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Abstract. Femtocell technologies are used to extend radio
coverage into buildings and provide wireless broadband
access in residential, office or indoor hotspot environ-
ments. However, due to the radio spectrum scarcity, the
femtocells reuse the same licensed spectrum bands of the
macrocells. Thus, interference management is one of the
main challenges under such co-channel deployment of the
femtocells. In this paper, we propose a new joint power
control and 3-dimensional (3D) pattern-dependent beam-
forming algorithm to minimize total power consumption of
the femtocells deployed in a macrocellular environment.
This algorithm can help us achieve the goal of green com-
munication and significantly reduce power consumption of
the overall radio access networks. The algorithm is based
on an iterative scheme for a downlink case where all
femtocell access points (FAPs) and macro base stations
(BSs) are equipped with multiple antennas. By considering
radiation pattern of all antennas, the scheme tries to find
the optimal 3D beamforming weights and transmission
power of all FAPs and BSs while satisfying minimum sig-
nal-to-interference-plus-noise ratio (SINR) requirements of
both macrocell and femtocell networks. Simulations are
conducted in various scenarios to evaluate performance of
the proposed algorithm.
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1. Introduction

With the advent of new hand-held devices and smart
phones, data intensive applications such as online music
and video streaming, video conferencing and network
gaming have occupied more users' attention. Recent studies
show that more than 50% of all voice calls and 70% of data
traffic are generated in indoor environments [1]. However,
poor radio coverage inside buildings caused by wall pene-
tration losses makes it difficult for indoor cellular users to
receive high-quality services from a macro base station
(BS). On the other hand, increasing the BS transmit power

DOI: 10.13164/re.2017.1075

does not solve the problem as it leads to more co-channel
interference into neighboring cells. Furthermore, it is very
costly to have a large number of macrocellular BSs to give
better indoor coverage and meet the needs of high capacity
networks.

Femtocells are small-coverage, low cost and plug-
and-play indoor access points designed to solve in-building
coverage and capacity challenges and accordingly support
mobile broadband services [2], [3]. These access points
connect indoor users to the cellular core network via their
broadband internet access connections [1], [4]. The users
must pay additional fees to the cellular operator as well as
the cost for the internet connection to route the femtocell
traffic. When cellular users are located inside buildings,
they are often connected to the nearby femtocell access
points (FAPs) rather than a distant BS to receive high
quality voice, data and multimedia services with much
lower power consumption. However, due to the scarcity of
the spectrum, femtocells normally need to share the spec-
trum resources with the macrocell networks. The femtocell
users can access the frequency bands of the macrocells as
long as not causing harmful interference to those networks
[5], [6]. In the coexisting macrocell-femtocell heterogene-
ous networks, interference exists between the femtocells
and macrocell as well as between neighboring femtocells,
especially in dense femtocell deployment scenarios [7].
Furthermore, huge deployment of the femtocells will ulti-
mately make energy efficiency one of the major challenges
of these networks [8].

As mentioned above, one of the main challenges
faced by femtocell networks is interference management.
Thus, mitigating cross-tier (femto-to-macro and macro-to-
femto) and co-tier (femto-to-femto) interference, while
maintaining quality of service (QoS) or spectrum effi-
ciency, has attracted many research interests [5], [9-13].
Multiple antenna techniques can be applied as an effective
way to improve interference mitigation [14-16]. On the
other hand, energy efficient deployment of the femtocell
network has been investigated in [17-19] via power
control.

The combined use of transmit power control and
beamforming for femtocells was considered in [16] by
investigating the effect of channel uncertainty. Accord-
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ingly, the transmit power level and beam weights are de-
termined to provide desired signal-to-interference-plus-
noise ratio (SINR) for femto users (FUs) while minimizing
interference among the serving FUs and adjacent macro
users (MUs). However, this work studied interference
mitigation and did not address energy efficiency of the
deployed network. In [19], two distributed downlink power
allocation schemes were proposed to maximize energy
efficiency in the femtocells while satisfying minimum
SINR requirements of all MUs and FUs.

Recently, 3-dimensional (3D) beamforming algo-
rithms are proposed for interference mitigation in cellular
networks. These algorithms provide significant improve-
ments against 2-dimensional traditional beamforming tech-
niques [20-22]. In 3D beamforming, the enhanced beam-
forming algorithms are applied to obtain beamforming
weights according to both users' horizontal and vertical
positions. The aim of this paper is to propose a new beam-
forming technique for interference management and energy
efficient deployment of the macrocell-femtocell heteroge-
neous networks. Different from most of the research in the
current literature on the joint power control and beam-
forming algorithms for cellular interference management,
which are based on the 2-dimensional beamforming, we
propose a new 3D pattern-dependent beamforming scheme.
Since a precise 3D beamforming is correlated to the radia-
tion pattern of the array elements, the proposed joint power
control and 3D beamforming scheme is formulated by
considering radiation pattern of the antennas to minimize
total power consumption of the whole network and achieve
environment-friendly green communication. This scheme
attempts to find power values and beamforming weights of
the FAPs and macrocell BS in the downlink scenario by
satisfying the SINR requirements of both macrocell and
femtocell networks. The well-known WINNER II channel
model [23] is applied for path loss estimation in the 3D
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Fig. 1.

propagation environment of the considered system. The
performance of this algorithm and the effects of the an-
tenna pattern in terms of the consumed power will be
shown through numerical simulations.

The organization of this paper is as follows: Section 2
provides a detailed system model. In Sec. 3, a 3D pattern-
dependent joint power control and beamforming scheme is
introduced to minimize the total transmission power of the
whole system. Numerical simulation results are presented
in Sec. 4. Finally, Section 5 concludes the paper.

2. System Model

According to Fig. 1, we consider downlink of a heter-
ogeneous wireless system where K office/residential femto-
cells share a frequency band with an urban macrocell net-
work with L,; MUs. The BS is equipped with a uniform
planar antenna array of N°y similar antennas in each row
(each row is a uniform linear array) and a total number of
N’y similar rows in the vertical dimension (each column is
also a uniform linear array). Similarly, each FAP is
equipped with a uniform planar antenna array with N
similar antennas in each row and a total number of N'r
similar rows in the vertical dimension. There are Ly FUs in
each femtocell. All MUs and FUs have a single omnidirec-
tional antenna. The FAPs can access the core network of
the mobile operator via a broadband internet backhaul.

In this system, we focus on two interference scenar-
ios: macro-to-femto interference (interference from the BS
to the FUs) and femto-to-macro interference (interference
from the FAP to the MUs). We also assume that the inter-
ference from a femtocell to the other femtocells is negligi-
ble. The symbol /y,(I,;=1, 2, ..., Ly) is used to denote the
index of a MU, while I (Ir=1, 2, ..., L) points to that of
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Model for downlink of a macrocell-femtocell heterogeneous system.
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a FU in each femtocell. The channel gains from the BS to
the /;,-th MU and to the /r-th FU of the k-th femtocell are
defined by gg, and ng,F, respectively (k =1, 2,..., K).

Similarly, the channel gains from the 4-th FAP to the /,,-th
MU and to the /r-th FU of the corresponding femtocell are
denoted by g, and g, respectively. A 3D channel
model is required to obtain path loss gains in this system.
The WINNER II channel models are provided for link
level and system level simulations of local area, metropol-
itan area, and wide area wireless communication systems
operating in 2 — 6 GHz frequency range [23]. The models
support multi-antenna technologies, polarization, multi-
user, multi-cell, and multi-hop networks. By applying the
WINNER II channel model, the path loss can be written as
[23]:

PL=Alog]0d+B+Clogm(5f—‘(‘)j+X 1)

where d is the distance between the transmitter and re-
ceiver in [m], f. is the system frequency in [GHz], the fit-
ting parameter 4 includes the path loss exponent, B is the
intercept, C describes the path loss frequency dependence
and X is an optional environment-specific term. This model
can be applied for frequencies in the range of 2 to 6 GHz
with different antenna heights. The corresponding param-
eters of (1) for all propagation scenarios of in-building,
urban, indoor to outdoor and outdoor to indoor within our
considered system can be extracted from [23].

Assuming that the signal is transmitted for each MU
through beamforming, the output of the array elements at
the BS are weighted and added by a 3D beamformer. This
can steer a main beam toward the target user and adjust the
nulls to reject the interference in the direction of the others.
Although, in precise interference cancelation, the radiation
pattern of the array elements must be taken into account,
but the issue has not been considered in general beam-
forming schemes. In this paper, the channel responses are
formulated by considering radiation pattern of the antennas
in the BS and all FAPs. If the radiation pattern of the BS
elements is represented by fz(6, ¢), the channel responses
between the BS and the /;,-th MU and between the BS and
the /r-th FU of the A-th femtocell can be denoted by

hgi,, Os1, 1) and Wy, @ 51y, 0 5iy), respectively:

hb’/M ( B, > D1y, ) \/a B ( 81, > Pai, |V ) (631),, P, )
= \/gzwfg ( 81, > Pai, )Vv (HBZM )® \z (egzw >@Psi,, )7 2)
vi, €[l,L,]
BIF ( Bir >¢B1F) \/a B ( Bl ?¢BIF ) (HglF >¢1§1F)

=85, B( BIFs¢BIF) (HBJF) (9§1Fs¢§1p)> )
Vi, e[l,L,]

with

—JZ;rd sin@ —j27r(N’ —1)&sint9 !
Vv(é?):{l,e A e " } , @

o d, . d,
—j27% 2 cosOsing —JZﬂ(N‘ —l)—cosﬁsm(p
vh(9,¢)=[1,e 4 yees€ } (5

where ® denotes the Kronecker product, (-)" defines the
transpose operation, Og,, and ¢, are the angles of depar-
ture from the BS to the /;,-th MU in the vertical and hori-
zontal directions, respectively. Similarly, QkBIF and gokB,F are
the angles of departure from the BS to the /z-th FU of the
k-th femtocell in the vertical and horizontal directions,
respectively. Furthermore, d, and d, are the distances be-
tween two adjacent array antenna elements in a column and
a row, respectively. Correspondingly, if the radiation pat-
tern of the k-th FAP elements is represented by /6, ¢), the
channel responses between the k-th FAP and the /,-th MU
and between the k-th FAP and the /-th FU of the corre-
sponding femtocell can be represented by hkp,M(f)I‘p,M, q)kp;M)
and ﬁkF,F (HI(FIF, gokF,F), respectively:

ko k
hFIW Flw’?’m \/gFlM F F1wa(PFlM (‘QF/M#’FIM)

0F1M > C”FJM v, (QFIM ) v, (H;;M > ¢71]§1M )> ©)
vi, €[L,L,]

ok
FIF FIF’CZ’FzF \[gFlF F FlFa(PFlF (9F1F7¢7F1F)

= g;f“zp F FIF’CZ’FJF (9F1F)®Vh (eﬁzF’¢7§1F)> )
Vi, e[l,L,]

= g Fly, F

where ¢, and gokF,M are the angles of departure from the -
th FAP to the /j-th MU in the vertical and horizontal di-
rections, respectively. Similarly, &5, and ¢"z, are the an-
gles of departure from the k-th FAP to the /~th FU of the
corresponding femtocell in the vertical and horizontal di-
rections, respectively.

Let us denote wy,, as the N'),N°;~component complex
weight vector for the [j,-th MU, and wk,F as the N pNp-
component complex weight vector for the /r-th FU of the
k-th femtocell. Then, the received signal at the /,~th MU
can be represented by:

Ly

Y, =P, Wi h, s + Z\/7w h, s+
‘L ®)
oA wWIh, st +n, , Vie[l,K], L, €[l,L,]

where p; and pkj are the transmission power values intended
for the i-th MU and the j-th FU of the k-th femtocell, re-
spectively, s; and s are the signals transmitted to the i-th
MU and the j-th FU respectively, 7, denotes the zero-
mean additive white Gaussian noise (AWGN) of the /;~th
MU, and (-)""defines the Hermitian transpose operation.
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Also, the received signal at the /~th FU of the k-th
femtocell can be written as:

yl’i _ p[ W“Ih;ﬁgn +Li\/7w11hk s +
S — ©)
> (Wi, S+, Vke[LK]I, €[LL,]

FIp P j

where nk,F represents the zero-mean AWGN of the /-th FU
of the k-th femtocell. The first terms in both (8) and (9) are
the desired signals, while the other terms are related to the
interference and noise.

Assuming that the message signals are uncorrelated
and have zero-mean, the SINR values at the /;,-th MU and
the I~th FU of the k-th femtocell are given respectively by:

2
pmlm "
T, = Ly 2 > vIM E[I’LM]’
k k 2
> pfwih,, | +or,
1¢[‘,
(10)
~ 2
\ y (W,
Y, =5 — T . o Vke[LK].1, e[L,L,]
lep, +Zp, wi'h}, | +o;
J#le

(11)
where 6%, and Uzlﬁk are the receiver noise variance of the
ly-th MU and the /--th FU of the k-th femtocell, respec-
tively.

3. Joint Power Control and
Beamforming

In our joint power control and beamforming problem,
the objective is to find the optimal weight vector and
power allocations such that the SINR threshold is achieved
by all system links, while total transmission power of the
whole system is minimized. This reduces power consump-
tion of the radio access networks and helps achieve the
goal of environment-friendly green communications. To
this end, the optimization problem is defined by:

Ly K Lp
mn (Sp+550 ),

i=1 k=1 j=1

subject to:y, <7, andy, <%, (12)

Vi, kI

where 7, and j;k,F denote the minimum required SINR of
the [;;-th MU and the /~th FU of the k-th femtocell,
respectively.

The constraints of (12) can be presented in the matrix
form as

(1,-DG)p>u (13)

where I is an identity matrix of size Q = Ly, + KLy, the
diagonal matrix D is defined by:

1
D = diag Yy s ¥ i yeres
|W:‘I B1 |W2nhBLM |W1”h;l
(14)
7, i 7.,
|W1Hh1 |WKHhK |WKHhK ’
and the (Ly,+ KLp) x (Lyy+ KLp) matrix G is given by:
Gl G2
G= . (15)
G, G,

Here, Gi, G,, G3, and Gy are Ly;x Ly, Ly x KLp, KLpx Ly,
and KLpx KL submatrices, respectively. If we represent
the element at the m-th row and n-th column of the matrix

G, by [G/],.,» then we have:
0 for m=n

G 5 16
[ '] |w” B”| for m#n (16)
[G.].. =[(wes, ) e (7
(6], =|wimi . (18)

6] - ‘(wal _ﬁ)H fli(*;ir )‘ for L, -rfz+1 <n<

LF~(m+1), m#n

0 otherwise, (19)
where m=(m-1)divL, and #a=(n-1)divL,. The

(L, +KL,)x1 vectors p and u are given, respectively
by:

. H
p:[pl,...,pr,pf,...,p;,...,p]’(,...,pfr] ,  (20)
— 71612 ’?LM iw ?1612‘1 ?1 121
b 2 . 2
|W1Hh31 |WLM BL,, |W:HhL| | ]Hh;Lf
T (21)
YI 1K yLF iFK
Iw“hK [with,
Then, the vector
p,=(1,-DG) u (22)

minimizes the objective function in (12) for the fixed
weight vector set w.

However, direct optimization of the downlink sce-
nario in (12) is complicated. For this reason, we use the
duality concept between uplink and downlink multiuser
channels [24-26] and solve the downlink problem by con-
verting it into virtual uplink one. In our system, the virtual
uplink algorithm can be obtained by using the receive
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beamforming vector in the BS and FAPs in the reciprocal
transmission to the same user. Since the optimal uplink
receive beamforming vector is also the optimal downlink
transmission vector, a virtual uplink network is constructed
whose channel responses are the same as that of the down-
link. In such a scenario, we can write the SINR at the
beamformer output corresponding to the /;,-th MU and the
I-th FU of the k-th femtocell, respectively, as:

2
p[ | [ hB/
, | Wi, N,
Y, =7 3 ,  (23)
H Hy, k 2 H
Zp |w/, Bi W, h S, W,
:;é[w
~k kH k
rk pl,- I hFI,,
Y, = ; - (24)
kHy k k kHy k 2 kH
Zp |w h;, W, hp, +o,

J#lp

where p),, and %, are the virtual uplink transmission power
values of the [-th MU and the /~th FU in the k-th femto-
cell, respectively. Furthermore, o%,, and 02,” are receiver
noise variances for the /,,-th MU and for the /~th FU of the
k-th femtocell, respectively. In (23) and (24), the SINR
values are coupled only by the transmission power. By
exploiting this fact, we convert the downlink framework
into the virtual uplink one and provide an iterative algo-
rithm to find the weight vectors and solve the optimization
problem defined in (12). In the virtual uplink scenario,
Equation (22) can be rewritten as:

~ -1
p=(1,-DG") @ (25)
where
H
~ ~ ~1 ~1 ~K ~K
p=[pl,...,plﬂ,,pl,...,ph,...,pl ,...,ph] , (26)
5 &2 lwhll 7 & |lw" : 352 [lw™ 2
~ Y.0, (|W, 'YL” Ly Lw Y] 11
a= o - o L,
Wy, W, My, w
. @7
~l~2 2 ~K ~ 2 2 x|
’YIGLF,I W, Y] 1K YLF LFK WL,-
2
1Hy, 1 KHy, K KH K
|wLF 1 |w h h

Now, we want to find the beamforming vectors which
maximize SINR as:

WS]NR

=arg max {SINR } . (28)

These optimum beamforming weights are computed by:
-1

W =6, Zp, LSS FR L, | b, (29)

k=1 j=1
zzl”

(30)

Iy PN FF JUNEE

Ly ~
w, = | X oM, h"“+2p"hk he +65,1, | R,

I*IF

where ¢;, and ¢, are chosen such that Hw, ‘ =

The optimization algorithm is summarized in Fig. 2.

Initialize p
repeat
Derive the set of 3D beamforming weights based
on (29) and (30).
Construct D, G, u and u.
Obtain virtual uplink power vector by (25).
Compute downlink power vector by (22).
until convergence

Fig. 2. Summarized form of the iterative algorithm for joint
power control and 3D beamforming.

In order to show that the proposed algorithm con-
verges to a feasible solution, assume that there is a set of
weight vectors w, for which p(DG") < 1 where p(-) defines
the spectral radius of a matrix. The matrix I - DG is then
invertible and p=(I—DG") 'ii minimizes the objective
function for a fixed set of weight vectors. For any feasible
w, the vector p can be computed as the limit of the iteration
as:

P =" (p") (31)
where p" represents the power vector at the n-th iteration
and W is a beamforming dependent mapping which maps
p” to p" V. Starting from any arbitrary initial power vec-
tor p’, the mapplng " will converge to the optimal power
vector p’, where p =¥"(p), i.e. p_is the fixed point of the
mapping W". Furthermore, since the fixed point of this
mapping is unique, the optimal weight vector w" is also
unique. Therefore, our proposed joint power control and
3D beamforming algorithm converge to a fixed power
allocation.

As a result, the virtual uplink gain matrix DG" and
consequently, the downlink gain matrix DG converge to
constant matrices. The feasibility of the virtual uplink net-
work means that the uplink gain matrix converges to
a matrix whose eigenvalues are inside the unit circle. Since
the eigenvalues of the uplink and downlink gain matrix are
the same, the downlink gain matrix is an asymptotically
constant matrix whose eigenvalues are inside the unit cir-
cle. Then, the downlink iteration is also convergent, and
the algorithm converges to a feasible solution.

4. Numerical Simulation Results

In this section, we numerically evaluate our proposed
joint power control and 3D beamforming scheme. Consider
a cellular system with a radius of 150 m at 3.5 GHz. The
BS is located in the center of the cell. There are 4
femtocells and each has 3 FUs. The BS and all FAPs are
equipped with a planar array of printed dipole antennas.
The height of the BS and the FAPs are 10 m and 2.5 m,
respectively, while the user’s antenna height is 1.5 m. The
average power of the background noise is 90 dBm. Initial
transmission power of the BS and all FAPs to each user is
1 mW and the minimum required (target) SINR of all users
is set to 20 dB.
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First, we investigate convergence of the iterative pro-
posed algorithm. The BS and each FAP have 8 x 4 and
2 x 2 antenna elements, respectively. There are 16 MUs in
the microcellular area. Figures 3 and 4 illustrate the con-
vergence behavior of the proposed scheme. It is observed
that the proposed joint power control and 3D beamforming
algorithm converges within a few iterations.
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Fig. 4. Convergence of SINR (Ly =16, Ly=3, BS: 8 x4,

FAPs =2 x 2 and y = 20 dB).
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Fig. 5. Comparison of total transmitted power versus different
target SINR values for omnidirectional and dipole
array antennas (Ly =4, Lr=3,BS: 4 x 4, FAP: 2 x 2).
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Fig. 6. Total transmitted power versus number of MUs
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In order to show the effects of the antenna pattern on
the system performance, we compare total transmitted
power of the system where BS and the FAPs are equipped
with arrays of printed dipole antennas to the case where all
antennas are omnidirectional. The related simulation results
are presented for different SINR values in Fig. 5, where the
number of MUs is 8 and the BS and each FAP have 4 x 4
and 2 x2 antenna elements, respectively. This figure
shows that the system with printed dipole antennas requires
about 1.5 times more power than a system equipped with
omnidirectional array elements. This important result con-
firms that the exact antenna pattern should be considered
during the system design phase.

Total transmitted power of the system versus the
number of MUs for various BS and FAPs array configura-
tions is presented in Fig. 6. It is seen that the power con-
sumption of the system is increased with a greater number
of MUs. However, by applying more antennas at the BS or
FAPs, we can reduce total required power. Furthermore,
different array configuration with the same number of
antenna elements can change total transmitted power. For
example, when the system serves 20 MU, total transmitted
power is 30.80 dBm if the BS is equipped with 64 antennas
arranged as an 8 x 8 array. The power is reduced to
13.88 dBm for a scenario where the BS is equipped with
128 antennas configured as a 16 x 8 array. This results in
more than 16.9 dB reduction in the power consumption of
the whole system. However, with 64 antennas arranged as
a 16 x 8 array, the power is also reduced to 13.74 dBm.
This means that with the same number of BS antennas, the
system can achieve about 17 dB reduction in the total
transmitted power. Accordingly, precise attention should
be paid for selection of the BS and FAPs array sizes and
their configuration to minimize consumed power of the
system.

5. Conclusion

In this paper, an iterative joint power control and 3D
pattern-dependent beamforming algorithm is proposed to
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minimize total transmitted power of a femtocell system
deployed in a macrocellular environment. This algorithm
finds the 3D beamforming and power allocations of the
FAPs and macrocell BS while satisfying QoS requirements
of both macrocell and femtocell networks. In the proposed
iterative algorithm, the exact radiation pattern of the BS
and FAP antennas are used through the optimization
process.

For performance evaluation of the proposed
algorithm, a typical cellular area with a number of
femtocells is considered. The simulations demonstrate that
the algorithm converges within a few iterations. We
investigate the effects of the antennas radiation pattern on
the total system transmitted power. The simulations show
that approximating array elements with omnidirectional
antennas, performed in the previous literatures, can lead to
underestimation of the total system consumed power. It is
also observed that by appropriate configuration of the array
elements, total transmitted power of the system can
decrease considerably while the number of array elements
is constant. The simulations confirm that the proposed
technique can effectively use to reduce consumed power of
the macrocell-femtocell heterogeneous networks.
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