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Abstract—Small cells are introduced to cellular systems to en-
hance coverage and improve capacity. Densely deploying small
cells can not only offload the traffic of macrocells but also provide
an energy- and cost-efficient way to meet the sharp increase in
traffic demands in mobile networks. However, such a cell de-
ployment paradigm also leads to heterogeneous network (HetNet)
infrastructure and raises new challenges for cell planning. In this
paper, we study the cell planning issue in the HetNet. Our opti-
mization task is to select a subset of candidate sites to deploy macro
or small cells to minimize the total cost of ownership (TCO) or the
energy consumption of the cellular system while satisfying prac-
tical constraints. We introduce approximation algorithms to cope
with two different cell-planning cases, which are both NP-hard.
First, we discuss the macrocell-only case. Our proposed algorithm
achieves an approximation ratio of O(log R) in this scenario,
where R is the maximum achievable capacity of macrocells. Then,
we introduce an O (log R)-approximation algorithm to the small-

cell scenario, where R is the maximum achievable capacity of a
macrocell with small cells overlaid on it. Numerical results indicate
that the HetNet can significantly reduce the TCO and the energy
consumption of the cellular system.

Index Terms—Approximation algorithm, cell planning, hetero-
geneous network (HetNet).

I. INTRODUCTION

ITH the explosive growth of traffic demands in cellular
networks, service providers are obliged to increase the
system capacity significantly. Due to the high installation and
site acquisition cost, energy- and cost-efficient cell planning
appears to be of utmost importance for the service providers.
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Generally, cell planning refers to deploying a number of base
stations (BSs, also referred to as cells) at candidate sites and
configuring their parameters to provide required coverage with
guaranteed quality of service at the least cost.

In second-generation (2G) cellular networks, cell planning
usually consists of two stages. First, a set of macrocells is
selected from a candidate site list, each configured with a series
of radio parameters, such as transmission power, antenna type,
azimuth, and tilt, to provide radio coverage for the service area
[1]H3]. The planning objective at this stage is to minimize the
total deployment cost while ensuring that the signal strength
is high enough for the users at the edge of each cell. Second,
radio frequency is grouped, and adjacent cells are assigned
to different frequency to leave the mutual interference among
them as low as possible so that the signal-to-interference-plus-
noise ratio (SINR) of the received signal is over a threshold
[41H6].

In third-generation (3G) cellular networks, frequency group-
ing is no longer necessary since each cell uses the whole radio
spectrum. It inevitably results in that a user may suffer strong
interference from adjacent cells. Cell planning always focuses
on how to select a set of cells from candidate sites and configure
their radio parameters, particularly transmission power, to keep
the SINRs of users above a predefined threshold. Generally, cell
planning for the 3G cellular systems is formulated as a capac-
itated facility location problem that is NP-hard [7]. Heuristic
methods, such as tabu search, simulated annealing, and genetic
algorithms, can be employed to address this problem [8], [9].

In the fourth-generation network and beyond, e.g., Third-
Generation Partnership Project Long-Term Evolution Advanced
(LTE-A), a heterogeneous network (HetNet) that generally con-
sists of macrocells and small cells, such as picocells, relays, and
femtocells, is deemed as an energy- and cost-efficient way to
keep up with the increasing traffic demands of users [10]-{13].
Femtocells are usually deployed by users in an unplanned way
to enhance indoor coverage. Picocells are operator-installed
and usually adopt the same backhaul and access features as
the macrocells, except for serving much smaller areas com-
pared with the macrocells. Picocells are usually deployed at
hotspots or coverage holes. The capital expenditure (CAPEX)
and operating expenditure (OPEX) of small cells are much
lower than that of the macrocells. Moreover, due to its much
lower transmission power and smaller size, the small cell only
requires flexible site acquisition, which is attractive for service
providers. By overlaying low-power and low-cost small cells in
the coverage holes, a HetNet can enhance coverage and improve
system capacity by offloading the traffic of macrocells.
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On the other hand, one of the most important issues fac-
ing the next-generation cellular system is the system energy
consumption, which always increases as the rapid growth of
traffic demands [14], [15]. It is worth noting that the power
consumption of BSs accounts for about 72% of the total power
consumption, and the data transmission only accounts for about
15% according to the investigation results given in [16]. In
other words, the power consumption of BSs is the majority of
the energy consumption of the cellular systems. Considering
that the power consumption of small cells is much lower than
that of the macrocells, the HetNet demonstrates great potential
to improve the energy efficiency of the cellular network as
discussed in [17]. An energy- and cost-efficient cell planning
strategy is of utmost importance for the HetNet, which has
been verified by our preliminary results [18], [19]. However,
planning macrocells and small cells in an almost optimal way
has not been studied extensively in the literature. Most of the
related works on the cell planning for HetNets only focus on
how to deploy the BSs to satisfy the traffic requirements under
ideal network models [20]{22]. In [20], cell planning with
varying spatial and temporal user densities is studied, where
the optimization objective is to find the optimal BS locations to
satisfy the cell capacity constraint per subarea, as well as the
coverage requirement. The number of BSs is estimated, and a
meta-heuristic algorithm is developed to find the optimal BS
locations at the first stage, followed by a procedure to eliminate
redundant BSs. In [21], the total number of required BSs is
estimated first. Then, the locations and the coverage of all cells
are determined. Finally, small cells are deployed to fill the
coverage holes. In [22], the optimization target is to reduce the
total deployment cost and enhance the cell coverage, leading
to an intractable multiobjective integer programming problem,
which is addressed by a two-level search algorithm.

It is worth noting that mutual interference among cells
and spectral efficiency are not considered fully in [18]{22].
We jointly consider power and bandwidth allocation, traffic
requirement, and spectral efficiency in this paper. We propose
a novel HetNet planning model that involves macrocells and
operator-installed small cells, where the transmission power
and bandwidth budgets are at different levels. We try to select a
subset of candidate sites to deploy macrocells and small cells
at the minimum total cost of ownership (TCO) or with the
least energy consumption to provide throughput and spectral
efficiency guarantee for all demand nodes (DNs). We inves-
tigate how to allocate power and bandwidth to maximize the
sum rate of a given set of cells, based on which we design ap-
proximation algorithms for different scenarios to provide worst-
case performance guaranteed cell planning schemes. First, an
approximation algorithm is introduced to solve the macro-only
cell planning case, which also indicates how to allocate band-
width to avoid the co-tier interference among macrocells. The
proposed algorithm can achieve an O(log R)-approximation
ratio, where R is the maximum achievable traglsmission rate of
the macrocells. Then, we develop an O(log R)-approximation
algorithm for the small-cell scenario, where R is the maximum
achievable capacity of the macrocell with small cells overlaid
on it. Theoretical analysis and numerical results validate the
effectiveness of our proposed cell planning schemes.
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TABLE 1
NOTATIONS
Symbol Semantics

N Set of candidate sites for deploying marco cells

N Set of candidate sites for deploying small cells

My Set of small cells covered by macro cell n

N Set of all candidate sites
N Number of all cells
Cn Cost of cell n
cGAPEX | CAPEX of cell n
cQPEX 1 OPEX of cell n
cQ&M Average O&M cost of cell n per year
ek Cost of unit energy consumption

En Average energy consumption of cell n per year

Zn Selection variable of cell n

Im Set of interference groups of macro cells

Is Set of interference groups of small cells

v Set of interference groups of co-tier cells
prar Maximum transmission power of cell n

B Total available bandwidth of macro cell

Bgs Total available bandwidth of small cell

K Set of DNs

K Number of DNs

R,’C’”” Rate demand of DN &

br.n Bandwidth allocated to DN & by cell n

Pkon Power allocated to DN k by cell n

i n Channel gain between cell n and DN &

Tkon Achievable rate of DN k covered by cell n
SEg n Spectral efficiency of DN k covered by cell n
SE}C’”" Spectral efficiency requirement of DN k

r SNR gap
No PSD of AWGN
Ipn Interference with unit bandwidth

The remainder of this paper is organized as follows. In
Section II, we illustrate network model and formulate the op-
timization task. In Section III, we address the power and band-
width allocation problem for a given set of cells. In Section IV,
approximation algorithms for the cell planning problems are
proposed in detail. In Section V, numerical results are given
with discussions. Conclusions are drawn in Section VI.

II. PROBLEM FORMULATION
A. Network Model

Some frequently used notations are listed in Table L.

Consider a HetNet where macrocells and small cells are
involved.! The sets of candidate sites of macrocells and small
cells are denoted N,,, and N, respectively. Denote N' = N, U
Ns ={1,2,..., N} as the set of all candidate sites to deploy
cells. Macrocells provide wide basic coverage and support
high-mobility users to reduce handover frequency of the cel-
lular system. Small cells usually locate in the coverage of a
macrocell to serve users with high traffic demands. Denote
M., as the set of small cells that can be covered by macrocell
n € N,,. We assume that |M,| is a constant integer. P8*

n
is the transmission power budget of cell n. The maximum

I'There are also small cells installed by users in an unplanned manner, which
are usually referred to as femtocells. Such kind of cells is not considered in this
paper. We consider the small cells deployed only by service providers.
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transmission power of a macrocell (e.g., 46 dBm) is usually
much higher than that of a small cell (e.g., 30 dBm).

Since the available spectrum below 3 GHz is limited, higher
frequency bands can be used by small cells to enjoy more avail-
able spectrum [23], e.g., the LTE-Hi project targets frequency
band from 3.4 to 3.6 GHz [24]. By exploiting wider bandwidth
in higher frequency, small cells can provide higher performance
in hotspots and indoor environments. In this paper, we assume
that macrocells and small cells use different frequency bands
to avoid cross-tier interference among them. The available
bandwidths of the macrocells and the small cells are B,,, and
Bg, respectively.

Reducing TCO is of great interest to service providers, which
always includes CAPEX and OPEX. Denote

CAPEX OPEX
Cn =¢C,, +c, (1)

as the cost of cell n, where cSAPEX and cOPEX are the CAPEX
and OPEX of the cell, respectively. cSAPEX s the total cost
of site acquisition, equipment installation, and civil works [16].
It is fixed and independent of wireless functionality. For cell
n, CSPEX mainly involves site rent, electricity, and operation
and maintenance (O&M). Thus, OPEX spent on cell n can be

expressed as follows:
OPEX _ (ES&J\I + EEEn) 2)

where y is operating years, ¢9%M is the cost of O&M of
cell n per year, ¥ is the cost of unit energy consumption,
and E,, is the average energy consumption of the cell n per
year.> Compared with a macrocell, a small cell is much more
economic in site acquisition, equipment installation, O&M, and
energy consumption.

We use a DN to represent the spatial distribution of traffic
demand as proposed in [2] and [3]. A DN represents average
traffic demand in a small area. The set of DNs is denoted K =
{1,2,...,K}.DN k € K requires a minimal rate R, where
RE““ > 0. Denote hy, ,, as the channel gain between cell n and
DN £k, which is a function of the distance between the cell and
the DN with a predefined path-loss model. Denote by, ,, and py, »,
as the bandwidth and power of the cell n allocated to the DN £,
respectively, the achievable rate of the DN k served by the cell
n can be calculated as

pk’,n|hk’,n |2

A SRS EE 3
Thrn (No + Irn) ©)

Tkn = bk,n 1Og2 1+

where I" is the SNR gap and related to a given bit error rate
(BER) for a specific modulation/demodulation scheme, e.g.,
I' = —In(5BER)/1.6 for an uncoded multilevel quadrature
amplitude modulation system [25]. Ny is the power spectral
density of additive white Gaussian noise. I, ,, is the interference
introduced by adjacent cells with unit bandwidth.

2Since the power consumption of a cell site accounts for the majority of total
power consumption, we assume that the average energy consumption of each
cell per year, i.e., Fr, is fixed and irrelevant to the transmission power.
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B. Interference Model

In a practical HetNet, co-tier and cross-tier interference are
major factors that influence system capacity, which should be
managed properly in cell planning. In 2G cellular networks,
e.g., the GSM systems, radio frequency is grouped, and adja-
cent cells are assigned to different frequency to leave mutual
interference among the cells as low as possible. In 3G networks,
code-division multiple access is adopted, where the whole radio
spectrum is shared by all cells. Each user is assigned to a special
spreading sequence to avoid cochannel interference. Different
from conventional cellular networks, frequency grouping is no
longer required in the HetNet since the whole radio spectrum
is shared by co-tier cells. Furthermore, orthogonal frequency-
division multiplexing (OFDM) is employed in the HetNet for
adaptive resource allocation to exploit diversity gains among
users to improve the system throughput and energy-efficiency
[26]. Hence, mutual interference among cells varies signifi-
cantly due to the mobility of users and the changes of channel
gain. Power and bandwidth should be dynamically allocated to
users to achieve a high system capacity and decrease intercell
interference.

As mentioned earlier, small cells can use higher frequency
bands to further improve user throughput in hotspots and indoor
environments. Therefore, the cross-tier interference between
the small cells and the macrocells can be eliminated. Even if
macrocells and small cells use the same frequency band, result-
ing to heavy cross-tier interference among them, our proposed
cell planning schemes can also be adopted with necessary
modifications. For the LTE-A networks, macrocells are intercon-
nected with each other by X2 interface; therefore, coordinated-
multipoint transmission/reception and intercell interference
coordination can be employed to reduce intercell interference
[27], [28]. Due to the low transmission power of small cell
and the large propagation loss of high frequency bands, the
co-tier interference among small cells is usually slight if the
distances between them are far enough. Moreover, clustering
can be used to manage co-tier interference by coordinating the
transmissions of the cells [29], e.g., if a cell is in close proximity
of another, the two cells can be assigned to different spectrum.
Such a clustering strategy can still be deemed as a penalty of
co-tier interference in cell planning since the available band-
width is reduced for each cell. Even though they are selected
simultaneously, the co-tier interference can be safely managed
by assigning the cells to different frequency bands.

Denote Z,,, and Z; as the set of interference groups of macro-
cells and small cells, respectively, which can be predetermined.
Let Z = Z,, U Z,. For each subset A/ in Z, the cells in N use
different spectra, and we have the following constraints:

Z Zbk,n < Bm,7 Nl S Im,

neNy kek

Z Zbk,n < 337 NQ € Is- (4)
neNs kek

We also need the following assumptions: If N7 and N5 are
two different subsets of Z, then N7 N N5 = 0; if ny,ng € N7,
where N is a subset of Z, then M,,, = M,,,. It is reasonable
due to the wide coverage of macrocells. The latter ensures that
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the macrocells in group N’ cover the same set as the small cells.
We use M to denote the set of small cells that can be covered
by the group A/’ of macrocells.

Based on the analysis above, the co-tier interference and
cross-tier interference can be carefully managed, Iy, ,, is thus
approximately zero. Equation (3) can be rewritten as

nH,

where Hy, ,, = |hg,n|?/T No. Note that 7y, is a concave func-
tion of py, , and by, in (5).

C. Network Constraints

Define Boolean variables z,, as the deployment indicators of
cells, i.e.,
1, cell nis selected

VnecN.

otherwise

For a practical cellular system, there are the following
constraints.
Power Budget: Each cell is power limited, i.e.,

E Pk,n S anrrlnax
kel

VYneN. (6)

Bandwidth Budget: The available bandwidth of each cell is
also limited, i.e.,

> bkmy < 20, B Yni € Ny,

kel

Zbk,ng < anBs Vng S Ns~ (7)
kel

Traffic Requirements: The selected cells should satisfy all
rate requirements of the DN's

Ry =Y rpn > RP™
neN

Vkelk. (8)

Note that a DN is an abstraction of the average traffic demand
in a small area. In practical networks, a DN can be served by
multiple cells.

Spectral Efficiency Guarantee: Spectral efficiency is an im-
portant issue in cell planning from the viewpoint of the cellular
system. Without considering spectral efficiency, a DN far away
from a cell may consume most of the radio resource of the cell.
Define the spectral efficiency function SEy, ,, for k€ K, n €N as

pk,nHk,n )
bk,n

SEpn = B = log, <1 T 9)

bk’,n

A minimum spectral efficiency is required if cell n allocates a

part of its bandwidth to DN k. If b, ,, > O, it requires that
SEj., > SE™, (10)

According to (9) and (10), we have the following affine
constraint:

Pon = Dknbin (11)
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where Ay, = (ZSEEM —1)/Hy, . Note that we usually take
the cell-edge user spectral efficiency requirement as the mini-
mum spectral efficiency.

D. Problem Formulation

Our optimization objective is to select a subset of A with
the minimum TCO to satisfy all rate requirements of uses in
K, while satisfying a series of network constraints. First, the
total allocated power and bandwidth of each cell cannot exceed
its maximum transmission power and available bandwidth.
Second, the rate requirements of all DNs should be satisfied
by the selected cells. Finally, the spectral efficiency on the
allocated bandwidth cannot be lower than a given threshold.
The optimization problem can be mathematically formulated
as follows:

min CnZ
ZnPk,n bk, n nzej:\/' nen
s.t. Cy ¢ Zbkﬂbl < anBm Vn, € Nm
kel
Cs: Z Zbk’,nSBm le (S
neNy kek
Cs: Y brn, <zn,Bs Yng €N,
kek
Cat YY) bpn<B, VANy€I
TLENz ke
Cs: Zpk,n <z, PP VnelN
kek
Cs: Rip>RM™ Vkek
07 : pk,n 2 Akj7nbk7n vk S IC,TZ S N
Cs : max 2, > 20 Yn' eN.
8 n:n€Ny,n'EM,, n=n s

Cy : bk,n ZO,pk,n >0 Vk‘élC,nEJ\/

Cio : ZHE{O,I} VneN. (12)

Note that (12) defines a general form of cell planning for the
HetNet. If our goal is to minimize the average system energy
consumption, we can set cSAPEX = 0¥ n € N and 9% = 0.
Then, the objective becomes

min E,z,.
ZnPk,nsbk,n Z nen

"neN

In the remainder of this paper, we mainly focus on the mini-
mization of TCO. The same methods can be employed to mini-
mize the system energy consumption by replacing c,, by E,,.

III. BANDWIDTH AND POWER ALLOCATION
FOR A GIVEN SUBSET OF CELLS

Notice that (12) is similar to a set cover problem with hard
capacities [30] without considering small cells. Additionally, a
generalized method to cope with the cell planning problem is
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proposed in [31]. However, the power and bandwidth are not
considered continuous variables to satisfy traffic demands. The
resource consumption for a cell to serve a DN is fixed, which
is only related to the traffic demand of the DN. It means that
the resource consumption is independent of the channel gain
between the DN and the cell. Recall that the method proposed
in [18] cannot be applied since there exist cells that need to use
different spectrum to avoid co-tier interference.

Before introducing our approximation algorithms, we need
to obtain the maximum satisfied sum rate of a given set of
cells where the achievable rate of each DN is kept below its
rate requirement. With this information, we can generalize the
results of [18], [30], and [31] to solve (12).

The bandwidth and power allocation problem for a given set
of cells is defined as follows: Given a set of macrocells N/,
and a set of small cells N/ 7, we try to work out the achievable
rate that can be sustained by those cells while keeping the
bandwidth and power constraints of the cells satisfied. Let N/ =
N, UN be the set of given cells and N' = |[N’| be the number
of cells in /. Mathematically, the optimization problem is as
follows:

o TS,
konoPhon o P
st.Cp: 0< bk’ﬂh 0< Pk,n> Ak’,nbk,n < DPk.n
VkeK,neN
Cy: Y bpn, < Bm Yni€N),
kel
Cs: Zbk’ﬂlz < B VTZQENS/
kel

Ci: > Y bim <Bn YMEeETL,

ni1EN/, NN kek

Cs : > bkn, <Bs YA €T

RQEN;,QNQ kek

Co: > pem <PM™ VnelN
kek

Cr: Y men <R VkeK.
neN’

(13)

It is worth noting that the achievable rate of each DN is
required below the minimum rate requirement in (13). With
the constraints in C7, N is a feasible solution to (12) if and
only if the optimal value of the objective function of (13) is
Y kek R}fin. More importantly, we can design approximation
algorithm to solve (12) based on the optimal solution to (13).
However, one requirement of a convex optimization problem is
that all inequality constraint functions are convex [32]. As men-
tioned earlier, C'7 is concave for both by, ,, and py, ,,, resulting in
that (13) is not a convex/concave optimization problem. We use
a general transformation to yield an equivalent problem whose
feasible set is convex. Since
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the equivalent problem of (13) can be written as
S P IPBL
neN’ kek
S.L. Ogbkm,Ogrk,n VkGIC,TLENI
SEglinbkm <Tkn Vke K,n € N’
Cy ~ C71in (13). (14)

The objective function and the constraints Co, Cs, Cy, C5, C7
are affine for both by, ,,, 7 in (14). Moreover, Cy is convex
since py, ., is convex for both by, ,, and 7, ,,. Thus, (14) defines a
convex optimization problem [32].

The barrier method is a standard technique to solve con-
strained convex optimization problems. It makes all inequality
constraints implicit in the optimization objective. The main
disadvantage of the barrier method is that the cost of storing
Hessian is high, as well as the load of computing Newton step.
To reduce the storage complexity and computational complex-
ity, we employ a fast barrier method by exploiting the special
structure of (14), as suggested in [33]-{35].

For N1,Ns that Ny € Z,,, Na € Z, and N, "N # 0,
NIN N # 0, denote

bN'l =By, — Z Z bk’,nl
ni1EN/, NN kek
b, =Bs— D) b,

WQEN!;mNQ kek

Denote

b, = B = bim, V1 €N],
kek

by = Bs =Y brn, Vng €N
kek

pn=P"*_S p. VneN
kek

> rkn VkeEK.
neN’

rk — R;;lln _

Finally, for each k € KC,n € A/, denote

Skon = Thkn — bk’nSEzlm.
. . . !
First, we collect all variables into one vector € R2KN',
x=(r11,b11,71,2,b1,2,...,7K N, Dr,N'). Then, we convert
all inequality constraints into a logarithmic barrier function

¢(x)

o(x) = — Z log b, — Z log p,, — Zlogrk

neN”’ neN’ kek
- Z Zlogrk,n - Z Zlog bk,n
neN’ kek neN’ kek
_ Z Zlogsk,n - Zlongl — Zlongz
neN’ kek M No
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The optimization problem can be converted into a sequence
of minimization problems by introducing a logarithmic barrier
function with a parameter ¢. For (14), its optimal solution can be
approximated by solving the following unconstrained convex
problem:

() = —t Z me + ¢(x).

neN”’ kek

min
xr

As t increases, such an approximation becomes closer to the
optimal solution to (14). Generally, the Newton method is
preferred to solve the unconstrained convex problem mentioned
earlier because of its quadratic convergence property [32]. For
a given parameter ¢, Newton step Ax can be computed by
solving the following equation:

Vi (x) Az = — Vi (x) (15)
where V21, (x) and V1), (z) are the Hessian and the gradient
of ¢ (), respectively. The Hessian of /4 (x) can be written as

. Vr.V T
Vth(ZC) = dlag(DLl, .. -;DK7N/) + Z %

T
kek k
T T
p2 B2
neN’ n neN’ n
T T
. Z Vb/\/IVle . Z VbN2VbN2
b? b2
Ny N1 No No
where Dy, ,, is presented in
1 1 8%pin 1 prm
D, — TR | Pn O, P 0Tk, nObk n
k=1 1 8%pim 1 1 pin
Pn Obk,nOTk n b . | pa ObF .
1 _ SE:};ﬁn
2 2
Sk,n Sk,n
+ _SE’I;““ SEmin 2 (16)
Sk,n Sk,n

Due to the special structure of the Hessian, we can solve (15)
by using the method proposed in [33] and [34] efficiently. Based
on the analyses of [33] and [34], the computational complexity
is bounded by O(UK N'), where U = max{K?, N?}. More
importantly, the storage complexity is bounded by O(K N')
intuitively, making that the method that can be applied to large-
scale wireless system. The outline of the barrier method is
summarized in Table II, where 0 € R25N’ whose elements are
all zeros. ¢, and ¢,, are the tolerances of the barrier method and
the Newton method, respectively. o and  are two constants
utilized in backtracking line search with « € (0,0.5) and 5 €
(0, 1). The step size of the backtracking line search is s with
s> 0. t and p are parameters associated with a tradeoff be-
tween outer iterations and inner iterations. Based on the optimal
solution to (14), we can design approximation algorithms to
address the cell planning problem defined by (12).
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TABLE 11
BARRIER METHOD FOR BANDWIDTH AND POWER ALLOCATION
Algorithm 1
1: Initialization: x = 0
2: while KN'/t > ¢,

3: while True

4: Compute Ax by (15) and A2 = V. (x)Ax;
5: Set s = 1;

6: if \2/2 < e,

7T: break;

8: end if

9: while ¢ (x + sAx) > i (x) — asA?
10: s = pfs;

11: end while

12: Update x = x + sAx;

13: end while

14: t = ut;

15: end while

16: return x

IV. APPROXIMATION ALGORITHMS FOR CELL PLANNING

Here, we first focus on the macro-only cell planning problem,
where small cells are not involved. We propose an O(log R)-
approximation algorithm to address the problem. Then, an
O(log R)-approximation algorithm for the cell planning with
small cells, which is based on the theoretical analyses of the
algorithm for macro-only cell planning, is also developed.

A. O(log R)-Approximation Algorithm for
Macro-only Cell Planning
Given a set N1 C N of cells, let w(N7) be the optimal value

of the objective function of (14). Denote ¢(N7) as the total cost
of V1. For each Ny C N, we define

wy, (N2) = w(N1 UN2) —w(N)

Wy () = )

The key idea of our proposed algorithm lies in a greedy
strategy: We try to add a set of cells GG; at the [th iteration to
satisfy

ma. W, n
e Wi ({n})

>
Wy,_, (G1) > Jpax max Wi, (G)

WM—l(Gl) >
(17)

where A is the set of selected cells at the [th iteration. If we
can find out (G; that satisfies (17), all possible combinations
of macrocells in an interference group should be searched
exhaustively at the /th iteration, which yields an unacceptable
computation burden. Fortunately, we can only search each
unselected cell to find G; by using the following theorem.
Lemma 1: Given a subset N’ in Z,,, if cell n* € N’ can
maximize Wy, _, ({n}) at the [th iteration, it always holds that

Whi_, ({n*}) > Wy, (G) VG CN.

Proof: Given positive numbers ay, .
we have the following fact:
Fact 1.

..,apandby, ..., by,

i D icr @i

= ) vIC{l,2,...,n}.
iel Vi
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TABLE III
O(log R)-APPROXIMATION ALGORITHM
FOR MACRO-ONLY CELL PLANNING
Algorithm 2
1: Initialization: Ny < 0, | = 0.
2: while w(N;) < > o Rp¥™ do
3: l=1+1,W =0;

4 for all n € N;,,\N;_1 do

5: Calculate Wy, = Wi, _, ({n}):
6: it W, >W

7 ng=mn, W=Wy;

8: end if

9: end for

10: N =N u{mh

11: end while

12: return

By using Fact 1, we have

ZnEG WA}y ({n})
ZneG Cn

Intuitively, >, . wy,_, ({n})isalwaysnotlessthanwy;, , (G).
Thus, it can be concluded that

wy;_, (G)
ZneG Cn

max Wy, , ({n}) >

VG CN.
neN”’

max Wy, ({n}) >

>
neN’ - WN,FI (G)

VG C N
[
According to Lemma 1, we always select a candidate cell
to increase the system capacity with the least cost. That is,
the cell with the maximum average capacity per unit cost is
selected with priority. We test all remaining candidate cells at
each iteration and select a candidate cell n; to increase the
system capacity with the least cost. The cell always satisfies
(17). Such a procedure repeats until the rate requirements of all
DN are satisfied. Then, the set of selected cells can be output as
a feasible solution. The outline of our proposed approximation
algorithm for macro-only cell planning is described in Table III,
where X\Y = {z € X|z ¢ V}. Note that the proposed algo-
rithm can always provide coverage if a feasible solution to the
planning problem exists because the worst case is that all cells
are selected.

B. Analysis of Algorithm 2

To analyze the approximation ratio of the proposed ap-
proximation algorithm (Algorithm 2), we need to describe the
optimal solution to (12) at first. Given a cell planning instance,
let 27, by, .. P, be an optimal solution to (12), and let rj, , =
bj.n l0ga(1 + py. , Hi,n /V}, ,,) is the achievable transmission
rate. Without loss of generality, we assume »  _.\ 7}, =
R Denote N}, = {n € Np,|2; = 1} as the set of selected
macrocells that exist in the optimal solution.

For each n € N'*, denote R, as the total transmission rate of

celln
ko *
R, = E Thon-
ke

Similar to a single-cell scenario, denote R}, as the total trans-
mission rate of group N’ € Z,,,
* *
zk Z Thn-

RJ*V’:Z kek
€

neN’
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Each macrocell n € N, sustains a rate R, at the employment
cost of ¢,,. Each group N/ € Z,,, sustains a rate R}, at the cost
of c(N7).

Theorem 1: Algorithm 2 achieves an approximation factor of
O(log R) for the macro-only cell planning problem defined by
(12), where

!
R = max {Arfpgz);w(N )s max w ({n})} :

Proof: Let z,,, by, ., D). , be the solution of Algorithm 2.
Denote L as the number of iterations and Nz, = {n € N;,,|z}, =
1} as the corresponding set of selected cells by Algorithm 2.

We divide NV, into two different subsets: N} and N3. N7 is
the set of macrocells, which use whole bandwidth (also means
that there is no interference to other cells in N;;). N is the
set of macrocells that have to use a part of bandwidth to avoid
mutual interference.

After the [th iteration, the cells in V; have been selected. If
all the cells in V5, UN are selected, the total traffic demand
is satisfied. We suppose that the cells in N satisfy w(N}),
whereas the cells MV, \V; provide the remaining traffic demand.
Suppose a;(n) is the remaining traffic demand at the Ith itera-
tion, n € N{\N. If there exist at least two cells in N € 7 that
are also in A, we assume that a;(\) is the remaining traffic
demand at the /th iteration, where N = N’ N A 5. Intuitively, if
the procedure selects cell n € N7 at the [th iteration, we have
a;+1(n) = 0. Similarly, if the procedure has selected all cells in
N after the Ith iteration, we also have a;1(N) = 0.

First, we consider the macrocell n in N;. As mentioned
earlier, if we add cell n to AV, the rate requirement a;(n) can be
obviously satisfied. Therefore, we have

ai(n) <wy; ({n}). (18)
Based on (17) and (18), at the [th iteration, it holds that
Wi, ({ru}) = max Wy, ({n'})
n'€Nm,
> Waio, ({n})
> aj-1(n)/cn- 19)

Then, we charge the cost of each cell in N} at the [th
iteration. Since Wy,_, ({ni}) = wy,_, ({ni})/cn,, the cost of
cell n in N at the [th iteration is

er(n) = a;—1(n) —a;(n)
Wy, ({u})

The total cost of cell n is
L
—a
> aln) =

L Qp— 1(
=2 W ) Wiy ({ru})

=1 =1
L

a;—1(n) — a;(n)
<cp- S R
= ; aj-1(n)
<cn-H(Ry)
=c¢, -0 (logR})
< ¢, -O(log R) (20)

where H (r) is the rth harmonic number.
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Next, we consider the macrocells in N3. Similar to the
former proof, we have

ai(N) < wp, (N) 1)

since NV can at least cover N~ demands in the optimum. Similar
to (19), by using (17) and (21), it can be concluded that

a;—1 (./\7) .

Wiy (fru}) = % (22)

We glso charge the cost of N at the lth iteration, where the cost
of \V at the Ith iteration is
- N —a(V
() = @ LWN) — a(N)
Wiy ({ra})

The total cost of cell N is
— a(N)

L
Yo a1
2l ‘Z WM o))

=1 =
L

-H (Rj‘\/,)

-0 (log Ry)

-O(log R).

N) - ai(V)

Cll1)

I /\

IA
22
53

(23)

Therefore, we can conclude that Algorithm 2 achieves an
approximation factor of O(log R) for macro-only cell planning
problem. |

Note that the first inequality of (23) gives a much tighter
bound than the third inequality. Although we cannot get the
information of the optimal solution, we can optimistically con-
clude that the solutions obtained by Algorithm 2 are better than
the provable worst-case theoretical bound.

C. O(log é)—Approximation Algorithm
for Cell Planning with Small Cells

Based on the theoretical analysis on the macro-only cell
planning problem, we can obtain that (18) and (21) always
hold in different situations. Therefore, the key technology of
designing the approximation algorithm for the cell planning
with small cells is how to find the cell that satisfies (19) and
(22). The difference between the macro-only case and that with
small cells is that a small cell should be installed only to cover
the macrocell that has been installed, which makes the problem
a little more difficult to solve. We can design an approximation
algorithm for the cell planning with small cells following the
same idea mentioned earlier. The key issue of the algorithm is
how to select cells at each iteration.

Denote N}, as the set of selected macrocells existing in the
optimal solution. N is the set of selected small cells. Similarly,
we divide NV, into two different subsets: N7 and N . N7 is the
set of macrocells that use whole bandwidth, and A is the set
of macrocells that use a part of bandwidth. Denote M, as the
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~ TABLE IV
O(log R)-APPROXIMATION ALGORITHM FOR
CELL PLANNING WITH SMALL CELLS

Algorithm 3
1: Initialization: N; < 0, 1 = 0.
2 while w(N}) < X exc RP™ do

3: l=14+1,W = 0;
4: for all n € N;\NV;_1 do

5: for all G € M,, do

6: Calculate Wy, = Wa,,_, ({n} U G);
7 it W, >WwW

8: G ={n}UG W =Wy,;

9: end if

10: end for

11: end for

12: for all n € NV,, N N;_1 do

13: for all n’ € N\N;_1 do

14: Calculate W,,» = W, _, ({n'}):
15: if W,, >W

16: Gy ={n'}, W =Wy,

17: end if

18: end for

19: end for

20: N, N_1 UGy;
21: end while
22: return N

set of selected small cells that can be covered by the macrocell
n € NY. We treat macrocell n and M, as a unity. Define N} =
{n} U M . Suppose that a;(n) is the remaining rate that should
be covered by V¥ at the [th iteration. Intuitively, if we select N
at the [th iteration, a;(n) can be satisfied. We have

ai(n) < wy;, (Ny) -

For each group N’ € Z,,,, where |[N'NN3| > 2, define
N’ = N" NN and /T/l\}‘\; = My NNZ. We also suppose that
aj (./\N/’ ) is the remaining rate that should be covered by N and
/T/l\j\; at the [th iteration. It can be concluded that

a(N') < wy; (fv“ U H;) .

(24)

(25)

Therefore, we try to add a set of cells GG; at the [th iteration
to satisfy

Wy, (G) > max max Wy, , ({n}UG)

neNm\Ni_1 GEM,,

Waie(G1) 2 max Jmax, W, (G1UGy).
GzCMN/

(26)

The outline of our proposed approximation algorithm for
cell planning with small cells is described in Table IV. We
also select a candidate cell (or cells) to increase the system
capacity with the least cost. That is, the cell with the maximum
average capacity per unit deployment cost is selected with
priority. Different from Algorithm 2, we also need to search all
possible combinations of small cells of which can be covered
by each unselected macrocell at each iteration. Based on the
following theorem, for each interference group, we only search
one macrocell and all possible combinations of small cells.

Lemma 2: Given a subset N in Z,,, if the subset of macro-
cells G1 C N’ with small cells Go C M can maximize W =
Wy,_, (G1 U G3) at the [th iteration, then it holds |G;| = 1.
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Proof: For the proof, see the Appendix. ]
Lemma 3: If macrocell n has been selected before the Ith
iteration and G* = argmaxgca,\n,_, Wn,_, (G) at the Ith
iteration, then it holds |G*| = 1.
Proof: By using Fact 1, for all G C M,,\ N;_1, we have

EneG WN; 4 ({’I’L})

ma, W, ny) >
ne/\/ln\}lsfzfl A ({ }) o ZneG Cn
> w;_, (G)
ZneG Cn
> Wi, (G).

|

According to Lemma 3, we only need to search each unse-

lected small cell that can be covered by the selected macrocells
at each iteration.

For each n € N5, redefine R, as the total transmission rate
of cell n, where

* *
R, = g E Thon-
n’eN; kek

Similar to single macrocell, redefine I}/, as the total transmis-
sion rate of group N’ € 7,,, i.e.,

Do D That D D Tha

neN’'NN; kek n'eMy,, kek

Rj\/’/ =

Each macrocell n € N}, sustains a rate R, at the employment
cost of ¢,,. Each group N’ € Z,,, sustains a rate R}, at the cost
of c(N7).

Theorem 2: Algorithm 3 achieves an approximation factor of
O(log R) for cell planning problem with small cells, where

R= UMy UM,)+.
max {Arfrlleazxw(./\f MN),YILE/e\fow({n} M ,)}

Proof: We consider the macrocell n € N that does not
belong to any N’ C Z. As discussed in Lemma 2, we can sim-
ilarly prove that a;(n) <wy;, (N;;) and a;(n) <wpi\ pnyum,, (Vi)
always hold. Therefore, we have

aj—1 (n)

c(N7)

Wy, (Gr) >

The total cost of N} is

< ¢(N)-O(log R). 27)
Next, we consider the group N’ € Z that has at least two
macrocells in the optimum. Similar to the proof given earlier,

we have

(llfl(./\f\f/)

Wy, (Gi) > m
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The total cost of N and M3, is
L L =7
N a1 (W) —a (V)
= 2 G
=1 =1 d
<o (N'UMS,) - H (By)
< c(/\Nﬂu/T/l\;) O(logR).  (28)

In summary, Algorithm 3 achieves an approximation ratio of
O(log R) for the cell planning with small cells. [

D. Complexity Analysis and Further Discussion

The complexity of Algorithm 2 can be counted as follows.
We need to calculate the maximum capacity gain brought
by each remaining macrocell at each iteration. Therefore, the
computational complexity of each iteration is O(U K N2,). The
overall complexity of Algorithm 2 is bounded by O(LU K N2,).
The storage complexity is bounded by O(K N,,,) as mentioned
in Section III.

Different from Algorithm 2, we need to calculate the max-
imum capacity gain brought by the remaining macrocell n
and the subset of M, by exhaustive search at each iteration.
Since we have assumed that |M,,| is limited to a constant in
the considered model, the computational complexity of each
iteration is bounded by O(U K N?). The overall complexity of
Algorithm 3 is also bounded by O(LU K N2). Again, the stor-
age complexity is bounded by O(K N). Note that we have to
search all possible combinations of small cells to work out the
optimal subset G* C M, that can maximize Wy, _, ({n} UG),
which costs huge computational load. To reduce computational
load, we can adopt some heuristic approaches without deteri-
orating the performance. For instance, we can set G = M,, in
the first place and calculate Wy, _, ({n} U G). Then, we remove
the small cell n’ € G that minimizes Wy,_, ({n} UG\{n'})
from the subset G. Such procedure stops when Wy, _, ({n} U
G\{n'}) < Wy, _,({n} UG). However, the worst-case theo-
retical bound of Algorithm 3 can no longer be guaranteed.

V. NUMERICAL RESULTS

We give numerical results to evaluate the performance of our
proposed algorithms. The system parameters, such as the path-
loss model, maximum transmission power, system bandwidth,
etc., are based on the specifications proposed in [36]. All results
are averaged over 200 Monte Carlo simulations. The service
area is 3 x 3 km?. There are 20 candidate sites for macrocells
and 100 candidate sites for small cells. Each candidate site is
uniformly distributed in the deployment area. The maximum
transmission power of a macrocell is 46 dBm. If the distance
between two macrocells is less than 500 m, they need to use
different spectrum. For a small cell, the transmission power is
limited by 30 dBm. If the distance between a macrocell and a
picocell is less than 800 m, the picocell can be covered by the
macrocell. There are 100 DNs that are distributed uniformly
in the deployment area. The required spectral efficiency SEErlin
is 1 bit/Hz, and the rate requirement RJ™™ is 1 Mb/s for
each DN. Path loss (in decibels) from the macrocell to a DN
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Fig. 1. CDF of the number of Newton iterations required for convergence.
9 =01,y =€en =103, 1 =10, = 0.01, and 3 = 0.1.

is calculated as 128.1 4+ 37.6log;((D), whereas the path loss
from a small cell to a DN is 140.7 + 36.7 log; (D), where D
is the distance between transmitter and receiver (in kilometers),
and the standard deviation of lognormal shadowing is 10 dB.
The noise power spectral density is —184 dBm/Hz and I" is set
to 7.6288 (BER = 107°).

First, we investigate the convergence of our proposed algo-
rithm. Fig. 1 gives the cumulative distribution function (cdf)
of the number of Newton iterations. Some key parameters are
set as follows: t(9) = 0.1, e, = €, = 1073, = 10, a = 0.01,
and = 0.1. As shown in Fig. 1, 95% of Newton iterations
are less than 60 for all cases. Moreover, the number of Newton
iterations only increases slightly as the increasing of DNs and
cells. We can conclude that our proposed barrier method works
effectively and efficiently even for large-scale wireless systems.

Then, we study the average TCO versus operating years.
For each macrocell, the CAPEX is distributed uniformly in
an interval of (8, 12), and the OPEX per year is distributed
uniformly in an interval of (1.6, 2.5). For each small cell,
the CAPEX and OPEX per year are distributed uniformly in
intervals of (84,12d) and (1.64, 2.59), respectively, where &
is the average cost ratio of a small cell to a macrocell. The
available bandwidth of each cell is 100 MHz. We can observe
in Fig. 2 that the average TCO of HetNet is lower than that of
the macro-only scheme. Our proposal can save about 20% and
30% TCO for the cases of 6 = 0.1 and § = 0.01. Intuitively, the
TCO rapidly increases with longer operating years, as shown
in Fig. 2. In the end, cell planning with small cells is a cost-
efficient way to keep up with the increasing traffic demands.

We also investigate the changes of the average energy con-
sumption for different {, where ( is the average energy consump-
tion ratio of a small cell to a macrocell. The energy consumption
of a macrocell is set to 10. As shown in Fig. 3, the cell
planning scheme with small cells is the most energy-efficient
scheme to satisfy the rate requirements of all users, even for
the case that the energy consumption of small cell is relatively
high compared with a macrocell (Note that ¢ is usually far
less than 0.1 in a HetNet). We can observe in Fig. 3 that the

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 66, NO. 2, FEBRUARY 2017

220 T T T T T T T
- o-— -
200 - HetNet, 6=0.01 _+
— % — HetNet, §=0.1 -
180 [ | — +— Macro-only — B
7
7
160 ¥ 3
7 //
- - -~
140 7 - A
// /O/ ///
O 120 ¥ —=— .
7 - o
7 -~ -
100 | -7 -7 -7 -
7 /6 el
-2
80 /.'( T _- 1
// /0/ ///
60 ////ie/ 4
// -
40_?/:/ ]
-~
20 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10
Years

Fig. 2. Average TCO as a function of years. [N, | = 20, |Ns| = 100, K =
100, SEX™ = [ bit/Hz, and RM™ = 1 Mbps for all k, P13 =40 W Vn €
N, Pax = 1 WV n € N, and By, = Bs = 100 MHz.

B @ —— = == = —— = g — — = — = = O — — —
——=0
R
60 - -
5 ---°
8551 - .
g _ o — 8 — B_=B_=20MHz, HetNet
S _ m~ s
g 50 @ — + — B,,=20MHz, Macro-only .
o
2 ash —© — B,=B=100MHz, HetNet | |
) — 4 — B_=100MHz, Macro-only
c m
(]
q)40' n
(o)) —_ e — —_ — —— — —_—
8 + —+ + —— + ~__—é—____[§
Q351 —— = _
< _a--
30 T .
-
25 E
0 0.05 0.1 0.15 0.2 0.25 0.3
¢

Fig. 3. Average energy consumption as a function of ¢. [Nm| = 20, |Ns| =
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average energy consumption of the HetNet is lower than that of
the macro-only scheme for different available bandwidth. Intu-
itively, more small cells can be selected when  decreases. As a
result, spatial spectrum reuse efficiency is improved, which can
satisfy more DN at a relative low energy. When ¢ > 0.2, the
performance gap between HetNet scheme and others becomes
moderate. It is reasonable because a large ( means that the
energy consumption of a small cell certainly increases to obtain
capacity gain benefitting from spatial spectrum efficiency. We
can conservatively conclude that our proposal is energy and cost
efficient for next-generation wireless systems.

VI. CONCLUSION

In this paper, we have studied the cell planning problem
in the heterogeneous cellular network. Given a candidate set
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of macrocells and small cells, the cell planning task for the
HetNet is to select a subset of cells with the minimum TCO to
fulfill the traffic demands of all DNs. We first tried to maximize
the sum rate of a given subset of cells while keeping the
achievable rate of each DN below its rate requirement. We used
a general transformation to yield an equivalent convex problem
and employed a fast barrier method to address it efficiently.
We then proposed an O(log R)-approximation algorithm to
solve macro-only cell planning. Based on the analysis on the
approximation algorithm, we further developed an O(log R)-
approximation algorithm for HetNet cell planning. Numerical
results are given and validate the capacity effectiveness of
the HetNet and the efficiency of our proposed approximation
algorithm, throwing some insights on how to plan HetNets.
However, although we discussed the interference management
issue briefly, such an important topic should be extensively
investigated in future work.

APPENDIX
PROOF OF LEMMA 2

Consider the case of G5 # (), we can initiatively obtain
Wri_,u6, (Ge) > Wy, _, (G1)
since other G2 must be an empty set. Therefore, we have
Wii_,u6,(G1) < W, (G2).
Since G; and G2 can maximize Wy, _, (G1 U G2), we have
Wai_iua, ({n}) < W06, (Gh)

We can conclude that Wy, ,ug,({n}) < Wa,_,(G2), ¥n €
(1. In addition, we also have

VneG.

G G
WMfl(Gl U G2> _ lefl( 2) + w/\/_IUGQ( 1)

C(GQ) =+ C(Gl)
wM—l(GQ) + Z WN, UG, ({’I’L})
< neGy
- c(G2) + ¢(Gy)
< max WN; 4 (GQ) + WA, UG, ({’I’L})
T neG; C(Gg) +cn

If the number of cells of G5 is larger than 1, we can select any
one to increase Wy, _, (G1 U G2). Therefore, we have |G1|=1.
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