennas for the
effective-EE exists, since deployment of multiple antennas can
increase the amount of the circuit power consumption at the BS.

Fig. 8 illustrates the effective-EE performance with regard to
the maximum transmission power available on the BS for dif-
ferent Nt and K values. In the low maximum transmit power
region, it is shown that the effective-EE performance using
our proposed algorithm is the same as that of the EC-optimal
scheme since the solution to both schemes are equal. However,
over the high maximum transmit power region, the effective-
EE performance remained unchanged under our algorithm while
those of other schemes decrease. Even if the BS has the abil-
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ity to use a higher transmit power, the BS is needed to use∑K
n=1 p̃

∗
n + pthr

n which is less than Pmax to maximize effective-
EE performance. Hence, in the high maximum transmit power
region, the effective-EE performance of our proposed scheme is
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saturated regardless of the maximum transmit power at BS.
In Fig. 9, we describe the effective-EE with regard to the num-

ber of users, K for three different schemes. We assume that the
delay exponent value, θ, is uniformly distributed in (0, θmax] and
thus plot two cases, the first when θmax = 1 and the second
when θmax = 10. In this case, our proposed algorithm achieves
a higher effective-EE performance compared to the other two
schemes. On the other hand, the performance gap between the
three schemes decreases when K is increased. For example,
the effective-EE performance of our proposed scheme is about
0.55 bits/Joule/Hz higher than that of the equal power allocation
scheme when K = 2. However, the performance gap between
the two scheme is decreased to 0.04 bits/Joule/Hz when K = 8
(K 5 Nt). The reason for this phenomenon is due to the power
consumption of the user increasing as the number of users who
simultaneously receive signals increases. In this case, it is ex-
pected that the effect of different power allocation for each user
in the BS is relatively reduced.

We further plot the effective-EE versus θmax for K = 4 and
K = 8 where Nt = 16 and Pmax = 10 dB in Fig. 10. The value
of θ is also assumed to be uniformly distributed in (0, θmax]. This
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Fig. 10. Effective-EE w.r.t. the θmax, for different vales of K when Nt = 16
and Pmax = 10 dB.

figure shows that the improvement of effective-EE performance
of our proposed algorithm becomes larger when the number
of selected users becomes smaller. Incidently, for tight delay-
constrained systems (e.g. large θ), the performance gap between
the two schemes is small since the power required to satisfy QoS
constraint of each user is increased, while the remaining power
to improve effective-EE performance is decreased. In short, the
performance improvement caused by applying our proposed al-
gorithm is reduced for a large θ scenario.

VI. CONCLUSION

In this paper, we proposed an energy efficient power alloca-
tion algorithm in MIMO broadcast channels under individual
QoS constraints. We define individual QoS constraints as the
minimum effective capacity which is a novel performance met-
ric that considers the impact of a delay outage in the link layer.
We formulated an optimization problem in terms of the effec-
tive energy efficiency which is defined as the effective capac-
ity divided by the power consumption. In this problem, we set
two constraints, one of which is the maximum total transmission
power, and the other is a threshold of the effective capacity for
each user. By considering the two constraints, we adopted the
Lagrangian method and found the power allocation algorithm.
Our proposed algorithm can be applied to the energy efficient
MIMO broadcast channels with the consideration of the QoS
guarantees for mobile users.
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