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Abstract—In this paper, we consider the power efficient operation of a wireless Heterogeneous Network (HetNet). Reducing
the energy consumption is crucial for a successful HetNet
deployment, as the increasing number of distributed base stations
(BSs) leads to significant economical and environmental concerns.
For traditional wireless networks, power efficiency is achieved by
designing the transmit strategies in a way that minimal amount
of transmit power is achieved within the BS. However, the rapid
penetration of renewable energy sources as well as the recent
trend of powering the HetNet using smart grids require a fresh
look at the well-studied problem. Meanwhile, increasing demand
for powering wireless networks also introduces additional operational concerns for the power grid. In this paper, we show how to
jointly model these two systems for power efficient operation. We
formulate the problem as one that jointly minimizes the power
loss of the distribution network as well as the total transmit
power in the HetNet. We also show that the resulting problem
can be implemented in a distributed manner when the network is
divided into multiple zones. Numerical results corroborate several
advantageous features of the proposed joint design as compared
with the existing HetNet operation method.

I. I NTRODUCTION
Heterogenous network (HetNet) has been advocated as a
promising architecture for future wireless cellular networks
[1]. In a HetNet, a large number of wireless access points or
base stations (BSs) are deployed densely in a given region.
These BSs can have very different capabilities in terms of
total transmit power, the number of transmit antennas, or the
availability of the backhaul connection, hence the name of the
HetNet.
Albeit the HetNet offers a variety of benefits, such as the
flexibility in its deployment and the potential increase of the
overall spectrum efficiency, power energy efficiency operations
remains a big challenge [2]. It is projected that by 2015,
the total number of deployed BSs will reach 50 million.
Furthermore, in less than 15 years, the number of BSs may
exceed that of the cell phone users [3]. Due to the large amount
of BSs that are being added, the wireless access network
will soon become a major energy consumer. For example,
in a recent white paper compiled by AT&T and University
of Melbourne [4], it is reported that by 2015, the wireless
access technologies will dominant the power consumption for
the wireless cloud – a technology that has rapidly became the
driving force in global internet services. Clearly, energy cost

will represent a significant portion of the operating expenditure
(OPEX) for network operators.
Traditionally, power efficient wireless communication has
been tackled in the physical layer via proper power control
[5], [6]. For the HetNet, power control itself is not enough
anymore, and hence many works have proposed more advanced schemes that combine various upper-layer strategies
such as adaptive BS activation to further reduce the energy
consumption [7], [8]. Recent trend in HetNet operations is
to jointly optimize the wireless network as well as the smart
power grid that supports its operations [9]–[16]. This way,
it is easier to coordinate the renewable energy sources into
the system, therefore much improved energy efficiency can
be achieved. Reference [10] suggests to combine the physical
layer technique of coordinated multi-point (CoMP) with twoway energy trading. It is shown that the joint design obtains
significant cost reduction compared with noncooperative designs. Reference [15] proposes an online strategy that ensures
the instantaneous power demand of the wireless networks
is matched by using either the finite-capacity battery or
the stochastic renewable energy source. Reference [16] also
considers a cellular network powered by the smart grid. The
CoMP scheme is again used to ensure the quality of service
(QoS) of the users, while the BSs together decide on how to
procure electricity in the most cost-effective manner.
Most of the above mentioned works consider optimizing
the power/energy consumption of the wireless network and
balancing such consumption with the supply provided by
the grid. Unfortunately they all lack detailed modeling of
the underlying power network, in particular the power flow
constraints and various operational constraints of the grid.
Therefore, it is highly possible that the resulting strategies
would induce an infeasible power flow model and may violate
the constraints posed by the underlying power networks.
Furthermore, the HetNet operations may also introduce unprecedent flow patterns that require the attentions of the power
system operator. Hence, the existing strategies developed for
the BSs are ignorant of the coupling between the load for
supplying the HetNet and the power network physical models.
In this paper, we consider the optimization of the energy
consumption of the HetNet, which is powered by a distribution
power network with a number of renewable sources. We

formulate the problem by considering both the QoS constraints
of the HetNet as well as the power flow constraints of the
grid. The resulting problem can easily include various HetNet
design strategies such as dynamic BS activation and clustering.
Moreover, we show that the problem can be efficiently solved
in a distributed manner by the well-known Alternating Direction Method of Multipliers (ADMM); see e.g., [17]. Numerical
results demonstrate several distinctive features of the proposed
joint design as compared with the traditional design for the
HetNet.
II. S YSTEM M ODELING
A. The Power Grid Model
We consider a wireless HetNet that is powered by a single
distribution-type power system. The power system could be
a typical distribution feeder serviced by an electric utility,
or a small-footprint power grid such as microgrids. To this
end, the power system is modeled as an undirectional single
branch radial circuit. As illustrated in Fig. 1, the bus 0 only
connects the feeder circuit to the main grid, without any
directly connected load/generator. In addition, the other buses
in the feeder are given by the set K := {1, . . . , K − 1},
with |K| = K − 1. Each of the bus can be attached to some
load and/or some (renewable) power generation source such
as photovoltaic (PV) solar panels. Without loss of generality,
assume that each bus k is connected to one generation source
and one load. Let Vk denote the voltage magnitude per bus
k in per unit (p.u.), while Pk and Qk correspond to the p.u.
real and reactive power flowing from bus k to bus k + 1,
respectively. In addition, let pk and qk denote the p.u. real
and reactive power consumed by load k; and similarly gk and
hk for the power provided by the generation source per bus k.
With the impedance of the line connecting buses k and k + 1
being rk + jxk in Ohms, the linear DistFlow equations are
given to model the power network flow as follows [18]
Pk+1 = Pk − pk+1 + gk+1 , ∀ k = 0, · · · , K − 1,
Qk+1 = Qk − qk+1 + hk+1 , ∀ k = 0, · · · , K − 1,
rk Pk + xk Qk
, ∀ k = 0, · · · , K − 1.
Vk+1 = Vk −
V0
PK−1 = 0, QK−1 = 0, V0 = 1

(1a)
(1b)
(1c)
(1d)

where the last equations in (1d) correspond to the boundary
conditions for the end bus K − 1 and the feeder bus 0.
Operational concerns for power systems further motivate to
constrain the power flow model. For simplicity, a voltage
regulation constraint is included to ensure
1 −  ≤ Vk ≤ 1 + ,

∀ k = 1, · · · , K − 1

(2)

with  typically taking the value 0.05. The real power loss of
the line between bus k to bus k + 1 is given by
lk = rk

Pk2 + Q2k
,
V02

∀ k = 0, · · · , K − 2.

(3)

B. The First HetNet Model
Assume that each bus k (except bus 0, which is only
connected to the main grid) is connected to a single BS k,
and the set of BSs K := {1, ..., K − 1} are densely deployed
to serve a set of I users. For simplicity throughout the paper
we assume that the BS k is the only load on bus k, but our
model can be easily extended to more general cases with other
coexisting loads. Assuming that the user-BS association has
already been determined, and a BS k serves a subset of users
Ik ⊂ I. Suppose that each BS has M transmit antennas, and
each user has a single receive antenna. A given BS k uses a
linear beamformer vik ∈ CM to serve the ith user ik ∈ Ik .
Let us use hik ∈ CM to denote the channel between BS  and
user ik , and use nik to denote the noise plus the additional
interference generated by other co-existing systems. Then the
aggregated signal received at user ik is given by


yik = viHk hkik +
vjHk hkik +
vjH hik +nik .
  
j=i,jk ∈Ik
=k,j ∈I





useful signal 
intracell interference intercell interference
(4)
The signal to interference plus noise ratio (SINR) measured
at user ik ’s receiver can be expressed as
SINRik :=

σi2k +



viHk hkik 2

.
H k 2
H  2
j=i,jk ∈Ik vjk hik  +
=k,j ∈I vj hik 

where σi2k denotes the power for nik .
The overall network model is illustrated in Fig. 1.
C. The Second HetNet Model
A probably more interesting HetNet model is the one that
allows the BSs to cooperate in serving the users, in which way
the overall system performance can be significantly improved
[19], [20]. Assume that all the BSs in set K can share the
users’ messages, and therefore can form a single virtual BS
to serve each user i ∈ I. In this case users are no longer
associated to a single BS. We use vik ∈ CM to denote the
beamformer
used by BS k ∈ K to serve user i ∈ I. Define

H
∈ CMK as user i’s virtual
vi = (vi1 )H , · · · , (viK )H
beamformer. Similarly, define hki ∈ CM and hi ∈ CMK as
the channel from BS k to user i, and user i’s virtual channel,
H
∈
respectively. Further define vk = (v1k )H , · · · , (vIk )H
MI
as the collection of beamformers used by BS k to serve
C
all the users.
Then the SINR for user i is given by
SINRi = 

2
hH
i vi 
.
H
2
2
j=i hi vj  + σi

(5)

See Fig. 2 for an illustration of the network configuration.
III. P OWER E FFICIENT H ET N ET O PERATION
Our task is to design the wireless HetNet so that it efficiently
consumes the power provided by the network while optimally
serving the users. Power efficient wireless transmission is
a well-studied subject. Traditional approaches such as those

Fig. 1.

The first network setup. Each BS serves a given set of users.

surveyed in [2] mostly aim at designing the transmit schemes
that minimize the total transmission power of the wireless
system. If the wireless system is viewed as a load in service
connected to a larger power system, the notion of power efficiency needs to be re-defined. It can no longer be achieved by
only considering the wireless transmission side of the problem.
Various additional factors such as the losses in the power
system as captured by (3), the availability of the renewable
power source, the cost of power provisioning, as well as
the interplay between the wireless and the power systems
need to be taken into consideration. The HetNet architecture
adds a further layer of complexity to the problem, as many
advanced tasks in the HetNet, such as BS collaboration, userBS association, should be re-thought by coupling with the
underlying power network as well.
To this end, suppose each user ik has a Quality of Service
(QoS) constraint; i.e., it requires that the user received SINR
is larger than certain threshold γik . Let pk denote the power
consumed by the entire BS k, and pk ηk correspond to the
radiated transmit power consumed by BS k, where 0 < ηk < 1
is a known constant1 . Also let p̄k denote BS k’s maximum
transmit power. Assume that the power generated by the
renewable gk + jhk at all buses is given as known. We can
formulate the following power efficient beamforming problem
for the first type of network
 
 P 2 + Q2
rk k 2 k + λ
vik 2
min
V0
k∈K

k∈K ik ∈Ik

s.t. SINRik ≥ γik , ∀ ik ∈ I
(6)

vik 2 ≤ ηk pk , 0 ≤ ηk pk ≤ p̄k , ∀ k ∈ K
ik ∈IK

(1a) − (1d), and (2).
where γik ≥ 0 is a given constant modeling the minimum
QoS requirement from user ik . Notice that the first summation
term of the objective in (6) is the entire network power loss
corresponding to (3). In this formulation, we are interested in
minimizing the power demand of the wireless HetNet as well
1 Note that here we have made a simplification in which the total power
consumed by the BS is assumed to be proportional to its transmitted power.
Our model can be easily extended to the one that models part of the BS power
consumption as a constant, see e.g., [10].

Fig. 2. The second network setup. All the BSs collaborate to serve all
the users.

as the cost of delivering the power at the power grid. The latter
is measured by the overall loss along the entire distribution
network. Here λ > 0 is a constant that trades off these two
criteria. Note that constraints (1a)-(1d) model the power flow
in the distribution network. Therefore, under the circumstances
that the BSs would like to share the energy harvested from
the renewable power source (see, e.g., [11], [10], [14], [13]),
these equations enforce the underlying physical systems for
the power to flow from one location to another.
Although the SINR constraint in (6) is nonconvex, it can
be transformed to an equivalent convex second order cone
(SOC) constraint, by using a proper phase rotation for each
beamformer vik [6]


viHk hkik ≥ σi2k +
vjHk hkik 2 +
vjH hik 2 .
j=i,jk ∈Ik

=k,j ∈I

Therefore problem (6) is a convex SOC problem.
For the second type of network, besides achieving power
efficient operation, we are further interested in either using a
small number of BSs to serve a given user k (BS clustering
problem, [21]), or shutting down a few BSs (BS activation
problem [7]). Both of these strategies help in reducing the
total backhaul capacity needed for sharing the users’ data
messages among the collaborating BSs. The activation strategy
can further reduce the power consumption of the entire system;
see, e.g., [8]. Both of these problems can be formulated in a
unified way by

 P 2 + Q2
rk k 2 k + λ
vi 2 + R(v)
min
V0
i∈I

k∈K

s.t. SINRi ≥ γi , ∀ i ∈ I

vik 2 ≤ ηk pk , 0 ≤ ηk pk ≤ p̄k , ∀ k ∈ K

(7)

i∈I

(1a) − (1d), and (2)
where the term R(v) in the objective represents the proper
penalization terms used to achieve either BS clustering or BS
activation. For example, let ζk > 0 be some constant. Then
by using the following mixed 1 /2 penalization [7]

ζk vk  := RAC (v)
(8)
R(v) =
k∈K

only a small number of BSs will be activated. Similarly, the
following penalization [21]
 
R(v) =
ζk
vik  := RC (v)
(9)
i∈I

k∈K

requires that a few BSs serve each user.
By utilizing a phase rotation on the vi ’s, the QoS constraints
in (7) can be transformed into a set of SOC constraints,
rendering problem (7) again a convex SOC program.
A. Distributed Implementation
In the previous section, we have formulated the joint
wireless and power network optimization problem into two
convex programs (6) and (7). These problems can be solved
in a centralized manner using off-the-shelf solvers such as
CVX [22] to yield globally optimal solutions. In this section
we briefly discuss how these problems can be solved in a
distributed fashion. We note that distributed implementation
can be important for example when the entire network is
divided into several autonomous zones, each managed by a
local operator.
Our main tool is the well-known Alternating Direction
Method of Multipliers (ADMM); see [17] for a survey, and
also see [23] for its recent application in power system state
estimation. For the ease of presentation, we focus on problem
(7) without the nonmooth penalization term R(v). Assume
that the microgrid is divided into two zones K1 and K2 , where
K1 includes the buses {1, · · · , k}, and K2 includes the buses

{k + 1, · · · , K − 1}. Let hK
i define the channels from the BSs
in K to the user i, ∀  = 1, 2. Define viK similarly and let
vK1 := {viK1 }i∈I and vK2 := {viK2 }i∈I . Further introduce a
set of auxiliary variables κ := {κi,j } as follows
K1 H K1
K2 H K2
κi,j = hH
i vj = (hi ) vj + (hi ) vj .

Then the QoS constraint in problem (7) is given by
⎛
⎞

κi,i ≥ ⎝
κi,j + σi2 ⎠ γi , ∀ i ∈ I.

(10)

(11)

In this way, we can divide the the design variables for the
wireless part into vK1 and vK2 , each of them belonging to
a single zone. Moreover, these variables are only coupled by
the linear constraints (10).
Similarly, introduce the auxiliary variables (P̂k , Q̂k , V̂k ) as
follows
(12)

where they are used to define the following set of additional
flow equations for zone K2
Pk+1 = P̂k − pk+1 + gk+1 ,

(13)

Qk+1 = Q̂k − qk+1 + hk+1 ,

(14)

Vk+1 = V̂k −

rk P̂k + xk Q̂k
.
V0

xK1 := {Pk , pk , qk , Vk , Qk }k∈K1 ,
xK2 := {Pk , pk , qk , Vk , Qk , V̂k , Q̂k , P̂k }k∈K2 ,
and these two sets of variables are only coupled through the
equality constraint (12).
After introducing these additional variables and constraints,
we can dualize the coupling equality constraints (10) and (12),
and construct the so-called Augmented Lagrangian function.
To this end, we introduce the set of dual variables δ := {δi,j },
one for each equality constraint in (10). We also introduce
three dual variables β := {β1 , β2 , β3 }, one for each equality
constraint in (12). Then the Augmented Lagrangian function
is given by
L(xK1 , xK2 , vK1 , vK2 , κ; δ, β)

   P 2 + Q2
=
rk k 2 k + vk 2
V0
=1,2 k∈K

2
ρ

κi,j − (hK1 )H vK1 − (hK2 )H vK2 + δi,j 
+
i
j
i
j

2
ρ 
i,j


ρ
β1 2
β2 2
β1 2
 + Q̂k − Qk +
 + V̂k − Vk +

+
P̂k − Pk +
2
2
2
3

Then the ADMM algorithm can be applied, in which different
zones take turns in updating their own design variables. We
note that the above formulation has three primal block variables (xK1 , vK1 ), (xK2 , vK2 ) and κ. Although the traditional
ADMM can only handle problems with 2 block variables,
recent advance in the literature shows that the multi-block
problem can also been handled, by either properly adjusting
the stepsizes [24], [25], or by introducing a few more auxiliary
variables [26], [27]. The actual implementation is similar to
the one introduced in [7]. Due to space limitation, we omit
the details.
IV. N UMERICAL R ESULTS

j=i

P̂k = Pk , Q̂k = Qk , V̂k = Vk ,

In this way the power flow constraints are separable over the
following two disjoint set:

(15)

In this section we demonstrate the performance of the
proposed schemes. We consider a typical radial circuit with
a total of 13 buses (K=13), where bus 0 is connected to the
main grid. There are 12 lines with the resistance reactance
ratio ranging from 2 to 4. The basecase power of the system
is given by 1 kWs per unit (p.u.), which will be used to be
obtain all the real power terms in p.u.. We choose  = 0.05
for the regulation constraint (2). The wireless network is
generated using the following setting. We place 12 BSs and
up to I = 15 active users randomly within an area of
250 square meters (representing dense deployment). Each BS
has 3 transmit antennas (M = 3). We model the channel
as a Rayleigh fading channel with zero mean and variance
(200/dki )3.5 Lki , where dki is the distance between BS k and
user i, and 10 log 10(Lki ) ∼ N (0, 64). We also assume that
σi2 = −60dbm, ∀i ∈ I. All the simulation results are
averaged over 50 channel realizations. The coefficient ηk that
models the relationship between the transmitted power and the
total consumed power by the BS is given by ηk = 0.05 for all
k. The SINR threshold γi is also assumed to be the same for

all the users, and it is chosen from {10, 20, 30}dB, depending
on different scenarios simulated.
TABLE I

C OMPARISON OF THE TOTAL POWER CONSUMED BY THE
H ET N ET ( P. U .); HIGH RENEWABLE CASE (α = 5)
λ
SINR γ

10dB
20dB
30dB

0.01

0.1

1

5.0 (0.31)
9.5 (8.6)
55.3 (45.1)

2.7 (0.42)
6.8 (9.3)
5.4 (4.3)

0.22 (0.20)
4.2 (8.0)
5.1 (4.9)

the stand alone HetHet may fail to support the requested QoS
(represented by “N/A” in Table II).
In Fig. 3 – Fig. 4, we show the total power drawn from the
main grid as well as the overall loss in the power network. In
Fig. 3, negative value means our grid delivers the additional
power to the main grid. It is interesting to observe that when
γ = {10, 20} and α = 1, our distribution system essentially
operates in an island mode with minimum interaction with the
main grid. The renewable power generated matches well with
the demand from the HetNet, and this induces the least cost
in the power system, as seen in Fig. 4.
25

TABLE II
C OMPARISON OF THE TOTAL POWER CONSUMED BY THE
H ET N ET ( P. U .); LOW RENEWABLE CASE (α = 1)

10dB
20dB
30dB

10

0.01

0.1

1

0.96 (0.40)
5.1 (7.7)
7.3 (N/A)

0.40 (0.39)
3.9 (7.7)
5.4 (N/A)

0.39 (0.40)
3.52 (7.7)
4.1 (N/A)

5
0

0

SINR γ

15

P (p.u.)

λ

γ=30dB, α=1
γ=20dB, α=1
γ=10dB, α=1
γ=30dB, α=5
γ=20dB, α=5
γ=10dB, α=5

20

−5
−10
−15
−20
0.01

0.1
λ

1

Fig. 3.
The total power consumed from the grid (P0 ) under different
circumstances.
3

10
Total Cost in Power System

We first consider problem (7) without the additional regularization term. The objective is to minimize the power demand
of the wireless network plus the loss of the power system. We
compare the performance of the proposed grid-coupled power
efficient HetNet system with the case of a stand alone HetNet
that does not account for the interdependency with the grid.
For both systems, we assume that there is a renewable energy
source associated with each BS, and the amount of power
they generate comes from a uniformly random distribution in
the interval [0, α] p.u. Further, for the stand alone system,
the BSs cannot exchange power and each renewable source
k is the only power source available to BS k. We consider
two cases in which either we have high renewable generation
(α = 5 p.u.) or low renewable generation (α = 1 p.u.). We also
vary the tradeoff coefficient λ to demonstrate its impact on the
resulting solutions. Intuitively, a smaller λ value motivates to
reduce the power loss in the grid, so the total power that flows
into the grid should be reduced. In Table I and Table II, we
summarize
 the resulting total power consumed by the HetNet
(i.e., k∈K pk ) with or without the grid support, when the
tradeoff coefficient λ is increased from 0.01 to 1. The results
for the stand alone system are shown using the parenthesis in
the tables. First, we observe that generally speaking increasing
λ reduces the power consumption of the HetNet. Second, when
λ is small and the renewable is more than enough (α = 5), the
grid supported HetNet tends to consume more power to reduce
the flow in the network, hence reducing the power loss. Third,
when the QoS requirement is high, the grid supported HetNet
often consumes smaller amount of the power than the stand
alone HetNet. This makes sense as the grid support HetNet
enables the BSs to perform the so-called energy cooperation
to achieve better efficiency [10]. Moreover, when the QoS
requirement is high but there is no sufficient power supply,

2

10

1

10

γ=30dB, α=1
γ=20dB, α=1
γ=10dB, α=1
γ=30dB, α=5
γ=20dB, α=5
γ=10dB, α=5

0

10

−1

10
0.01

Fig. 4.

0.1
λ

1

The total loss in the power system under different circumstances.

In the second experiment we consider problem (7) with the
additional requirement to further shutdown a few BSs. Thus
R(v) takes the form given in (9). Let us consider the setting
that α = 1, γ = 10dB and I = 5 (representing the case with
low traffic). Fig. 5 shows the number of times each BS gets
activated out of a total of 50 trials. It is interesting to observe
that the stand alone HetNet essentially randomly activates
the BSs, while the grid supported HetNet exhibits distinctive
activation pattern. Intuitively this is expected, since allocating
the renewable power to the BSs located in the middle of

the distribution network is more beneficial in terms of power
network loss reduction. In contrast, the stand alone network
has no preference as to which BS to activate, because the
users as well as the renewable power sources are generated
randomly. The message here is that accounting for the power
grid to the HetNet can result in the preference of a distinct
operational pattern of the HetNet.

Averaged Number of Activation

50
45
40
35
30
25
20
15
10
0

HetNet with Grid Support
HetNet without Grid Support
2

4

6
Bus Index

8

10

12

Fig. 5. The number of times different BSs get activated. Total number of
trial is 50, γ = 10dB, α = 1, I = 5, K = 13, ζk = 10 for all k.

V. C ONCLUSION
In this work, we consider the power efficient operation
of a wireless HetNet supported by a distribution-type power
network. The power flow in the network is described by the
LinDistFlow model. The BS in the HetNet is assumed to have
the ability to cooperate with each other for joint transmission.
The overall problem is formulated as the one that minimizes
both the cost of the power delivery and the total power
consumption of the HetNet. We show that the grid-supported
HetNet can significant improve the power efficiency comparing to the stand alone HetNet when the QoS requirement is
high. We also show that the inclusion of the power grid to the
HetNet can result in different operational pattern compared
with the stand alone network. In future, we are interested in
analyzing other types of demand response problems for the
HetNet with improved physical models. Different topologies
of the distribution network as well as more sophisticated flow
equations will be considered. More accurate power demand
models for the HetNet will also be taken into consideration.
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