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Abstract—This paper studies energy-efficient coordinated
beamforming in multi-cell multi-user multiple-input single-
output (MISO) system. On contrary to the existing approaches
where the power consumption of a base station is modeled
as a convex or linear function, we consider a more practical
model where part of the processing power depends on the
rate provided by the base stations. Two optimization criteria
are considered, namely network energy efficiency maximization
and weighted sum energy efficiency maximization. We develop
successive convex approximation based algorithms to tackle these
difficult nonconvex problems. The numerical results illustrate
that the rate dependent power consumption has a large impact
on the energy efficiency, and, thus, has to be taken into account
when devising energy-efficient transmission strategies.

Index Terms—Energy efficiency, sequential convex approxima-
tion, circuit power, fractional programming, multi-cell.

I. INTRODUCTION

To enable nearby cells to use the same transmission re-
sources, interference coordination techniques have been of
huge interest in last decades. Among those, a powerful method
adopted in the current LTE-A systems is called coordinated
beamforming, where base stations (BSs) can jointly design
their beamforming vectors without sharing their data [1].
Coordinated beamforming has been widely studied for, e.g.,
sum rate maximization [2]-[4], and transmit power minimiza-
tion [5], [6]. To aim at energy savings for future networks,
energy efficiency has become an increasingly important design
criterion [7]-[9]. For energy-efficient transmission, dealing
with the power consumption caused by an increased number
of BSs in coordinated beamforming plays a key role.

The energy efficiency maximization (EEmax) problems
belong to the class of fractional programs, which have been
widely studied in both single-cell [8] and multi-cell system
models [9]-[11]. Nguyen et al. [9] considered the problem of
maximizing the minimum EE among base stations to maintain
EE fairness in a multi-cell multiuser multiple-input single-
output (MISO) system. Coordinated beamforming for network
EEmax in multi-cell multi-antenna systems was studied in
[10], [11] where the latter incorporated the data rate constraints
of the users in the optimization. To satisfy the heterogeneous
energy efficiency requirements of different cells, the works
in [12] and [13] proposed to use the weighted sum energy
efficiency (WsumEE) as a performance measure. However, all
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these works only consider the circuit power as constant and
do not account for the fact that a significant part of the power
consumption depends on the data rate.

The rate dependent power has been assumed to be either
linear or convex function of the data rate [14]-[16]. The
linear case with uniform user rates in a single-cell system
was investigated in [14] where zero-forcing beamforming
with massive multiple-input-multiple-output (MIMO) setup
was shown to achieve maximal EE. However, in a multi-cell
network where the inter-cell interference becomes significant,
zero-forcing method is highly suboptimal, because the degrees
of freedom are used up for nulling both intra- and inter-
cell interference. Furthermore, to completely eliminate the
interference, the number of antennas at each BS should be
equal to or larger than to the total number of users in the
network. A general convex power consumption model in point-
to-point MIMO orthogonal frequency-division multiplexing
systems was considered in [15], [16].

In this paper, we study energy-efficient coordinated beam-
forming in multi-cell multi-user MISO systems with rate
dependent power consumption. This is different from the
related literature which adopts either a simple (i.e. rate-
independent) power consumption model [11]-[13] or a sim-
plified beamforming technique (i.e. zero-forcing) [14]. We
extend the general rate dependent power consumption model
from [15], [16] to account for the multi-user transmission.
Two different optimization criteria are considered. The first
one is the network EEmax which gives the maximum energy
efficiency achieved in the network. The second one, on the
other hand, is the weighted sum EEmax (WsumEEmax),
which maximizes the sum of energy efficiencies of the cells.
The latter is very relevant in the sense that it can satisfy
heterogeneous energy efficiency requirements of different BS
types and can be implemented in a decentralized manner [13].

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider the downlink of a multi-cell MISO system with
B cells. Each base station b € B = {1,..., B} equipped with
Ny, antennas transmits data to a group of K, single-antenna
users in its cell, represented by the set K. Each user k € K =
UpeKCp in the network is served only by a single BS which



is denoted by by, € B, i.e., K N Ky = () Vb # b'. The channel
vector from BS b to user k is represented by hy, , € C1*No
In the downlink, data symbol s for user k is multiplied
with the beamformer wj, € CNv*1 before transmission.
Accordingly, the received signal at user k is given by

yr = hy, pwis, + Z JEX\ (b}
where ny ~ CN(0,02) is the background noise. The data
streams are assumed to be independent, zero mean and unit
power. It is also assumed that the BSs and users have perfect
channel information. The data rate of user k is given by

Ri(w) = Wlog(1 + I'i(w)) )

where W is the bandwidth, w £ {w}xex, and

hy, kwjs; +ng (1)

|hy, kwi|?
No+ 2 e gy o, kw2
with Ny = o2W is the SINR at user k.
B. Power Consumption Model

Te(w) £ A3)

We combine the power consumption models from [14]-
[16] and extend the general rate dependent power consumption
model to account for the multi-user transmission. As a results,
the total power consumption of cell b is modeled as

1
Py = 0 Zkem |[wi|l3 + Pepp + Prod (1) “4)

where the first term is the data transmit power in the downlink,
1 € [0,1] is the power amplifier efficiency at the BS, Pcp,, is
the rate independent total circuit power consumption, Prp > 0
is a constant accounting for the coding, decoding and backhaul
power consumption, and 6(r,) is a differentiable, strictly
increasing and convex function of the total sum rate 7, of
BS b, satisfying 6(0) = 0. Pcp, in (4) is decomposed as

Peppy = Prix + Prcyp %)

where Prx is a fixed power consumption required for site-
cooling, control signaling, and the load-independent power of
backhaul infrastructure and baseband processors, Prc y is the
power consumption of the transceiver chains in cell b.! Prcy
can be further decomposed as

Prcp = NyFPgs + Psyn + Ky Pug (6)
where Pgg is the power per RF chain at each antenna, Psyy is
the power consumed by local oscillator and Pyg is the fixed
circuit power of each user.

C. Problem Formulation

The problem of network EEmax with BS-specific power
constraints can be expressed as

ZbeB Rb(w)

max = (7a)
{wi}trex g(w) + Prp ZbGB 6(Rb(W))
s. t. Zk% |lwil|2 < Py, Vbe B (7b)

TAll the fixed power values can be different for different BSs, but for sim-
plicity, they are assumed to be equal. The rate dependent power consumption
of BS b could be also modeled as Zkelc Prpd(rg), where 6(rg) is a
function of individual user rate 7. The algorlthms presented in this paper
can be straightforwardly applied to this model also.

where g(w) £ %Zke,c [[Well3 + > pes Pepp includes the

power consumption which does not depend on the rate func-
tion, and Ry(w) is a function denoting the total sum rate
of BS b. Conventionally, the denominator of the objective
function has been either linear or convex function of the power
values [14]-[16]. However, as we can see, the rate dependent
circuit power causes further complications, making also the
total power consumption to be a nonconvex function.
The problem of WsumEEmax can be written as

max Z Wp—— By (w) - (8a)
{witrex beB " g, (Wyp) + Prpd(Rp(w))
. t. Zk% w2 < Py, VbeB (8b)

where Wy, = {Wilrer, 9(Wo) 2 + X pcx, |[Wall3 + Pery
includes the power consumption which does not depend on
the rate function, and w; is the energy efficiency priority
weight factor for BS b. Despite the apparent similarity, the
WsumEEmax problem is harder to solve compared to (7),
simply because the objective (8a) is a sum of fractional
functions, which is not quasiconcave even if the numerators
and denominators are linear.

III. PROPOSED SOLUTIONS

A. Network Energy Efficiency Maximization

We remark that the problem (7) is not a concave fractional
program for which efficient methods exist [17], [18]. The rea-
son is that both the numerator and the denominator in (7a) are
nonconvex functions. To find a more tractable reformulation,
we introduce the following equivalent transformation of (7)

2 beB b

max 9a
{wWk}rer {rs}ven ( ) + FPrp ZbeB 6(7'b) ©a)
5. t. rb<z log(1+Tk(w)), b€ B (9b)
Zk% ||w,€||2 <P, VbeB (9¢)

where (7) and (9) are equivalent because the constraints in
(9b) are active at optimality, and {rp}pe3 are new variables
representing the total sum rate of each base station b. At
this point, we note that the objective function is a linear-
convex fractional function and the difficulty now is in the
constraint (9b). To this end, by introducing new variables
{7k ke representing the SINR of user k, the problem in (9)
can be equivalently formulated as
2 beB o

max (10a)
{wWr, vk trex {Tb }oen ( ) + Prp ZbeB 5(“?)

s.t. rb<z logl—l—’yk) Vb e B (10b)
|hy, Wi |?
e < ’ VkeK  (10c)
No + E]GK\{k} [hy, kw2
D rer, Wil < B Yo e B (10d)

where SINR constraints in (10c) are still nonconvex. By
introducing a new variable 3, for total interference-plus-noise
of user k£ [19], [4], we can further rewrite (10)



max 2pen T (11a)

{Wk, Ve, Bk Y ek {Tb tben g(W) + FPrp ZbeB 5(7°b)

stk < |y, kWi |?/Br, Yk €K (11b)
<Y, log(l ) Vb e B (11c)
Br > No + Zjemk} Iy, pw; 2, Vk e K (11d)
D e, Wil < P Ve B (11e)

In the above problem, all the constraints are convex except
the one in (11b) but it is in a form that lends itself to the
application of successive convex approximation framework.
Specifically the right hand side of (11b) is called a quadratic-
over-linear function which is jointly convex with respect to S
and wy,. Thus, we can use the first-order lower approximation
for the right side of (11b) as [13]

by, owi|?/Br > 2Re((w”)h{! khbk m)/ﬂ

_(|hbk;kwk )|/ﬁkn)) Br = (Wkaﬁk) (12)
According to SCA principle we will replace the right side
of (11b) by a convex lower bound. From (12), the problem
at iteration n of the proposed SCA-based algorithm can be
expressed as

ZbeB b
max (13a)
{Wk Yk, Bk ke, {rb toen g(W) + Prp ZbeB 5(7‘b)
st e < U (wi, Br), Yk € K (13b)
rp < Z og(1+ ), Vb € B (13¢)
> w2
Bk > No + Z s oW P vk €K (13d)
D rer, IWell3 < P, Vo e B (13¢)

which is a concave-convex fractional program. The concave-
convex fractional program can be transformed to an equivalent
convex program with the Charnes-Cooper transformations [18]
as Wy = Wi, Yk = OV, Bk = 9Bk, To = ¢rp and ¢ =
1/ (2 Y hex 1Will3 + X pes(Prod (1) + Pepp)). This yields
{ka”ykﬁlfr}l?:c {Tb}ven Zbelﬁ‘ " (14)

5.t 4 — U (Wi, Br)) < 0,Vk € K
T — Zk% ¢log(1+ 1) <0,Vbe B
Ihe, W,

oNo + Zjefc\{k} ¢

! A5 "
€ Zke}c o T ZbeB(PRDM(z) +¢Pepp) <1
(14e)

— 2

D xR < 0P, (14f)
The optimal solutions for the original problem can be extracted
as Wi = Wi/o%yn = /¢ By = Bi/otry = /9"
Thus, in the algorithm, we iteratively approximate (7) by (14)
at iteration n of the SCA method until convergence. The
procedure is presented in Algorithm 1. The convergence of the
objective function for Algorithm 1 can be proved following the
same steps as in [20] and is, thus, omitted here for brevity.

(14b)
(14c)

— By <0,Yk € K (14d)

Algorithm 1 Proposed SCA-based beamformer design for the
network energy efficiency maximization problem.
Initialization: Set n = 0,
(w™, 8", vk € K.
1: repeat

generate initial points

2. Solve (14) with (w ,(C"), ,g")) Yk € K and denote
optimal values as (w}, 3 §€ ),k € K. Set n:=n+1.
3. Update (w,(C ") = Wy, ﬁ Br)-

4: until convergence

Output: wj = ‘;’f,Vk ek

Note that the algorithm applies to any convex function 4(-).

Remark 1. If the power consumption has a linear dependence
on the rate, i.e., (1) = rp, and Prp is the same for all the BSs,
Prpd(rp) does not affect on the optimal variables of (7). In
this special case, (7a) is equal to min(g(w)/ >,z Ry(w) +
Prp). As can be seen, Prp becomes a constant in the objective
function and could be ignored in the optimization process (but
not in the actual utility).

B. Weighted Sum Energy Efficiency Maximization

Here we again apply SCA framework to solve (8). As a first
step we write the following equivalent transformation of (8)

wyt 15a
{to}veB AWk }rex ZbeB bro (15a)
s.te ty < —— Bty (w) — ,VbeB (15b)
96(Wp) + Prod (Ry(w))
2
D ier Well3 < P, Vo B (15¢)

which is in fact an epigraph form of (8). Next, we can further
equivalently reformulate (15) as

ma. wpt 16a
{tbv"‘b}bEBv{‘i’(kKYk}kE}C ZbEB bt (16a)
2
T
s. t. < —0 ,VbeB  (16b)
96(Wp) + Prod (1)
Y < Ti(w),Vk e € (16¢)

2
> e, 08l +7) > 1, Vb€ B (16d)
2
D rer, WHE< P, voEB. (160)

We have used rﬁ in (16d) rather than 7, as in (13c). The reason
is that we want (16b) to be in a similar form to (11b) so that
application of SCA method becomes easier as shown shortly.
The equivalence between (16) and (15) is guaranteed since
all the constraints (16b)-(16d) are active at optimality. The
constraints in (16¢) are equivalent to (10c) and can be handled
as shown in (11) and (12). To find a tractable reformulation
of the nonconvex constraints (16b), we can equivalently split
it into the following two constraints

,,,2

ty < L VbeB (17a)
2

2p > gb(VNVb) + PRDé(Rb(W)),Vb e B, (17b)

where we have introduced new variables {z }»c5. Now, (17b)
is convex and (17a) is in the same form as (11b). Following



the same way to deal with (11b), we can use the first-order
lower approximation for the right side of (17a) as

ﬁ 27“1(7") rl(jn)

> Zirry, = (B )22 2 6 (1, ).
b b

(18)

Zp —

By using the linear approximations in (12) and (18), we
can use SCA where the problem to be solved at iteration n

becomes
wpt 19a
{to,7,20 boe B AWE VR Br frex ZbeB b ( )
st by < O (ry, 2),Vb € B (19b)
e <O (Wi, ). VE €K (190)
(8b), (16d), (17b), (11d) (19d)

The algorithm for WsumEEmax problem is called Algorithm
2 in the numerical results. Similar to Algorithm 1, the conver-
gence of the objective function for Algorithm 2 can be proved
following the same steps as in [20].

IV. NUMERICAL RESULTS

We evaluate the performance by assuming quasistatic fre-
quency flat Rayleigh fading channels and considering 7-cell
wrap-around model, where each user suffers interference from
six neighboring base stations. We assume a small-cell setup
where the inter-BS distance dg is 120 m. The radius of each
cell is assumed to be %, i.e., the cell edges are overlapping
and the users are randomly dropped to the cell edges. The
path loss in dB is modeled as 35 + 30log(d) with distance d
in meters and the shadowing as log-normal distribution with a
standard deviation of 8 dB. The algorithms are stopped when
the change over last five iterations is smaller than & = 10~
We set () = rp*, where m > 1 is any rational number,
wp = 1 and K, = K,N, = N,Vb € B, and the other
simulation parameters are adopted from [21], [14], [15], [16]
as: W = 20 MHz, Pgx = 3 Watts, Pgs = 0.4 Watts, Psyny =
1 Watt, Pug = 0.1 Watts, P, = 21 dBm,n = 02,Ny =
-98 dBm.

Fig. 1 illustrates the average energy efficiency versus FPrp
for different values of exponent m. We compare the proposed
algorithm with the conventional method where the rate de-
pendent power consumption is not taken into account in the
optimization problem but the results in Fig. 1 include also
the impact of rate dependent power (Alg. 1, Prp = 0). As
observed mathematically in Remark 1, the rate dependent term
does not affect the optimal solution of network EE when
m = 1. However, for a general model (m > 1), there is
a sharp difference which shows the importance of including
the rate dependent power consumption in the beamformer
optimization. Note that the gains of Alg. 1 depend on the
setup. Larger gains can be achieved in the systems with
low transmit power devices, where the rate dependent signal
processing power consumption is significant part of the total
power consumption. Fig. 1 also reveals that the power model
has a huge impact on the energy efficiency which shows the
importance of accurate power modeling.

Fig. 2 compares the weighted sum energy efficiency perfor-
mance with different exponent values m for the same simula-

[ [
—&

101 !i—a‘

——Alg. 1
—E—Alg 1, PRD =0

I \\\\HE_

Avg. Network EE [Mnats/J]

|
7.62 9.7
Prp [nJ/(nats)™]

Fig. 1. Energy efficiency comparison of the algorithms for different rate
dependent power consumption models with N =4, K = 2.
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—~Alg. 2
- Alg 2, PRD =0

Avg. WsumEE [Mnats/J] Avg. WsumEE [Mnats/J]

7.62 0.7
Prp [nJ/(nats)™]

5.55 11.78

Fig. 2. Weighted sum energy efficiency comparison of the algorithms for
different rate dependent power consumption models with N =4, K = 2.
tion parameters as those in Fig. 1. Here, we similarly compare
Alg. 2 with the one where the rate dependent power consump-
tion is not taken into account in the optimization problem
(Alg. 2, Prp = 0). We can see that for the WsumEEmax,
Alg. 2 offers significant performance improvement compared
to conventional method even when linear rate dependent power
consumption model is used (i.e., m = 1).

Fig. 3 plots the convergence of Algs. 1 and 2. We can see
that both algorithms converge relatively fast in the considered
setting and the obtained solution is insensitive to initial points.
We have numerically observed that the proposed algorithms
can return a high-quality solution (i.e., close to the conver-
gence point) after around 10 iterations. The convergence speed
could be further increased by choosing a more appropriate
initial point which is left for future work.

Finally, Fig. 4 shows the average energy efficiency for the
different numbers of transmit antennas /N. Note that in this
figure, the actual network energy efficiency is also shown for
Alg. 2. We can see that there is only a minor performance gap
between Algs. 1 and 2, which is due to the fact w;, = 1, V0.
The fairness and EE can be further controlled by adjusting
the priority weights. We also compare Algs. 1 and 2 with
the uncoordinated method, where each base station tries to
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Fig. 4. Average energy efficiency vs. number of TX antennas N with K =
3, Prp = 3.47 x 1079, m = 1.

maximize its own energy efficiency without any coordination,
and the orthogonal access method, where the bandwidth is
divided into 7 orthogonal sub-bands so that each BS occupies
W/7 bandwidth. As seen in Fig. 4, huge performance gains
can be achieved using coordinated beamforming.

V. CONCLUSIONS

This paper has studied multi-cell energy-efficient coordi-
nated beamforming with rate dependent power consumption
model. We have considered two different optimization criteria:
network energy efficiency maximization and weighted sum en-
ergy efficiency maximization. The framework for the proposed
solutions has been based on successive convex approximation
principle. The numerical results have illustrated that the rate
dependent power consumption has a significant impact on
the energy efficiency and thus has to be accounted for when
devising energy-efficient transmission strategies.
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