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Abstract. Millimeter-Wave (mmWave) communication in ultra-dense
networks (UDNs) has been considered as a promising technology
for future wireless communication systems. Exploiting the benefits of
mmWave and UDNs, we introduce a new approach for jointly optimizing
small-cell base station (SBS) - user (UE) association and power allocation
to maximize the system energy efficiency (EE) while guaranteeing the
quality of service (QoS) constraints for each UE. The SBS-UE associa-
tion problem poses a new challenge since it reflects as a complex mixed-
integer non-convex problem. On the other hand, the power allocation
problem is in non-convexity structure, which is impossible to handle with
the association problem concurrently. An alternating descent method is
thus introduced to divide the primal optimization problem into two sub-
problems and handle one-by-one at each iteration, where the SBS-UE
association problem is reformulated using the penalty approach. Then,
path-following algorithms are developed to convert non-convex problem
into the simple convex quadratic functions at each iteration. Numerical
results are provided to demonstrate the convergence and low-complexity
of our proposed schemes.
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1 Introduction

Ultra-dense networks (UDNs) by deploying multiple small-cells base stations
(SBSs) such as micro-cells, pico-cells, micro-cell operators! distributed in the
traditional cell have been emerged as a promising technology to improve the
coverage and network performance [3]. In UDNSs, the processing load can be
effectively shared among SBSs instead of centralizing at the traditional macro
base stations. However, due to the limited capacity and the scheduling scheme,
such deployed SBSs are not able to serve a large number of users (UEs) simul-
taneously. Thus, the SBS-UE association problem becomes very important [15].

Due to the rapid shifting of high-speed broadband wireless access, the appli-
cation of Gigabit services such as real-time streaming, gigabyte file transfer have
been broadly developed [1,11]. The core of such services is mainly based on
millimeter-Wave (mmWave) communication, which is one of the powerful tech-
nologies enabling the high data rate services [4,17]. Such mmWave technologies
utilize the frequency band from 30 to 300 GHz, which corresponds to wavelengths
from 10 to 1mm [6]. It has been reported that the maximum attenuation of
mmWave can achieve in the 60 GHz, 120 GHz, 180 GHz frequency bands [19].

The application of mmWave in UDNs has been widely studied to exploit
the benefits of short-range communication to the high data-rate services [1,20].
In particular, the UE association schemes have been developed to improve the
load balancing in the UDNs [18,20]. The resource allocation schemes were also
investigated since the wireless channels in the mmWave network are strongly
unstable due to high frequency operation [14]. In the extending mmWave inves-
tigation, the joint optimization for both UE association and power allocation has
taken into account [20]. The binary association problem in those schemes is usu-
ally applied with the relaxation method, then using the traditional Lagrangian
and gradient methods [20]. For those previous works, the problem will become
very challenging when more UEs join in the system. Thus, the local optimum
is difficult to achieve, which produces high-complexity with large iterations for
convergence.

In this paper, a new approach for jointly optimizing the SBS-UE associ-
ation and power allocation is investigated. The energy efficiency (EE) of the
whole networks is taken into account subject to the quality of service (QoS)
requirements of each UE. Since the proposed SBS-UE association problem is a
challenging mixed integer non-convex optimization problem, which poses a high
complexity for large-scale networks. On the other hand, the association problem
and non-convex power allocation problem have a close connection. Therefore,
solving them concurrently is extremely infeasible. Following from the proposed
algorithms in [2], it has proved the effectiveness in the large-scale UDNs with
low computational complexity. Particularly, an alternating descent method is
first derived, which allows us to divide the primal problem into two separated

! The term “micro-cell operator” is used to indicate the deployment of micro-cell base
stations at the private areas like school zones, factories, company buildings with
their individual policies [5].
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Fig.1. The dense network scenario with M small-cell BSs and K users randomly
distributed in the circular cell.

subproblems for easy to handle at the same time scale. Even though the associ-
ation problem and power allocation problem are decoupled, their structures are
still nonconvexity. The penalty method [15] is thus introduced, which relaxes
those binary variables and force its square converting to its own original form.
Then, the path-following procedures are employed to achieve computational low-
complexity algorithms by converting the non-convex problem into the simple
quadratic convex optimization problem [10,13,15]. Numerical results are thus
developed to verify the convergence and effectiveness of our proposed algorithms.

Notation: Boldfaced symbols are used for optimization variables whereas non-
boldfaced symbols are for deterministic terms, regardless of whether they are
vectors or scalar values.

2 System Model and Problem Formulations

2.1 System Model

Consider the UDN consists of the set of M SBSs using 60-GHz mmWave band,
m € M = {1,...,M} communicating with the set of K UEs, k € K 2
{1,..., K}, where those locations are randomly distributed in the circular cell
with radius R, as shown in Fig. 1. All SBSs and UEs are equipped with single-
antenna and operate in half-duplex mode. Since the 60-GHz frequency band is
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studied, the channel gain between SBS m and UE k is modeled as the Friis
transmission equation [8]
I
Im.k = 167’7’ (1)
(%)

where ZT“’,C is the transmit antenna gain from SBS m to UE k, ZRQE,C is the receive

antenna gain from SBS m to UE k, £ is the wavelength, d,,; is the distance
between SBS m and UE k, dj is the far field reference distance, and 7 is the
path-loss exponent (9 € [2,6]).

Without loss of generality, we assume that each UE can associate only one
SBS at each interval time and each SBS can serve multiple UEs by performing
scheduling algorithms to avoid intra-cell interferences [7]. There are two main
reasons for proposing the association problem. Firstly, the UEs can select the
nearest SBS or the associated SBS with the best channel gain such that their
minimum transmission rates are guaranteed. Secondly, the load-balancing of the
whole systems can be improved, where the processing load is equally shared
among SBSs.

Let us define x £ [xl,...,xM]T, Xy 2 [xmﬁl,...,xmyK]T7 where X, p €
{0,1} is the association variable expressed as follow

{ 1if UE k associates with SBS m,
Xm,k = .
0 otherwise.

Due to transmission scheduling among UEs at the associated SBS m, each
UE will be assigned one time slot equal to another UEs. According to Shannon’s
capacity formula, the achievable rate for UE k via SBS m is given by

Rm,k(x7 p) = 10g2(1 + ’Vm,k:)

W
K (X)

Pmdm.k
(2)

Z Pnn.k + 0'7277,

neM\{m}

= L10 1+

where W is the total bandwidth, p,, is the transmit power of SBS m, o2, is the
variance of additive white Gaussian noise (AWGN), K., (x) = Zk:l X,k 1S the
number of UEs associated with SBS m. As seen from (2), UE k is subjected to
the inter-cell interferences from other SBSs n # m.

2.2 Problem Formulations

Our objectives aim to maximize the EE maximization problem in terms of num-
ber of bits delivered per unit of Joule subject to the QoS rate threshold for each
UE. The EE maximization problem can be expressed as [20].
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Z Z Xm,kRm,k:(xa p)

max P (x, p) = meM ek ; (3a)
P Z pm + pnon
meM
M
s.t > Xmi =1,Yk €K, (3b)
m=1
Xm.k € {0,1},Vm e M,k € K, (3c)
0<pm <PR*,Vme M,k €KX, (3d)
Z Xm,kRm,k(Xv p) Z R;qnznvv}f S ICv (36)
meM

where pnon = M * p, is the non-transmit power with p, is the antenna circuit
power. Constraint (3b) ensures that each UE must associate to one SBS while
the constraint (3d) indicates the maximum transmit power of each SBS, and
constraint (3e) guarantees the achievable rate of each UE must higher than the
QoS requirement.

It can be observed from (3) that the objective function comprises of a diffi-
cult class of mixed-integer problem together with non-convex power allocation
problem, which is a very challenging optimization problem. On the other hand,
constraint (3e) also has nonconvexity structure. Therefore, dealing with binary
association variable x and continuous transmit power variables p concurrently is
infeasible. Especially at the large-scale networks, solving the association problem
becomes more challenging. From the following, we introduce alternating descent
algorithm, which allows us to divide the primal problem into two subproblems
and handle one-by-one at the same time scale. In addition, the path-following
methods with low-complexity are developed to convert non-convex problem into
the simple quadratic convex problem at each iteration.

3 Alternating Descent Algorithm for Energy Efficiency
Optimization Problem

In this section, we provide an approach to deal with those challenges in solving
the problem (3). First of all, it can be observed that the binary constraint (3c) is a
discrete variable. So finding the binary solution at the large scale networks takes
very high-complexity and may increase in an exponential manner. Therefore,
heuristic schemes such as binary search or exhaustive search seem infeasible to
apply in this scenario. Tackling this issue, our aims are not only dealing with the
binary in reasonable complexity but also focusing on high dimension networks.
Following from [2,15], we first make the binary relaxation in constraint (3c) with
box constraints as follows

Xmk € [0,1],Vm € M,k € K. (4)
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Realizing the characteristics of binary variables, we can easily observe that
x%l’k < Xk, 0 < X, < 1. The equality holds true when x,, , € {0,1}. Since
the binary variables and its square are in the box range, the equality only hap-
pens when they are approached 0 or 1. By exploiting those characteristics, we
introduce the penalty approach in order to zero-force the subtraction between

X,k and its square. The new EE optimization problem can be reformulated as

follows
> % Rk(x%,p)

A& meMEkeK

max P (x
P 0ep) = > Pm+ DPnon
meM
+6O Z Z(Xgn,k - X’m,k)v
meM ke
st (3b), (3d) — (3e), (4), (5)

where @ is the positive penalty factor which downgrade the gap of the subtrac-
tion term (x7, ; — X 1) to zero.

Even though (5) is relaxed with continuous association variables, the opti-
mization problem is still complex with non-convex structure. Therefore, finding
the optimal solution for (5) still suffer from many difficulties due to the non-
concavity of the objective function and nonconvexity of the feasible sets. In the
following, the alternating descent method is introduced to split the primal prob-
lem into two separated subproblems, which makes the problem easy to handle
concurrently at the same iteration. In details, the SBS-UE association problem
is handled while keeping the transmit power as a constant. Next, the transmit
power is optimized based on the constant optimal association variables which
found in the previous step. In such schemes, the increment of the objective func-
tion is guaranteed at each iteration until its convergence [15]. Since those sub-
problems are still in nonconvexity structures, the successive convex programming
is developed to provide computationally low-complexity algorithms by solving
the simple quadratic convex problem at each iteration [10,13,15].

3.1 SBS-UE Association Problem

By exploiting the alternating descent approach, we first focus on the SBS-UE
association problem while ignoring the power allocation variables. Let us fix

p £ p(). Denote t(p ( Z Pm —i—pnm). The optimization problem (5)

meM
remalns as

maXPQ (x,p) Z Z Xm kRomk(x%,0) /t(p)

meM kel

+ o Z Z(x?n,k - Xm,k?)7

meM kel

st (30), (3e), (4). (6)
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By applying inequalities (22) for the UE achievable rate (x7, Ry k(%% p))
and (24) for the penalty term (xfn,k — Xpm,1) in the Appendix to (6), we obtain
the lower bound as

Paxp) > > Y APt +0 > 3wl (x)

meM kel meM kel
2 p{™ (x,p),
(7)
where
x(ﬁ) 2log,(1 m
R
200, 1085 (1 + Y ) Kt — 207)
Ko ((20)2)
(i) log <1+m>
(Kom((250,)2))2
(K <<xmk>>—fcm<<x£:?k>2>>,
) 2 (@)% = 2%+ (20, — 1) (e — 20)). (8)

The positive penalty factor @ can be found at the initial step as follows

Z Z)\(O (x,p)/t(p Z ZM(O) 9)

meM kek meM kek

On the other hand, by applying inequality (23) in the Appendix for non-
convex QoS constraint (3e) yields that

Z X,k Rom ke (X, p) = Z logy (1 + Yim,k)
meM meM

2 /2", /K =)

Km(xss)k) a (Ko (2 (n) Ko (Xm,k) | - (10)

m, k))

Thus, the SBS-UE association optimization problem can be expressed as
follows

max ’PQ(H) (x,p)
s.t (3b), (4), (10). (11)

Instead of finding the global optimum for (6), the problem can be targeted by
solving lower bound maximization (11), which generates the feasible point z(%+1)
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to improve the objective function in (%), Generally, at the initial point z(®), the
optimization problem (11) will generate the set of sequence z(*) k = 1,2, ...
such that

Pao(a, p) > Py (2(HD) p)
> Py (", p)
= Pa(z™), p). (12)

In particular, z(*~1 is used as a feasible point to obtain (") until the conver-
gence.

3.2 Power Allocation Problem

In the power allocation problem, we fix x £ z("t1) which is the optimal x*
found in the previous step. Thus, the power allocation problem is in the form

mgng x p Z me kRmk 7p)/t(p)7

meM ke
st (3d), (3e). (13)

By applying inequality (21) in the Appendix to (5), we obtain the lower
bound for R, x (2%, p)

Rm’k‘(x2) p) 2
() Y 0 = Pa)gu
m neM\{m
Qmk + ﬁnz,k 1- Dm_ + ) (k) 2 ’
Pm Z Prn Gnk + 0,
neM\{m}
2R (22, p), (4

which is the concave function with

(r)

w Pm” Y,k
0< amp =" logy | 1+ ,
K (2?) 2 S gnk + 02
neM\{m}
w
0<0Bm
< Bk /Cm(IZ)
O gmi) /O3 P g, + 02,)
nGM\{m}

L+ (05 gma) /(> P gn sk +02)
neM\ (m}
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Algorithm 1. Alternating descent algorithm for EE optimization algorithm

Initialization Initial any feasible point 2@, p©® . Run (18) to find a feasible point
p'™) for (5). Obtain @ according to (9). Set & = 0.
repeat
Solve (11) with p = p{*) to find z(" 1.
Solve (16) with x = 2"tV to find p**1).
Set k =Kk + 1.
until convergence

Thus, solving (13) is equal to find the feasible point p(*) in the following
problem

maXP Z Zx kRmk »P)

meM ke
Z(E™)t(p), (16a)
(3d), > x,,%mfg}k(x,p) > Ry Yk € K, (16b)

meM

where = (p(*)) is obtained at each iteration as follows

E6") = (30 Y TR s p N\ EG™). an

meM kel

Similar to the previous step, p'*), k = 1,2, ... is found from the initial point
p©) by iteratively solving (16). Thus, the increment of the objective function is
guaranteed since the optimal variables p(**1) improve the objective function at
the (k4 1)-th iteration better than the objective function in the (k)-th iteration.

3.3 Initialization

In order to solve (5), it is necessary to find the feasible point p for QoS constraint
(3e). Let us define the initialization problem as follows

max mln E Rmk ,p
mEM

st (3d). (18)

We run iteratively the problem (18) until the ratio of ( Z qu:”)k (22, p)) /(R

meM
> 1,Vk € K. Then reset x = 0. It can be observe that the minimum achiev-

able rate among UEs in (18) is increased at each iteration until the their QoS
requirements are satisfied. The feasible initial point p is thus provided for
solving (5).

From the initial point z(®, p(®)| the above procedures improve the objective
function in (5). In details, the SBS-UE association problem in (6) and the power
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Fig. 2. The dense network scenario with M = 5 SBSs and K = 20 UEs randomly
distributed in the circular cell.

allocation problem in (13) are alternatively solved to improve the problem (5),
which make (x,p) converges to the optimal point at the finite iterations. The
increment procedure for (5) can be expressed as

Py(x (k+1) p(n+1)) > P(m) (X(H+1) p NH))
> P(n) (z (k+1) p(n)) PQ(X(H+1),p(n))
Zp(n)(x(nﬂ) p")
> P (x), p) = Py (x™), p®)). (19)

Note that, the convergence is activated with a small € value when the below
condition is triggered

(r+1) plr+1)y () p(r)
PZ (X(N)7 p(n))

The alternating descent method to solve EE maximization problem is sum-
marized in Algorithm 1.
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4 Numerical Results

In this section, Monte Carlo simulations are implemented to demonstrate the
efficiency of our proposed algorithms. Consider the ultra-dense networks con-
sisting of M = 5 SBSs and K = 20 UEs randomly distributed in the cell, as
shown in Fig. 2. Following [20], we set lffk = lﬁf’k =1,¢£=5mm, n =3 and
dp = 1 m. Without loss of generality, we assume that P;** = P™* ¥m € M
and RM" = R™" Vk € K. The convergence threshold is set as e = le—4. The
other parameters are summarized by Table 1 [9,20].

Table 1. Parameter settings

Parameter Value
Cell radius 500 m
Bandwidth (B) 1200 MHz

The maximum transmit power | 4.7 dBm

Antenna power consumption | 5.6 mW

Noise power density —134dBm/MHz
500
< 450
!E
=2
£ 400
O
S . y
>
:fj 350 .
= b= ®*——-— - — . * - ——. - —. . ‘
M 300 3
>
N I |
[}
a 250
i —&— Alternative Descent | |
I — @ -- Power Optimization |
200 1 ! 1 ! 1 ! 1 ! 1
24 4.8 7.2 9.6 12.0 14.4

Rate threshold, R™ (Mbps)

Fig.3. The achievable EE versus R™" comparing to random SBS-UE association
scenario.
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In Fig. 3, we investigate the effects of UE QoS requirements on the achievable
EE. We compare the achievable EE of the joint SBS-UE association and power
allocation schemes, namely Alternative Descent with the random SBS-UE asso-
ciation scheme, namely Power Optimization. In the Power Allocation scheme,
each UE selects the SBS which has the largest channel gain to associate, then
the power allocation scheme is applied to optimize the transmit power in achiev-
ing EE maximization. From the plot, it can be observed that without SBS-UE
association scheme, the achievable EE is strongly reduced while our proposed
algorithm outperforms the Power Optimization scheme. On the other hand, we
can observe from the figure that the Alternative Descent curve continuously
decreases when R™" increases. This is due to the fact that when UE increases
their QoS thresholds, all SBSs must increase their transmit power to meet the
requirements while the total throughput is slightly scaled, which leads to the
reduction on the achievable EE.

In Fig.4, we demonstrate the computational low-complexity and conver-
gence of our proposed algorithms. Observing from [20], solving those optimiza-
tion schemes are usually based on the conventional Lagrangian and subgradient
method. Therefore, their solutions are very complex and require large iterations
for convergence. From the figure, it can be seen that our proposed solution is
rapidly converged to the optimal performance, which requires around 12 itera-

550 . : ' 1 ' | |
500 i ._....--l--l--l--l--l--l--l-........__l-
2 450} - _
= - o -
g 400 | / ]
= I w -
< 350+ ; _
g [ ! |
5 300 al ]
& - ; -
o 2501 _
& i : -
5 200 M _
83| | / -
150  / ]
L 4 -
100 e
0 S 10 15 20

Number of iterations

Fig. 4. Convergence of the proposed EE optimization with 7., = 2.4 Mbps.
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tions. Thus, the results demonstrate the efficiency of our low-complexity solution,
where the increment of the objective is guaranteed for each iteration.

5 Conclusions

In this paper, the new approaches for jointly optimizing SBS-UE association and
power allocation have been proposed in the context of 60 GHz millimeter-wave
ultra-dense networks. Our proposed methods have been targeted on maximizing
the system EE subject to the QoS requirements of each UE. Since the SBS-UE
association problem is one of the difficult classes of the mixed integer non-convex
optimization problem, it is very challenging to solve together with non-convex
power allocation scheme. Thanks to the help from alternating descent algorithm,
the primal problem was divided into two suboptimization problems, which are
handled one-by-one at each iteration. More specifically, the penalty approach
has been applied to reformulate the challenging SBS-UE association problem.
Finally, successive optimization methods were developed to reformulate non-
convex optimization problem into low-complexity quadratic convex optimization
problem with guaranteeing the increment of the objective at each iteration. The
numerical results demonstrated the computational low-complexity and effective-
ness of our proposed algorithms.

Appendix: Fundamental Inequalities

As the function f(z,y) £ In(1 + 1/2y) is convex in the domain {z > 0,y > 0}
[12], it follows that [16] for every z >0,y >0, Z > 0 and § > 0,

In(1+1/zy) = f(z,y)
> f(.f,ﬂ) + <Vf(5c,gj), (a:,y) - (ivg»

1/zy
=In(l1+1/zy —— 2 —z/T —y/Yy). 21
w1+ 1/a0) + @ —a/r—ym). (2
Reutilizing inequalities in [15], we observe that function 22/t is always convex
under condition of > 0 and t > 0, which yields inequality

:f’2

t_—Qt.

S1l

>

x? 2
fadll T —
t

@H‘

S

Then substituting © — /x and Z — /T, we obtain

+1 8
AV

[\)
| %
S]]

Lastly, the inequality

>3 -7+ (27— 1)(z—7) (24)

2

always hold true since z* — z is in convex quadratic form [15].
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