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Resource Allocation Scheme for Energy Saving
in Heterogeneous Networks
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Abstract—Energy efficiency in communication networks has re-
ceived increasing attention in both industry and academia. In this
paper, we investigate the energy saving issue in a heterogeneous
network (HetNet), which is introduced to cellular radio networks
to improve capacity and enhance coverage. A HetNet consists of
base stations (BSs) with different transmission powers, resulting
in systematic power control that is more complex than that in the
conventional cellular networks. The main difficulty is addressing
the mutual interference between different kinds of BSs. In this
paper, we try to minimize the power consumption of an OFDM-
based HetNet while satisfying all users’ rate requirements, as
well as considering the inter-cell interference. Qur general prob-
lem formulation leads to a nonconvex optimization task that is
generally hard to tackle. We derive a concave lower bound of
user’s achievable rate for a given power allocation, based on
which an efficient iterative algorithm is developed to solve the
formulated problem efficiently. Numerical results show that our
proposed resource allocation scheme works well in different sce-
narios. The energy consumption of the cellular system is reduced
dramatically compared to other schemes. Moreover, our proposed
algorithm converges quickly and stably, showing great potential
for applications.

Index Terms—Energy efficiency, heterogeneous network, inter-
ference management, nonconvex optimization.

I. INTRODUCTION

IRELESS data traffic is dramatically growing and the

monthly demand is forecasted to reach 6.3 EB on
2015, a 26-fold increase over 2010 [1]. However, as a scarce
natural resource, radio spectrum is very crowded in the band
for mobile communications, which is becoming a bottleneck to
develop diverse wireless applications. Though some promising
spectrum utilization schemes have been proposed to address
spectrum crisis [2], [3], most of them are far from implemen-
tation because of technical limitations. A practical solution is
Heterogeneous Network (HetNet), which consists of various ra-
dio access nodes, such as macro Base Stations (BSs), pico BSs,
femto BSs and relays. These nodes have different capacities
and operating functionalities, which can potentially improve
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spectrum efficiency significantly by enhancing area spectrum
reuse. On the other hand, HetNet also entails a new paradigm
shifting from traditional centralized macro BS only framework
to a more autonomous, uncoordinated, and intelligent one,
resulting in more complex interference management and power
control issues that should be properly addressed.

Besides improving system throughput, HetNet also has a
potential from the viewpoint of energy saving. Statistical data
show that Information and Communication Technology (ICT)
industry is an increasingly key contributor with an 8% of the
worldwide energy consumption in 2008, and is expected to
double by 2020. Particularly, mobile communication systems
occupy 0.5% of global energy consumption [4]. The potential
energy saving of the HetNet comes from the fact that low power
access nodes, such as pico BSs, femto BSs and relays, are
generally much closer to end users than macro BSs, thus the
radio links between these low power access nodes and the end
users suffer lower path losses as compared to the links between
the macro BSs and the end users. As a result, the low power
access nodes can not only offload the traffic of the macro BSs,
but also reduce the total power consumption of the cellular
system while satisfying the same users’ rate requirements.

Energy consumption issue has been investigated extensively
in recent years. To increase the energy efficiency (EE) of the
cellular systems, traffic-aware transmission strategies have been
proposed in [S]-[7], where underutilized BSs are recommended
to switch to sleep mode or be shut off during off-peak time of traf-
fic loads. It is practical because the deployments of existing
cellular networks are always designed for peak load traffics,
leading to very inefficient usage of BSs during off-peak time. The
cell discontinuous transmission strategies proposed in these
works are recognized as promising approaches to improve the
EE of the cellular system. There are also energy saving schemes
from the perspective of network deployment. In [8], bit/Joule
is introduced to evaluate the EE of a cognitive radio system,
based on which an efficient resource allocation algorithm is
developed. In [9], the optimal BS density for both homogeneous
and heterogeneous cellular networks is analyzed, where all BSs
transmit data with fixed power and the objective is to minimize
the total energy cost. With variable BS transmission powers, the
BS density should be re-optimized and the network energy con-
sumption can be significantly reduced, as show in [10], which
focuses on the energy efficient deployment for both homo-
geneous and heterogeneous cellular networks under coverage
performance constraints by using stochastic geometry tools.

As a widely investigated topic in Orthogonal Frequency
Division Multiplexing (OFDM)-based cellular networks, re-
source allocation also plays an important role in interference
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management and energy saving. In [11], fundamental tradeoff
between EE and spectral efficiency (SE) in the OFDM system
is studied. Energy-efficient spectrum sharing in heterogeneous
cognitive radio network with femto BSs is investigated in [12],
where Stackelberg game is employed to address the formu-
lated problem. In [13], an energy-efficient power optimization
scheme is presented for interference-limited communication. In
[14], non-cooperative game is introduced to perform subchan-
nel assignment, followed by joint multi-cell power allocation
to minimize the power consumption of each user. Generally,
full channel state information (CSI) is necessary for the men-
tioned resource allocation schemes. In a HetNet, femto BSs
are typically consumer deployed (unplanned) access nodes for
indoor application with a network backhaul facilitated by the
consumers home digital subscriber line (DSL) or cable modem
[15]. However, due to the feedback latency and limited signal
overhead that can be exchanged among BSs, perfect CSI may
not usually be known by all BSs. In [16], the authors designed
a game-theoretical resource allocation scheme considering both
EE and interference control in the HetNet with incomplete
CSI. As for the femto BSs installed by users in an ad-hoc
manner, the mutual interference between macro BSs and femto
BSs makes the resource allocation task challenging [17], [18].
Interference management algorithms for femto BSs can be
found in [19]-[21].

Most of the previous works focus on the improvement of
EE rather than directly reducing the energy consumption. It
is reasonable since maximizing the EE of the cellular network
certainly reduces the energy consumption for a given system
throughput target. As shown in [11], the optimal EE of an
OFDM system can be reached in the case that the system
throughput equals to a specific value. However, in most situa-
tions, the total rate requirement of users is not equal to a specific
one, which means that it is impossible to get the maximum EE.
Moreover, even if the sum rate of all users happens to reach
the optimal point that yields the maximum EE, each user’s rate
requirement may not be satisfied at this point. It is of great
concern to satisfy the QoS requirements of users for service
providers. Therefore, it is more reasonable to minimize the total
energy consumption of the cellular system while satisfying all
users’ QoS requirements, which differs from the objective of
maximizing the system throughput and is also the motivation
of this work. We try to save energy as much as possible
while keeping all users’ achievable rates above their required
thresholds. By exploiting the properties of the lower bound of
the user’s rate, the formulated nonconvex optimization task can
be relaxed to a convex optimization problem, which we develop
an iterative algorithm to address efficiently. At each iteration,
we minimize the total power consumption to produce power
and subchannel allocation solutions with dual decomposition.
It should be noted that in this work, perfect CSI exchanges
between BSs are assumed, the study of imperfect CSI is out of
the scope of this paper and the related research can be found
in [16]. Our proposed schemes not only reduces the energy
consumption of the system greatly but also converges quickly
and stably, which are verified by numerical results.

The rest of this paper is organized as follows. In Section II,
we give system model and formulate our optimization task.
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TABLE I
NOTATIONS

Symbol | Semantics

Nmacro| The sets of macro BSs

The sets of pico BSs

The sets of all BSs

N The number of all BSs

The maximum transmission power of BS n
B The total bandwidth

K The sets of users

K The number of users

pico

Ry, min | The required rate of user k£
g™ | The channel gain between BS n to user k on subchannel s
r The SINR gap
ai? Noise power spectrum density
A, sk | The subchannel assignment index
p2 | The proportion of power allocated to subchannel s by BS n

Macro BS

en access

Fig. 1. Anexemplary system setup, where the solid links and the dashed links
represent communication links and cochannel interfering links for users in
system.

In Section III, we propose resource allocation algorithms. Nu-
merical results are given in Section IV, as well as discussions.
Conclusion is given in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

The frequently used terminologies and notations are given
in Table I. Consider a heterogeneous cellular network shown in
Fig. 1. The sets of macro BSs and low power BSs (pico BSs in
Fig. 1) are denoted as Ny, qcr0 and Ny, respectively. The total
transmission power of BS n is limited to P, ;4. For practical
cellular systems, the maximum transmission power of a macro
BS (e.g., 46 dBm) is much higher than that of a low power
BS (e.g., 30 dBm). As a result, the coverage area of the low
power BS is much smaller than that of the macro BS. For the
low power BS, there are two kinds of access mode: open access
and closed subscriber groups (CSG) [22]. For the open access
mode, users are allowed to connect to either a macro BS or a
low power BS. That is, if a user is within the coverage of a low
power BS, it will be served by the low power BS (user 1, user 2
in Fig. 1); otherwise, it will be served by the macro BS (users 3
in Fig. 1). For the CSG mode, only subscribed users can connect
to the low power BS. As shown in Fig. 1, user 4 is a subscribed
user which connects to the pico BS. However, user 5 can only
be served by the macro BS even though it is in the coverage of
pico BS because it is not in the subscribed user group.

Denote K ={1,...,K} and N = Nyaero UNow = {1,
..., N} as the set of users and BSs, respectively. Each user can
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be served by only one BS. Denote /C,, as the set of users asso-
ciated withBS n,ie, K=K, U--- UK, and L, N, = @,
for n # m. The total bandwidth is B and is available for both
macro BSs and low power BSs. The bandwidth is divided into .S
OFDM subchannels. The set of subchannels is denoted as S =
{1,...,S}. Each user k € K requires a minimal transmission
rate Ry, ,,in. We denote the channel power gain on subchannel
s from BS n to user k by g®™. The number of users served
by each BS is smaller than S, and each subchannel of any
BS can be allocated to only one user. We ignore the feedback
latency in the message exchange and assume the BSs know
{gkm, Vn, Vs, Vk} precisely.

Each BS needs to determine: (i) which user should be sched-
uled on subchannel n; and (i) how much power should be
allocated for the scheduled user on this subchannel. We define
a binary variable A, ; ;, as subchannel assignment index,

A ~J 1 subchannel s of BS n is allocated to user k,
ks 0 otherwise.

We stack {An7k7s}§:1 into the vector A, s = [An 15,
A, k5], and stack A,, ;’s of all users in BS n to a matrix A,
column by column. Finally, we define a matrix A = [Aq,...,
An], which indicates how subchannels are allocated to all
users. Since each subchannel for a BS can only be used by at
most one user, we have:

> Apks<1,VneN,seS. (1)
kelC,,

Define p7; as the proportion of P, 4, allocated to subchan-

nel s by BS n. We stack {p?}_, into an N x 1 vector p, =
[pl,...,pN]. Each BS has a power budget:

S
i<l VneN. )
s=1

In this paper, we do not consider advanced multiuser de-
tection or interference cancellation, and the interference from
other BSs is treated as noise. Obviously, if special interference
management techniques were employed, the performance of
our proposed scheme could be improved further. For a given
power vector pg, the rate of user k£ served by BS n can be
written as

S
Ry =) Anpk.s- Ri(py), 3)

s=1

where Ry (ps) stands for the rate on subchannel s allocated to
user k in BS n, and can be calculated as follows,

B n, S
Rip) = g (14 25 00)

where v, 1 s(P,) is the signal-to-interference-plus-noise ratio
(SINR), and T" represents the SINR gap to capacity which is
typically a function of the desired bit error ratio (BER), the
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coding gain and noise margin, e.g., ' = %];’ER) in MQAM

[23]. We assume I'=1 here for the study of modulation is out of
scope of this work. Particularly, v, 1. s(p,) can be calculated as

k
9s " Py Pnmag
k,m
Zm;&n 95" P Prnmaz + 0¥

p)/n,k,s(ps) =

Py
= (5)
In,k,s(ps)

where

In,k,s(ps) = Tn,k,s + Z pgbyn,k,m

m#n

k
Os

Tn ks = )

k.n
gs’ Pn,max
and

k,
95" Prm.maz

k,n :
Js Pn,maa:

Yn,k,s =
k: . . .
where o is the noise power spectrum density.

B. Problem Formulation

Stack {ps}fz1 into an N x .S matrix P, and we refer to P as
the power allocation for the sake of convenience. Our target is
to find the optimal A and P to minimize the total transmission
power of BSs, while keeping the rate of each user above
a predefined threshold. Specifically, the objective function is
expressed as

f(A7 P) = Z Zp?P1’L77na.'IJ' (6)

neN seS

Mathematically, our optimization problem can be formulated
as follows,

min - f (A,P)

S

s.t. Clzzilpfjgl,VneN,

Cy: D> Apps<1,VneN,VseS,
kelC,,

Cs: Apps €10,1}, Vn e N, Vs €S, Vk € K,
Cy: Ri > Rimin, VE. N

C1 is the power constraint of each BS. C4 specifies user’s
minimum rate requirement Ry, ,,,;n. It is notable that Ry, is a
nonconvex function associated with power allocation variables
p2’s, which makes the formulated problem a nonconvex one.
C2 and C3 are imposed to guarantee that each subchannel is
used by only one user. Such optimization task of minimizing
power with rate constraints is closely related to the problem
of maximizing rate with power constraints in [24], but the
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TABLE II
SUBCHANNEL ALLOCATION
I: Fork=1to K,
2: Tin = max{rg 1,..7x N }, 7 € Nmacro,
Tk,m = maX{Tk:,h "'rk,M}v m € Niows
3: If rig.n < Thym» k € K, otherwise k € Kp;
4:  Endfor;
5:  Initialization:
6.  Si=S, Qp=0, Vk;
7:  Set the users’ rate to zero: Ry = 0, for k € KCp;
8:  Step 1
9:  While S; # 0 and Ry, < Rk ymin, k € Kn
10: Find £* satisfies Ry« — Ry min < Rk — Rk min for all
ke Kn;
11: Find s* satisfies v, k* s* > VYn,k* . V8 € St}
12: Update Ry« = Rp= +log(1 4+ vp, k* 6% )
13: Update Qg+« = Qpx Us*,Se =S¢ \ ¥, Ay g+ o+ = 15
14:  Endwhile
15: Step 2
16:  For i =1 to length(Sy);
17: For s* = Sy, find s* satisfies vy, p* o* > Vn k* s
18: Update Qpx = Qpx Us™, Ay px ox =1
19:  Endfor

interference introduced by other BSs makes this problem much
more difficult.

III. OUR PROPOSED ALGORITHM

Equation (7) is a nonconvex problem since the transmit
power is coupled with integer variable A,, i ;’s. The problem
defined by Eq. (7) is a mixed-integer nonlinear programming
(MINLP), which is generally computationally intractable. It
is known that even if the simplified problem, in which sub-
channel scheduling issue is eliminated by relaxing the integer
constraints to continuous ones, is hard to obtain the optimal
solution because the remaining optimization task is nonconvex.
To find global optimal solution, we need to fully search the
space of the feasible power allocation for all BSs with a small
granularity along with all possible combinations of subchannel
allocations. Thus, it is infeasible for practical cellular sys-
tems to solve Eq. (7) directly. In this paper, we deal with it
with a two-step procedure: subchannel assignment and power
optimization.

A. Subchannel Assignment

For the case of open access, firstly we need to associate
users with BSs, where the total achievable rate that users can
get from the BSs are adopted as the measure. This process
is shown in linel—4 of Table II, where ry ,, and 7 ., denote
the maximum achievable rate that user k can get from macro
BSs and low power BSs, respectively. Here the user rate from
one BS is calculated as the sum rate of all subchannels under
the condition of average power allocation. User k is served by
the BS that can supply the highest rate. In this way, the user
set of each BS is determined. Such a BS association scheme
has incorporated path-loss fading, shadowing and frequency
selective fading, which is more reasonable in realistic scenario.
It is straightforward to extend our results to range extension,
which increases the coverage of low power BS by adding a
positive bias to their signal-strengths during BS association
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[25]. For the case of CSG, user set of each BS is fixed, and
the subchannel assignment just starts from line 5 in Table II.

By initializing the power vector as [P°],, , = (1/5), Vn, Vs,
we propose an efficient subchannel allocation method to figure
out the binary variables A,, 1, ’s, specifying a subchannel as-
signment for each BS n. ) is the set of subchannels occupied
by the kth user, which cannot be reused by other users served
by the same cell. The proposed subchannel allocation algorithm
consists of two steps: Step 1, we allocate subchannels to users to
meet their minimal rate requirements; Step 2, we allocate each
subchannel in the remaining ones to the users with the highest
SINR over it. The intuitiveness that lies in Step 1 is that the
user whose current rate is the farthest away from its target has
a priority to get a subchannel among all available ones. And
the procedure continues until all users’ rate requirements are
satisfied. Preferably, the subchannel with the highest achievable
rate associated with a user will be chosen at this step. At Step 2,
each of the remaining subchannels is allocated to the user who
has the highest achievable rate over it to potentially maximize
the sum capacity of the system.

Notice that in [26], [27], subchannel assignment and power
allocation are implemented in an integral algorithm with a com-
pact form. However, these algorithms have a prohibitively high
computational complexity due to inner and outer loops. Also,
it requires multiple information exchanges per slot between
BSs to reflect the updated interference level followed by the
updated power. In this paper, we try to design a low complexity
algorithm without information exchanges during the running of
the algorithm.

B. Power Allocation Optimization

For a given subchannel assignment A, the original problem
degenerates to the following power allocation one:

min E E "P,
P neN Lascg Ps Fmimaz

S
s.t. Clsg 1p2§1,Vn€/\/',
s=
C(2 : Rk: > Rk,min; Vk. (8)

However, there is still no efficient algorithm to solve Eq. (8)
because the user rate Rj is nonconvex, as a result of the
existence of interference. To tackle this problem, we establish
a concave lower bound of user rate to approximate the original
problem. If the lower bound is tight, we can obtain promising
solutions to the considered optimization problem.

1) A Concave Lower Bound of User Rate: The concave lower
bound of user rate is associated with a given power allocation P~
[27]. Denote p? as the sth column of P*, and the corresponding
SINR and user rate are v, 1 s(p%) and R,,  s(p%), respectively.
Define

s (€%) = ag g I (Y ks (€9)) + B ks ©)
;71@3 _ Tn,k,s (ps) (10)

L'+ ks (P3) 7

Brtess = ks (P5) = Qs - 0 (Y ks (P5)), - (1D)
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where q is an N x 1 vector. Note that P* belongs to the set
P, ={P|Vn, Vs,pns € (0,1]}, to guarantee that V&, Vn, V
8, Yn,k,s(P5) > 0,05, 5 o > 0.

To exp101t the properties of R, ; .(e%), we first show the
following mathematical fact:

Fact 1: Given positive values z and z*, we have

*

In(1+2) >In(l+2")+

(In(z) —In(z")), (12)

1+ 2*

where the equality holds when z = z* [28]. Then we can have
the following theorem:

Theorem 1: Ry 1 s(e%) > Ry, ;. (%) and the equality holds
when el = p; R, ;. .(e9) is a concave function of g.

Proof: The first claim can be easily got by Fact.l.
Particularizing z and z* with 7, & s(e9)/T" and v, 1 s (P%) /T,
respectively. R,k s(e%) > R;, ;. ((e9) follows and the equality
holds when e4 = p?.

To prove the second claim, we expand R}, ; _(e%) as

s (€) = Qs (@ = I (L5 (€)) + Br s (13)
where ¢, is the nth entry of q. In (I, £ s(e%)) = In(xp 1 s +
> m#n Ynk,s€7) is a convex function of {Qm}m;sn’ details of
this proof can be found in Appendix. Since a;, ;. >0, it can be
easily shown that R}, ; ((e9) is a concave function of q. |

Define
Ry (Ap s € ZZAMS- Ry, (%), (14)

n=1s=1

where Q is an N x S matrix whose the sth column is q,.
Based on Theorem 1, we know that R} (A, 1 s, eQ) is a concave
function of Q, as well as a lower bound of Rj. Besides, the
bound is tight when ¢Q = P*. In this way, we can transform the
original nonconvex problem into a convex relaxation.

2) PowerAllocation Algorithm: Define the sets P. ={P|V n,
Vs, Pys €lef, 1]} and Q. ={Vn, Vs,qns €[€,0]}, €is a
prescribed negative value. By replacing Ry with R} (A ks,
eQ), we can get a convex approximation to Eq. (8) as follows,

2 Yy

n=1s=1

st. C1:QeqQ,,

n,max

S
i3 eme <1 ¥nen,

Cs: Ri(An,s:€Y) > Remin, V. (15)

Once we get a feasible power allocation for the original prob-
lem, define it as P* and solve Eq. (15) for optimal result Q, €
Q.. As Qq is feasible for Eq. (15), and R} (A, s,eQ) <
Ry (Ap ks, e20), then Py = Qo is guaranteed to be feasible for
Eq. (8). Since P* € P, there must exist a unique element Q* €
Q. which satisfies P* = 2", We can also find f(A,eQ) <
f(A,e?) holds because Q, and Q* are optimal and feasible

to Eq. (15), which means Py is at least as good as P*.
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TABLE III
POWER ALLOCATION OPTIMIZATION ALGORITHM

1:  Initialize:i = 0, P° = P;
2: repeat
3: Solve (15) with P* = P? for Q, using Duality-based

Algorithm;
4 pitl = Qo;
5: i=1+1;
6: until [[vec(Qy — Q*)|| < Ajori=1T
7:  Output: P = P¢,

Based on the analysis above, we proposed an iterative
power allocation algorithm for a given A, which is depicted in
Table III, where 4 denotes the iteration number (i > 0), and P’
denotes the tentative power allocation after the :th iteration. In
each iteration, we solve Eq. (15) with P* =P’ by a duality-based
algorithm to get the optimal solution Q,, and set P**! = ¢Qo,

Then we develop a duality-based algorithm to solve Eq. (15).
Denote the dual variables related to the power constraint of BS
n and the rate constraint of user k by A, and vy, respectively.
We stack all \,’s and v’s into a vector w = [Ay,..., AN, v,

SV K]-

Reformulate the dual function of Eq. (15) as

s
N QHE%1 Z Zeqn * Ppmas + Z An (; elns _ 1)

n=1 s=1
K
+ Z Vi (Rk,mzn - RZ(An,k,sa eQ))
k=1

= minL(w, Q)7

Q@ (16)

and the dual problem is

maxmln Z Z et g]Dn ,max + Z )\n (Z edns — 1)

n=1s=1 n=1 s=1
K
+ Vi (Rk,min - RZ(An,k,sa eQ))
k=1
= max D(w). )

Define @, = argmingeq, L(w, @). To solve Eq. (15), we
should first find out the optimal dual variable w* = arg max,,
D(w), and then compute Q- as the optimal solution to
Eq. (15). We can work out w* and Q. by using the method
proposed in [29]. To this end, we develop a duality-based
algorithm as shown in Table IV. Here, 7 denotes the iteration
number (i > 0), w' represents the dual variables produced after
the ith iteration, A is a prescribed small positive values.

At the beginning, we initialize the dual variable w°. In
each iteration, Q,,: can be computed by the gradient-projection
algorithm proposed in the next section. When Q,,: is worked
out, we can update the dual variable w® by solving Eq. (17).
Equation (17) can be solved by ellipsoid method [30] or



4412

TABLE IV
THE DUALITY-BASED ALGORITHM TO SOLVE EQ. (15)

Initialize:: = 0, wY;
repeat
Compute @,,; with the gradient-projection algorithm;
Update w**1 by Eq.(18), Eq.(19);
t=14+1;
until [|w® — Wi | < A
Output: Q ; is the optimal solution to Eq.(15).

A e

TABLE V
THE GRADIENT-PROJECTION ALGORITHM

1 Initialize;

2 Ifi=0,t=0

3 Q' =Q*;

4 else

5: Qt = Qi-1;

6: repeat

7 Update B by Eq.(20);

8 Qt:[QtfliT.B]Q;

9 until ||vec(Q! — Q1 1)[| < Ag;
10: Output: Q ; = Qt.

subgradient method [31]-[33]. In this paper, we use subgradient
method to update the dual variables as follows,

g +

L DY R | (1%
s=1

Y = [+ 6 (Rimin — Bi(Aniesre)] T, (19)

where the superscript ¢ indicates the associated dual variable
is an entry in w!, [z]* = max{0,z}, and ¢’ is a sufficiently
small positive step size for the ith iteration. For example, ¢°
can be determined in a diminishing way, such as ! = O—i The

convergence of this duality-based algorithm is guaranteed if ¢’
is sufficiently small. The algorithm is terminated when |jw? —
wi~1| is smaller than a prescribed small positive value A, then
Q,,: obtained in the last iteration can be taken as the optimal
solution to Eq. (15).

Other power updating methods can also be applied by
smoothing the objective function or optimizing step sizes, and
some of them may lead to even faster convergence. These
advanced updating techniques is beyond the scope of this paper
and the readers interested in this aspect can refer to [34] and
references therein.

3) Gradient-Projection Algorithm to Compute Q,,:: To find
Q.:, we need to solve a constrained optimization problem
over the convex set Q,, namely (), = arg mingegq, L(w, Q).
Because of the convexity of L(w?, Q), we can adopt a gradient-
projection based iterative algorithm, which features simplicity
as well as guaranteed convergence to find Q,,: [29].

The algorithm is shown in Table V, where ¢ denotes the
iteration times. The algorithm starts with initializing Q° by Q*
if i = 0; otherwise by Q,,.—1. Then, Q' is iteratively updated
by Q' = [Q""! — 7 B]q,, where B is a matrix containing the
gradients of L(w’, Q) with respect to every entry of Q, []q, is
the operator of projection into Q., and 7 is a prescribed small
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TABLE VI
SIMULATION PARAMETERS
Bandwidth 20MHz
Coverage of macro BS 0.5 km
Coverage of pico BS 0.1 km

S 64
Path loss (macro BS) 131.1 + 42.8logl0(R) dB,

R in km

Path loss (pico BS) 145.4 + 37.5logl0(R) dB,
R in km

Shadowing standard deviation 10 dB

Maximum macro BS transmit power|40W
Maximum pico BS transmit power |1W

positive value that guarantees convergence of the gradient-
projection based algorithm. By simple mathematical arrange-
ment, every entry of Q is updated by

€ if dn,s — T [B]%S S €
vna \V/S, dn,s = 0 if dn,s — T~ [B]n,s Z 0
Gn,s — T+ [B]n,s otherwise

where [B],, s = (OL(w',Q))/0¢s s is derived as

K
s [ 7 *
[Bly,s = €% Py maz + Aje?™e — E Vi | Ank,sQn ks
k=1

N k
A * 6qn‘SPn,maxgs’n
- m,k,sO¥m ks N
m=1,m#*n Z
j=l,j#m

eqj‘st,maxg§7j + Uf
(20)

The iteration is terminated when |Jvec(Q" — Q' 1)|| is smaller
than a prescribed value Az. Then Q! produced in the last
iteration is taken as Q,:.

IV. NUMERICAL EXPERIMENTS

Consider the downlink of an OFDM-based HetNet, where
pico BSs are placed with uniform intervals around a circle of
radius R, = 400 m, and a macro BS is located at the center
of the circle. Simulation parameters are listed in Table VI and
all results are obtained by averaging 1000 Monte Carlo experi-
ments (unless otherwise specified).

We compare the energy consumption of the HetNet with
different modes (open access and CSG) and homogeneous
network that is only equipped with one macro BS. For the
CSG mode, equal number of users are uniformly distributed in
the macrocell and picocells, which can simulate the scenario
of dense users distribution. Each user has the same rate re-
quirement in the HetNet and the homogeneous network. From
Fig. 2 we can see that for both modes in HetNet, the energy
consumption of the HetNet is less than the homogeneous one.
Moreover, the gap between them becomes larger as the number
of users grows. The main reason is that more users will be
served by the pico BSs as the number of users increases.
These users consume much less energy because of the shorter
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Fig. 3. Energy consumption of heterogeneous network with different numbers
of pico BSs.

distance between users and the pico BSs which serve them. It
is worthwhile to note that the homogeneous network cannot
supply services to all users when the number of users reaches
a threshold because the energy consumption exceeds the maxi-
mum transmit power (40 W for the macro BS); in contrast, for
the CSG mode, the HetNet has sufficient power margin to serve
more users. We can conclude that deploying pico BSs in the
areas with dense users can greatly save the energy.

Notice that the power consumption between the two access
modes in the HetNet differs greatly as can be seen from Fig. 2.
The reason is that we associate some specific users with the
pico BSs for the CSG mode while maximum achievable rate
association is adopted for the open access mode, which results
that the number of users served by the pico BSs in the open
access mode is less than that of the CSG mode. In Fig. 3, we can
see that the energy consumptions of the HetNet with different

4413

TABLE VII
ENERGY CONSUMPTION OF OUR ALGORITHM,
UPPER BOUND AND REFIM

User rate Energy consumption (W)
1.5Mbps Macro Pico Pico Pico
BS BS1 BS2 BS3
Our algorithm | 32.96 0.4142 0.4344 0.4209
Upper bound | 30.80 0.3184 0.3412 0.3235
REFIM [26] | 36.12 0.8897 0.8887 0.8889

number of pico BSs is also less than that of the homogeneous
network. However, since the pico BSs for the CSG mode is not
accessible for all users, the power consumption gap between the
two access modes becomes smaller when the number of pico
BSs grows because more users can be served by the pico BSs
even for the open access mode.

To show the effectiveness of our proposed algorithm, it is
more convincing to compare our results to the optimum one
or other existing schemes. However, the problem Eq. (7) is NP
hard, which is difficult or impossible to get the optimal solution
even for a middle scale case. On the other hand, as far as the
authors known, previous works in the literature generally focus
on maximizing the system throughput or the energy efficiency,
which are different from the formulated problem of this work.
Instead, we compare our results with an upper bound that is
obtained in the following way.

Obtain an upper bound: It is easy to know that an upper
bound can be worked out if all mutual interferences are reduced
to the least. In this case, the SINR of user £ in subchannel s of
BS n can be calculated as follows:

ko, n
_ 95" Prmaa
'Yn,k,s(ps) - .Z‘]: —|—O’§ .

21)
From Eq. (21) we can see that only the lowest interference in
the corresponding subchannel from other BSs is involved. It is
treated as a constant and denoted by x*. Take Eq. (21) back into
Eq. (3) and Eq. (4), then the users’ rates can be calculated easily.
Moreover, the objective function in Eq. (7) is convex under this
condition. Then the original power allocation problem Eq. (7)
becomes a convex one and can be solved by using Water-Filling
(WF) method [35]. Note that the result obtained in this way is a
relaxed solution and can only serve as an upper bound.

Table VII shows the energy consumption of our proposed
algorithm with the CSG mode, the upper bound and the sub-
channel allocation scheme proposed in [26] (REFIM). We
can see that the energy consumption of our algorithm differs
slightly from the upper bound for the macro BS while the gap
between our proposal and the REFIM is large. The pico BSs
employing the REFIM need about twice energy as much as
our proposed algorithm. Fig. 4 shows the energy consumptions
of pico BSs (index 1), the macro BS (index 2) and the cellu-
lar system (index 3). We can find that the gap between our
proposal and the upper bound is less than 7% for the macro
BS. Furthermore, our proposed algorithm can reduce more than
12% energy consumption as compared to that proposed in [26].
We can conservatively conclude that our proposed algorithm
can produce solutions close to the upper bound and reduce the
energy consumption of the cellular system efficiently.
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Fig. 5. Percentage of energy consumption as a function of the number of users
in each BS.

Fig. 5 shows the percentage of energy consumption for the
macro BS and the pico BSs as the number of users served by
each BS increases with the CSG mode. The macro BS needs
31% of the maximum power budge for the case of 15 users,
which corresponds to 17% for the pico BSs. As the number of
users served by each BS increases, the percentage of energy
consumption for the macro BS increases more quickly than that
for the pico BSs. Even if the the macro BS uses up its power
budget, the pico BSs still have power margin to serve more
users. It can be explained that the pico BSs usually consume
much less power compared to the macro BS to serve a user due
to the proximity to the user.

Fig. 6 illustrates the convergence performance of our pro-
posed algorithm. When the convergence precision is 1071, the
number of iterations varies in a narrow range with an average
of 3. It is still stable when the convergence precision decreases
to 1072, for which the average number is about 10. Fig. 7 de-
picts the energy consumption of each BS during iterations
with different convergence precisions. We can observe that the
energy consumption of the macro BS decreases as the number
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of iteration increases. Though the transmit power of the pico
BSs may increase in some certain iterations (even higher than
100%), the sum power consumption of all BSs keeps decreasing
as the number of iterations increases, and the final energy
consumptions of the pico BSs are all lower than 100% when
the iteration ends as shown in Fig. 7.

V. CONCLUSION

In this paper, we studied the energy saving problem in het-
erogeneous networks, which extended our preliminary research
[36]. Our optimization objective is to minimize the total energy
consumption while guaranteeing the demands of users’ rates
and considering the mutual interference between different kinds
of BSs. We give the lower bound of the user’s rate and prove
its convexity, based on which we develop efficient algorithms
for subchannel assignment and power distribution. The ef-
fectiveness and the efficiency of our algorithms are validated
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by numerical experiments. Since the problem formulation is
based on practical scenarios of cellular networks, our proposed
resource allocation scheme is competitive for applications.

APPENDIX

We prove the second claim of Theorem 1, where the key

is to show that g(q) = In (I ,s(€%)) = In(Tp ks + 00 zn
Yn,k,s€?™) is a convex function of q = [¢1,...,qn—1]. De-
fine O=[01,...,0n 1]T = [YnrseD,. .. ,yn,kyseQNfl]T, and
N=Tnkst ZZ ;. With intuitive mathematical arrangements,
we can derive the Hessian of g(q) with respect to q as

Ve g(q) =n?(n-diag(©) — ©0"),

where diag(©) isan N — 1 x N — 1 diagonal matrix with the
ith diagonal entry equal to 6;. For any vector v = [vy,...,
vn_1]T, we can show that

vivag(@yv=n"? (’7 D, 07~ (Z eivi)Q)
o (0 X 0 - (5 00)')
= (VAP W) (2, 0))

>0, (23)

(22)

where the last term follows from the Cauchy-Schwarz inequal-
ity. This means that vg g(q) > 0, therefore, g(q) is convex with
respect to q.
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