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In this paper, power control problem for full-duplex communications in two-tier femtocell networks is
studied, where femtocells share the same frequency with macrocell uplink. In order to be more prac-
tical, the channel uncertainty in the real communication environment is considered, and described as
probability constraints. To reduce the cross-tier and co-tier interferences among users and achieve the
tradeoff of better quality of service(QoS) requirement and lower power consumption, a hierarchical game
framework to allocate power is formulated. According to different design objectives, marginal utility and
the symbol error rate (SER) are guaranteed in uplink, and transmission rate and delay are guaranteed
in downlink. The utility of both uplink and downlink users are maximized. The Lagrangian method and
sub-gradient method are used to solve the optimization problem and determine the optimal solution, re-
Qos spectively. A power iteration algorithm to achieve game equilibrium is provided. The simulation results
show that the proposed algorithm behaves better performance in aspect of convergence, robustness and
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1. Introduction

In recent years, the exponential growth of smart phones and
mobile services has led to an increasing demand for high data rate
access, and traditional cellular networks are no longer enough to
meet people’s needs [1]. In order to effectively utilize the spec-
trum resources, increase the scope of indoor coverage, reduce op-
erators’ huge infrastructure investment and increase the quality of
service (QoS) of users, a femtocell technology has been proposed
[2,3]. At the same time, full duplex(FD) communication technol-
ogy can be combined with femtocell. FD communication technol-
ogy can send and receive information simultaneously on the same
channel. Compared with half duplex communication, full duplex
communication has a lot of advantages. For example, it can double
the throughput of the system in theory, while the feedback delay
and end to end delay are reduced, and the access mode is flexible
[4-6].

Without detailed network planning, the co-channel deploy-
ment of femtocells and macrocell would cause serious interfer-
ence among neighboring femtocells and/or between femtocells and
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macrocell. Therefore, how to manage interference and ensure the
quality of service of users has become an important technological
challenge. In [7,8] and [9], some interference management schemes
are designed to reduce the co-tier and cross-tier interference in a
cellular network. In [10] and [11], with the aid of the means for in-
tegrating the channel detection technology into the FBSs, the fem-
tocell can dynamically utilize the spectrum resources authorized to
the macrocell by detecting the surrounding communication envi-
ronment, so that the inter-tier interference can be effectively sup-
pressed.

Many existing works are devoted to interference management
and put forward some solutions [3,12-15]. In [3], based on the di-
rectional antenna, a scheme for suppressing interference and im-
proving users’ QoS is proposed. In [12], the dynamic frequency
planning method is used to manage the interference problem.
However, in the two-tier cellular network we studied, the most
important way to suppress interference is to control the trans-
mission power of the user or the base station. The base station
adjusts its transmission power according to the signal quality of
the adjacent users. In [14], a new distributed power adaptive al-
gorithm is proposed. The new idea that performance of wireless
networks can be analyzed using control theory is proposed in [15],
and a simple power control algorithm is designed based on the vir-
tual Proportional-Integral (PI) controller. In [16], a power control
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algorithm is proposed that maximizes the transmission rate of the
FUE while minimizing the transmission power of the FUE. How-
ever, all of the above works are based on the fixed channel param-
eters. In the real communication environment, the channel gain
will be disturbed by other factors, so it does not conform to the
real situation.

As a rapidly developing technology in the communication field
in recent years, the wireless distributed network has attracted
more and more attention. Game theory has great advantage of
solving the problem of distributed optimization, so Ref. [17], us-
ing the theory of non-cooperative game, proposes a power control
algorithm to solve the problem of distributed network optimiza-
tion. In [18], a power control scheme based on Stackelberg game
is used to maximize the throughput of uplink or downlink in the
cellular network. References [19-21] focus the interference pricing
mechanism based on Stackelberg game. In [22], the power alloca-
tion based on non-cooperative game is used to optimize the alloca-
tion of spectrum resources. However, in all of the above schemes,
the system only works in half-duplex and ignores the full-duplex
system.

Since the transmission power of the femtocell is small, self-
interference cancellation for a full-duplex system is easier to im-
plement, and it is feasible to integrate the full-duplex technol-
ogy into the femtocells. In this way, the cellular network can send
and receive signals simultaneously on the same frequency, which
greatly improves the spectrum utilization. In [23], a resource al-
location algorithm based on matching is proposed to increase the
throughput of the full-duplex system, but the performance is not
significantly improved compared with the half-duplex system. In
[24], resource allocation algorithm based on Benders decomposi-
tion can suppress self interference and inter node interference, but
it does not increase throughput in the system. In the above full-
duplex system, there is only one femtocell in the cellular net-
work, without considering the complex interference of multiple
femtocells. In [25], an optimal power allocation problem for uplink
transmission in a two-tier femtocell network is proposed using a
hierarchical game framework. The considered power allocation is
formulated as the game between macro users and femtocell users
in the uplink, which is quite different from the game between the
uplink and downlink in our study. In addition, the quality of ser-
vice of each user is not guaranteed in that work. In [26], a joint
price and power allocation scheme in the spectrum sharing fem-
tocells networks was put forward based on stackelberg game. The
proposed power control method does not consider robustness, i.e.
the uncertain channel is not taken into consideration.

In this paper, we study the full-duplex communication in two-
tier femtocell network where multiple femtocells share the spec-
trum resource with macrocell. We focus on robust power alloca-
tion with consideration of the uncertainty of channel state infor-
mation (CSI). In the uplink, while keeping low power consump-
tion, we try to improve the user’s SINR and reduce the symbol er-
ror rate (SER). In the downlink, we aim to increase the through-
put of the system as much as possible. In order to improve users’
quality-of-service (QoS), we guarantee that users do not exceed the
maximum delay. Through hierarchical game theory, the uplink and
downlink optimization problems are jointly considered, the exis-
tence and uniqueness of Nash equilibrium are proved. The robust-
ness and effectiveness of the proposed algorithm are validated in
the simulations. The main contributions of this paper are summa-
rized as follows:

« In two-tier femtocell network, not only cross-tier interference
and self-interference in the full-duplex communication, but also
inter-cell interference (between different femtocells) and intra-
cell interference (between uplink users and downlink users) is

considered, and a power control strategy to restrain interfer-
ence is proposed.

The probability constraint, which is practical to describe the dy-
namic communication environment, is introduced to deal with
the uncertainty of channel state information. The hierarchical
game framework is formulated to improve the quality of ser-
vice, such as time delay and outage probability, both of the up-
link and downlink.

The practical distributed power control algorithm is proposed
to solve the problem of robust resource optimization. The com-
plexity of the algorithm is reduced and the convergence speed
is ensured.

The rest of the paper is organized as follows. In Section II, we
describe the system model and problem formulation. In Section III,
we analyze the hierarchical game in detail. We propose an optimal
distributed algorithm in Section IV. Then we give the simulation
results and performance analysis in Section V. Finally, conclusions
are drawn in Section VI.

2. System model and problem formulation
2.1. System model

In this paper, We consider a two-tier femtocell network as
shown in Fig. 1. Referring to [27], there is one MBS serving one
MUE, the macrocell works in the frequency division duplexing
(FDD). There are n femtocells, and each FBS has M uplink femto-
cell users (UUE) and K downlink femtocell users (DUE). For conve-
nience, we make M = K. One uplink user and one downlink user
form a user pair, which works on the same channel. At the same
time, OFDMA technology is used, similar to [28], in the same fem-
tocell, different user pairs are allocated to different orthogonal sub-
channels, so there is no interference between different user pairs
in the same femtocell. In particular, the FBS is equipped with
an FD antenna for simultaneous downlink transmission and up-
link reception, and all UUEs and DUEs use HD antennas to ensure
low hardware complexity. In order to make more efficient use of

Downlink
desired signal

Uplink Interference

«desired signal

Interference
downlink

Fig. 1. System model.
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spectrum resources, all FBSs can access the uplink spectrum of
MBS. As shown in Fig. 1, the transmission is modeled for a given
time slot. We assume all femtocells share the same frequency band
with the macrocell, let By and B;(i€{1, 2, ---, n}) represent MBS
and the ith FBS, respectively. Uy, U!(i € {1,2,---,n}) and Ul.d(i €
{1,2,--.,n}) represent the MUE, the ith UUE and the ith DUE, re-
spectively. So, the signal-to-interference-plus-noise-ratio (SINR) of
uplink can be written as [27]:

u gzl'fip?

yi = . (1)
" goPo+ Z?:] &ijpj+ Zzzl,kﬁgﬁkpﬁ +82

then, the SINR of downlink can be written as:

i = Gl )

gloPo + Y11 DY + Yt i &P + 82

where po, p¥ and p; are the transmission power of Up, U} and B;,
respectively. The parameter g;, is the channel gain from Uy to B;,
g’l:fi is the channel gain from U} to B;, g;; is the channel gain from
B; to By, if i is equal to j, then g;; stands for self-interference. The
parameter gf’l is the channel gain from B; to Uid, and the parameter

g?*i“ is the channel gain from U} to Uid, 8% represents background
noise in the communication environment.

2.2. Channel model

From reference [29], it can be seen that instantaneous com-
munication links can easily change as the environment changes.
Therefore, in the real communication environment, instantaneous
channel state information is difficult to obtain. But we can use
the average channel gain instead. In this paper, considering the
Rayleigh fading communication environment, the channel gain is
classified according to the network architecture, and the IMT-2000
specification is used to simplify the path loss model [30].

The outdoor-to-indoor channel gain is defined as

KpoW min(D;gf", 1), and the indoor channel gain is defined
as Kf,-D”g, the channel gain from the room to the other room is

defined as K;,W? min(D;;éfo, 1). To simplify the channel model, the
gain of the self-interference channel is set to g;; = h;r, where h; is
a self-interference cancellation constant and r is a self-interference
channel parameter obeying Rayleigh distribution. Ky, and Kj rep-
resent the fixed path loss coefficient during signal transmission. W
represents the partition loss during indoor-to-outdoor propagation.
D represents the distance from the information sender to the
receiver. B and ap, represent the indoor and indoor to outdoor
path loss exponents, respectively.

2.3. The uncertainty description of SINR

In this section, we deal with channel uncertainty in the real
environment. In actual communication, if the channel gain is re-
placed with the mean value, a larger error will be brought because
the channel gain is easily influenced by the environment. In this
paper, we consider a sparse network deployment environment, so
the interference link is less affected by the environment, and the
signal link is greatly affected by the environment. Therefore, we
only assume the impact of uncertain signal links on the quality
of user communications. So the uplink SINR formula (1) can be
rewritten as:

u_ Giigiipi
8i.0P0 + Y1 8ijPj + Ykot ki 8P} + 02

then, the downlink SINR formula (2) can be rewritten as:

(3)

Vi

G gl ipi
g?,OPO +Y0 glij,}up? + anzl,myﬁig?,mpm +82
where G}; and G;i_l. obey Rayleigh distribution with probability den-

Vi= (4)

sity function p,(x) = %e—"z/z”z. It is noted that the denominator
of (3) and (4) is regarded as the total interference and it can be
measured by the receiver, hence they are assumed to be fixed and
represented by the average channel gain model.

2.4. Hierarchical game and problem formulation

In full-duplex femtocell network system, the downlink needs a
higher rate than the uplink to meet the user’s needs. According to
different design objectives and service requirements of the uplink
and downlink, we propose to deal with the power allocation prob-
lem of uplink users and downlink users with the idea of hierarchi-
cal game, in which the uplink users are leaders and the downlink
users are followers. Through the above analysis, we can define the
hierarchical game as:

g ={s.{P'}. {P}. (U} {U}}. (5)

where S is the player set. The strategy space of the leaders (FBSs)
is given by {P;}. The strategy space of the followers (UUEs) is given
by {P!}. Moreover {U}'} and {U;} are the utility functions sets for
followers and leaders.

2.4.1. Downlink utility function

Considering the rapid development of wireless cellular net-
works, the demand of users for mobile devices has shifted from
a simple voice demand model to a data-centric model. Therefore,
compared with the uplink, the downlink needs a higher communi-
cation rate to guarantee the user’s QoS. At the same time, we need
to consider the low power consumption of femtocells. We there-
fore model the utility function for femtocell i as consisting of two
parts.

Ui(pilp_i. P}) = R(¥;) — C(py). (6)

Given interfering powers p_; and pj!, femtocell i obtains an individ-
ual utility U;(p;|p_;, p¥). For its own benefit, femtocell i seeks to
maximize its individual data rate. At the same time, transmitting
with too much power will create unacceptable interference and
huge energy consumption. Consequently, it is natural to discour-
age femtocells from creating large power. Hence, the optimization
problem for femtocell is formulated as follows.

max U; =a;In(1+7%;) — b;p;
Priy; < Ti] < €1,
st APr[T > T"] < &, (7)
0 < p; < "™, ie{l,2,---,n}

where a; and b; are expressed as reward coefficient and penalty
coefficient, respectively. And we set them as constants. Parameter
y; represents the average SINR of the femtocell. I'; is the required
minimum SINR. 7/ is the tolerable maximum time delay. €1, €,
are the probability threshold for SINR constraint and time delay
constraint, respectively. In (7), the first probabilistic constraint is
used to guarantee the outage requirement, and the second is used
to guarantee the time delay requirement, which is given in Eq. (8).
The used channel gain in the constraints is instantaneous y;, which
will be transformed to the deterministic ones with aid of inte-
gral transformation. However, in the objective function, we have to
used the average SINR ¥;, in order to remove the random variable
and get the deterministic expression, similar processing method
can be referred to [31].

Due to the large amount of traffic handled by the downlink, we
are constraining the delay in order to meet the user’s requirement
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for low latency. By recurring to M/M/1 queuing model [32], the
relationship between the expected delay 7; and transmission rate
of downlink is described as

1

T=—
ooV —

(8)
where V; represents the downlink transmission rate of user d; with
uncertainties, and it can be written as V; = In(1 + y;). The packet
arrival of femtocell i follows the Poisson process with respect to
parameter y;, the packet length takes on the exponent distribu-
tion with respect to parameter w;. /" is the upper bound of the
expected delay in data transmission for FUE i. In order to ensure
the low delay of each downlink user, probability constraint needs
less or equal outage probability threshold. €4, €, €(0, 1). From the
utility function, we can intuitively see that the reward function in-
creases as the user’s transmission rate increases, and the penalty
function decreases as the power decreases. Therefore, the maxi-
mum utility function can only be obtained by reducing the power
of the FBS while increasing the SINR.

2.4.2. Uplink utility function

The uplink is different from the downlink and does not guar-
antee a very high transmission rate. It only needs the SINR to be
larger than a certain threshold. Therefore, the use of downlink util-
ity function does not apply. Similarly, the uplink utility function
consists of a reward function and a penalty function.

Ut (pl. vi e ;) = R T — Clpilp*y. py). (9)

As for the utility function of uplink user Uj*(i € {1,2, ---,
assumptions are given as follows.

AS 1: For the ith uplink user, given fixed p¥, its utility
Uf(p?,?ﬂp‘ii,pi) is a monotonically increasing concave upward
function of its SINR ¥7}.

AS 2: For the ith uplink user, given fixed ¥}, the utility
Uﬁ(p’;‘,?ﬂp’ii,p,-) is a monotonically decreasing concave down-
ward function of its transmission power p¥.

Assumption 1 models declining satisfaction (marginal utility)
obtained by uplink user i, once its current SINR ¥} exceeds T}
Assumption 2 models increasing penalty incurred by uplink user i
for causing more interference. Under assumptions 1 and 2, it can
be concluded that

n}), some

8U“ dR out dc
-— . 1
3y 02d7?>0, ap?<02dp:.’<0 (10)
82U“ 02U 2
7u2<0:> i§2<0, u'2<0:>duC2§0 (11)
We can reconstruct the uplink utility function as:
ooy @
max Uf=1-e i i)—I—:lp;‘. (12)
i
Assuming ¢}, d¥ >0, it can be verified that the above choice

of R(¥Y, ['}) and C(p;|p";, p;) satisfies the conditions outlined in
(10) and (11).

AR, agrr o dC_ d!

— =cle >0, —=—--L <0, (13)
dyi dp¥ It

2 2
CLURZ = —ci2e~d =T <, dfz =0. (14)
dyl dpi

Finally, the problem of the uplink can be expressed as

u (74 u du
max Ul =1-e90i-T i —Lp¥
Pr[y! < 1"}‘]'5 €3,
s.t. (Prnt < ni™"] < e, (15)
0 < p} < pi™™*, ief{1,2,---,n}

where ¢} and di are expressed as reward coefficient and penalty
coefficient, respectively. And we set them as constants. Param-
eter ¥} represents the average SINR of the ith UUE. Similar to
the processing method for downlink, the average SINR is used in
the objective function of uplink user. I'}' is the minimum SINR of
the ith UUE. Parameter [}' represents interference and its value is
8i.0P0 + 1 8 jPj + ket ki &1 Pl + 0%

Formula Pr[y} < I'}!] represents the probability of y* < T'}. €3
is the outage probability threshold. In order to have a good SINR,
the value of €3 should be small. There is co-channel interference,
especially in complex communications environments, which may
lead to a decrease in the reliability of data transmission. So, the
concept ofSER is introduced, denoted as SER=1-n}, where n}
is the probability of successful transmission at uplink. In Rayleigh
fading channels, the probability of successful transmission is re-
lated to the target SINR I‘i”th and actual SINR . For that y
has positive exponent correlation with the probability of success-
ful transmission 7}, we approximate the probability of successful
ie{l,2,:
| represents the probability of 7} < n;
outage probability value.

From the uplink utility function, we can see that the reward
function increases with the increase of SINR. The exponential re-
ward intuitively models uplink users desire for higher SINR, which
is larger than the minimum SINR target. The change of the penalty
function is related to two factors. One is that the penalty func-
tion decreases with the decrease of power pY, and the other is re-
duced with the increase of other interference I!'. In other word, we
can not only reduce the power consumption, but also reduce the
penalty by increasing the interference of the uplink itself, so that
the marginal utility of the uplink is more prominent.

.. ruth,u
transmission as 7! = e neme
umln

-, n}. Formula Pr{n¥ <

“mm. €4 indicates the

3. Hierarchical game analysis

3.1. Game equilibrium

Definition 1. Let p} be a solution for optimization problem (7) and
p!"* be a solution for problem (15). Then, if and only if for any
(p;, p}'), the following conditions are satisfied:

Ui(p}. P2 BYY) = Ui(pi P23 BY). (16)
Ui (P P P)) = U (pf. P27 pY). (17)
point (pf, p;‘*) is called the equilibrium point of the game. The

equilibrium point of stratified game can be obtained by finding the
perfect Nash equilibrium(NE) solution of subgame. In this chapter,
the upper and lower layers of the game are performed in a non-
cooperative way. For a non-cooperative game, the NE is defined as
the operating point where no player can improve its own utility by
changing its own strategy unilaterally.

3.2. Solutions to the uplink

In this part, we solve the subgame problem of the uplink,
and feed back the optimal results to the subgame problem of
the downlink, and then solve the subgame problem of the down-
link. Before solving the uplink optimization problem, we need
to transform uncertain probabilistic constraint in (15). The SINR
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probabilistic constraint is equivalent to (18), which is proved in de-
tail in Appendix A.

T — pigli/—2In(1 — €3) < 0. (18)

Similarly, the equivalent deterministic expression of (15) can be
achieved. The detailed proof is given in Appendix B. Then the prob-
abilistic constraint of SER can be rewritten as:

Fufh u

umm - pigiv/—2In(1 —€4) <0. (19)

In this way, we transform the uncertain probabilistic constraint
problem into the deterministic one, the optimization problem
(15) can be rewritten as

Inn}

vl u du
max U'=1-e90i-TH _ IT'zp?

I — pigli/—21In(1 — €3) <0,
Fuf u
s.t. uml’n —pigi/—2In(1 —€4) <0, (20)
0 < p¥ < pi™*, ief{l,2,---,n}

In femtocell network, each uplink user maximizes its respec-
tive utility through competition, and get the optimal transmission
power of p. Next, we prove the existence of this subgame’s NE.

Proposition 1. An NE exists in the non-cooperative game, if Yie{1,
2, ---, n}, the following statements are held [33].

(1) p} is a nonempty convex and compact subset of some Euclidean
space RN.
(2) U¢(p} [P*;, P;) is continuous in P and concave in pi.

Theorem 1. A GE exists in the non-cooperative game G.

Proof. (1) Since the convex set is a single point or a continuous
line in one-dimensional space. For the strategy p! < [0, p™], it
is evident that {p!} is a nonempty, convex, and compact subset of
Euclidean space RN.

(2) Obviously, U} (p} [P“;,P;) is a continuous function about pY.
Next, by proving that U (pf [P*;,P;) is a second-order derlvatlve

of p! and it is less than zero, we can get that UX(p¥ |PY;,P;) is a
concave function about pY.

u u
aUlu _ Clgz e C”(V r‘u) d%’ (21)
ap I I
d2Uur g2\’

L= _c;'2<;;’) e 47T < 0. (22)
apy L

g

According to above equations, we can see that the second-
order derivative of U/(p{|P%; P;) about p! is less than 0, so
Ut (p¥ |[PY;,P;) is a concave function about p¥. According to
Ploposition 1, the NE exists in the lower subgame problem.

Because utility function U} (p¥ [P%;, P;) is concave function about
py, from ref. [34], we can see that the above subgame optimization
problem is a convex optimization problem. Therefore optimization
problem (20) can be expressed by Lagrangian multiplier method:

v
—

- v,-< {1 —pigliv/—2In(1 — €3) )
_ruthp
—/t?( MU f‘m/—zln(l—q) (23)
lnnlumm

Li(pY, v, ) =1 — e di-ID

where v} and w1} are Lagrangian multipliers. According to Lagrange
function, the optimization problem (20) can be transformed into
the following optimization problem:

max L (p¥, vi', ut)
st. 0<p¥ < pim™ (24)

We use gradient method to solve the above optimization problems.
The sub-gradient of Lagrangian multipliers v} and p} can be ex-
pressed as:

aLly(p?’viu’M?) _ ugu u \/—
P _(r,. I~ pigl/—2In(1 —eg)) (25)
aL¥ (p#

U(pt, v¥, ) _Tuthpu
W = _<]I1 numl; _p? ii -2 11’1(1 _64) s (26)
1

then, the Lagrangian multipliers can be updated as follows:

D = [u,."“) - 1<<;>< PiE® 4 pi Ol /-2In(1 - & )} (27)

Fufhlu(f)
(t)
k < In 7,Iumm

1

u(t+1) ()
i [M,“

+p' g/ —2In(1 — €4 >:| ,

where [X]* = max{X, 0}, parameters kff) and kl(f) represent the
step sizes of iteration, and satisfy the following conditions [33]:

Z(k(”) < 00, ka (29)

=1 =

:-,

(KO)? < 00, kD = oo, (30)

t=1

Nk

-
Il
—_

Using the KKT condition, UUEs of the optimal power p}’* can be

calculated by the following formula:

LY (pY, vi', i)
ap

The detailed derivation process is in Appendix C, so we can get the

best transmission power of p?.:

=0, (31)

u*

8l

Al i
G drovergt/~2In(1-e3) ui‘l}‘*g“,/—Zln(]—q

(32)

where Ilu* =giobo + Z;‘:] g,]pj + Zzsz#igﬁkpx* + 82.
Theorem 2. The Nash equilibrium is unique in the formulated game.

Proof. In this part, we prove the uniqueness of Nash equilibrium.
First, we show that the form of the UUEs best dynamic response
is unique. Second, we demonstrate that the best response dynamic
has an unique fixed point. Finally, based on the definition of Nash
equilibrium, the optimal point of the best dynamic response is the
Nash equilibrium, which is unique.

If the Nash Equilibrium Point is within the set of (0, p
we can get the dynamic optimal solution p”* of the ith UUE by
solving the formula (31). When the interference power p*; and p;
are fixed, the unique optimal power value can be obtained. And
the Nash equilibrium point is the solution of Formula (31). If the
Nash equilibrium is not in the set (0, p#™), the user can obtain
the optimal transmission power value at its boundary, that is, p
is 0 or ™™, which shows that the optimal response of the UUE

umax)
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is unique. Through the above analysis, formula (32) can be written
as:

u
Clgll—ll

(1

U — mi i =

ok _mmH:g?i(C?l PR
’ 1

Furthermore, the formulation (33) is rewritten as a power of
iteration update p(t + 1) = A(p(t)), where A(p(t)) represents the
power update strategy for UUE i. The individual power iteration
update is shown as:

u(t+1) i

Vgl /=2In(1 — €3) — ulI g\ /—21In(1 — €4)

o))

e e i) )

As long as the iteration step is small enough and satisfies
(29) and (30), the sub-gradient algorithm can ensure that the
power iteration formula (34) converges to its optimal value. By def-
inition, the Nash equilibrium point is unique. O

3.3. Solutions to the downlink

For femtocell working in full duplex mode, every femtocell gets
the maximum of its utility by competing with each other. Accord-
ing to the optimal power value p{* of the uplink user we obtained
in the previous chapter, we can get the optimal power value p}
of the downlink femtocell. Use the same solution method as up-
link, the proof process is similar to Appendix A, then the uncertain
probabilistic constraint can be rewritten as:

Til; - pigliv/-21In(1 - €;) < 0. (35)

Similarly, we transform the probabilistic constraint of time delay
in the formula (7). The detailed proof is in Appendix D, then the
uncertain probabilistic constraint of time delay can be rewritten

as:
- DI - pigli/-2In(1 - &) <0. (36)
where ¥; = wii(m + ).
Optimization lproblem (7) can be rewritten as:

max U;=q;In(1+79,) - b;p;

Til; - pigliy/—2In(1 — &) <0,
sty ¥ -1l - pigdi/-2In(1 — ;) <0, (37)

0 < p; < p™, ie{1,2,---,n}

where I; = g po+ Y11 & DY + Yt i &P + 2. According
to Proposition 1, it is obvious that there exists Nash equilibrium
point in the upper subgame problem of downlink. Similarly, op-
timization problem (37) can be transformed by Lagrangian multi-
plier method:

Li(pi, Ai. ki) = a;In(1 + ;) — bip;

- )»i[rili — pigliv/—2In(1 - 61)]
- I{il:(ewi — D)l - piglyy/~2In(1 — 62)]. (38)

where A; and «; are Lagrangian multipliers. According to Lagrange
function, the optimization problem (37) can be transformed into
the following optimization problem:
max Li(pi, A ki)

st. 0<p; < pl™ (39)

We use dual-gradient method to solve the above optimization

problems. The sub-gradient of Lagrangian multipliers A; and «; can
be expressed as:

OLi(pi, Ai, ki) _ —[F- .

v - pigdi/—21In(1 - 61):|, (40)

Iu(t) 1 ugu +
p = min —| = In i 50 r! . P
8i \G  dt—vrOROg /2In(1 —e3) — udOROgl /- 21n(1—64

”max}. (34)

then, the Lagrange multipliers can be updated as follows:

+
)\‘i(H—]) =|:)‘§t) _ k;t) ( _ Fil,-(t) + plgt)gﬁi /72]n(1 _ 61))] ,

D [ e ® k“>((1 e¥ I 4 pgd, \/mﬂ
(43)

where [X]* = max{X.0}, k" and k{’ represent the step sizes of
iteration, and satisfy the following conditions:

i (kgf))2 < 00, iky) = o0, (44)
t=1 =
i (k,(f))z < 00, ik,(f) = oo0. (45)

t:

Il
—_

Using the KKT condition, DUEs of the optimal power p} can be
calculated by the following formula.

oLi(pi, A k)
ap;i

The detailed derivation process is in Appendix E, so we can get the

best transmission power of p;‘.

=0. (46)

I*

kigli/—2In(1 - €2) gd

pik
Cobi— gl 21n(1—e1

(47)

where I¥ = gdopo +3L 1gd P+ Xt m;élgd P + 6%

Consndermg the power constraint 0 < p; < p™®*, the power iter-
ation vector can be written as form of p(t + l) = A(p(t)), where
the element is

(t+1) : ai
pi 7 =min © ©
bi— Vgl /=2In(1 —€1) — kgl ./=2In(1 - €3)
1@] }
1 max
I (48)
gl

The coordination steps of our proposed algorithm in full duplex
networks are as follows.
In the uplink:

step 1. Each femtocell i(ie{1, 2, ---, n}) measures and broadcasts
the corresponding uplink interference value I¥ to its uplink
user U}

step 2. Each uplink user UF(ie{1,2,---
p by (34).

step 3. Each uplink user Uj*(i e {1,2, -
and p¥ by (27) and (28).

,n}) computes its power

.n}) updates multipliers v}
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In the downlink:

step 1. Each downlink user Uid(i € {1,2,---,n}) measures and re-

ports the corresponding downlink interference value I? to
its femtocell i.

step 2. Each femtocell i(ie{1, 2, ---, n}) computes its power p; by
(48).
step 3. Each femtocell i(ie{1, 2, ---, n}) updates multipliers )Ll.(t”)

and " by (42) and (43).

Repeat the above process until power converges.
4. Optimal distributed algorithm

Through the above analysis, we can get the power iterations of
both the uplink user and femtocell. With the update of the power,
their respective multipliers u!', v}', A; and «; are also updated. The
whole iteration operation is shown in Algorithm 1. First, the ith
uplink user updates the power p! according to formula (34), and
then updates multipliers according to formula (27) and (28). In the
downlink, the femtocell gets the updated power information of the
uplink user, substitutes the information into Eq. (48) to update the
ith femtocell power p;, and then updates the multiplier A; and «;.
Finally, bringing femtocell updated information to the iterative of
uplink user i. Circulate the above process until all converges. It is
noted that the step size k,, ky, k;, and k. determine the conver-
gence speed of the Algorithm 1. To prevent the numerical oscilla-

Algorithm 1 Distributed power control algorithm.

1: Input initial power value of p}, p;.

2: Initialization
eSett=1,T =20, p’l:‘(o) and pfo) be any feasible point in fea-
sible set

0< pi(O) < p;nax’ 0< P?(O) < plymax.

e Set 1@ >0, V0 >0, 10 >0, k© > 0.
o Set step size kl(f) > 0, k,(f) > 0, kf{) >0, k,(f) > 0.

3: while p! and p; are not converged do

4. forVie{1,2,---,n} do

5: Then, compute p?(”” according to (34).

6: Furthermore, multipliers v*™*" and p*®V are com-
puted according to (27) and (28).

7: Then, compute the downlink power p; according to (48).

8: Multipliers Af”l) and /cl.(”l) are computed according to
(42) and (43).

9:  end for

10 Llett=t+1.

11:  Untilt=T.

12: end while

tion caused by too large step size value, we set the step size rela-
tively small.

In this paper, we use distributed algorithm, which reduces
the complexity compared with centralized algorithm. So we ana-
lyze the complexity of centralized and distributed algorithms. In
centralized algorithm, we need a central controller, which needs
global channel state information. In this paper, a distributed power
control algorithm without centralized coordination is proposed.
Each base station only needs to know the local channel state in-
formation. The complexity of EACH iteration is O(2n + 1), and the
convergence speed is fast in simulation. Where n represents the
number of uplink or downlink users. In the centralized algorithm,
we need to use the macro base station as the central controller.
The complexity of the algorithm is O((2n + 1) = n). Therefore, the
distributed algorithm can effectively reduce the complexity of the
algorithm.

5. Simulation results

In this section, we present the simulation results to verify the
effectiveness of the robust power control algorithm based on hi-
erarchical game. The considered full duplex femtocell network is
shown in Fig. 2, where the MBS is located at the center and pro-
vides services for a random distributed MUEs. Within the coverage
of the MBS, 10 full-duplex femtocells are randomly deployed, and
each FBS simultaneously provides services for an uplink user and
a downlink user. The simulation parameters are list in Table 1.

Firstly, we study the convergence of the algorithm. Figs. 3 and
4 show the convergence results of power iteration for uplink users
and femtocells, respectively. It can be seen from Fig. 3 the up-
link power of users converges gradually after about six iterations,
and the downlink power from FBS to DUE shown in Fig. 4 con-
verges after about four iterations. It is found that the converged
power of uplink and downlink users are different, the main rea-
son is they have different objective functions and different SINR

500

400

300

200

100

-100

-200

-300

-400

-500
-500 0 500

X

Fig. 2. Network topology.

Table 1

System parameters.
Variable Parameter Value
n number of femtocell 10
Rm macrocell radius 500m
f carrier frequency 2000 MHz
Ks indoor loss 1037
Ky, outdoor-to-indoor loss 1028
w partition loss 1005
oy, outdoor path loss exponents 4
B indoor path loss exponents 3
82 mean of background noise 10-6
Po macrocell user power 01 W
o parameter of Reyleigh distribution 1
r uplink SINR threshold 0.3
r; downlink SINR threshold 25
n;‘"“"’ packet delivery rate threshold 0.9
T delay upper bound 10 ms
vy intensity of packet traffic 200 packets/s
w; packet length 100 bits
€1, €2, €3 outage probability threshold 0.1
€4 outage probability threshold 0.2
a; coefficient of rates 0.01
b; cost coefficients of femtocell 0.2
ct positive reward of uplink user 14
d cost coefficients of uplink user 0.1
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Fig. 3. Power convergence of the uplink users.
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Fig. 4. Power convergence of downlink users.

thresholds. From the simulation results, the convergence speed of
the proposed algorithm is fast, and the convergence is verified.

In Figs. 5 and 6, we study the constraints in the uplink. To ex-
amine the outage performance, different outage probability thresh-
olds are given, which are 0.1, 0.2, 0.3, and 0.4 [31,35]. After obtain-
ing the result of the power convergence, the actual outage proba-
bility value is calculated according to the formula Pr{y* < I'}], if
the value is smaller than the target outage probability value, the
validity of the constraint is satisfied. In this simulation, we did
1000 tests and counted the number of times less than the SINR
threshold to get the actual outage probability. In Fig. 5, we give
the relations between the target outage probability and the actual
outage probability. From Fig. 5, we can see that the actual outage
probability is less than the target outage probability, so the robust-
ness of our proposed algorithm is satisfactory. In other words, it
can better adapt to the changing environment. In Fig. 6, we study
the quality of service in communication. When the user’s actual
SER is below our threshold, the system is stable and the user’s QoS
is satisfactory. It can be seen from the Fig. 6 that the SER of 10
uplink users is below the threshold of 0.1, so our power control
algorithm can provide good QoS for the uplink users.

In Figs. 7 and 8, We study the constraints in the downlink.
Similarly, in Fig. 7, we give the relationship between the target
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The real outage threshold
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0.12
0.1
0.08
E 0.06
4o
0.04

0.02

o©
o
©

The real outage threshold
o

o©
o
>

s —s— UUE 10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
The target outage threshold ¢

Fig. 5. Probability audit of uplink.

I Actual BER
Maximum BER

Uplink users

Fig. 6. User’s SER of quality of service.

P ~—f=—DUE 10

0 0.02 0.04 0.06 008 0.1 012 014 0.16 0.18 0.2
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Fig. 7. Probability audit of downlink.
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Time delay/s

Downlink users

Fig. 8. User’s time delay of quality of service.

Power (dB)
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Iterative

Fig. 9. Power convergence of the uplink users.

outage probability and the actual outage probability. The test was
performed 1000 times. The target outage probability was set to
0.05, 0.1, 0.15, and 0.2. It can be seen from the figure that the ac-
tual outage probability is always smaller than the target outage
probability, Therefore, the design requirements are satisfied and
provide better robustness results. In Fig. 8, the actual value of the
downlink user delay is reflected. It is found that the actual delay
is under our set value 0.01 s, so our power control algorithm can
provide good QoS for the downlink users.

In Figs. 9 and 10, the number of femtocells in the network
topology is increased, and the convergence process of the algo-
rithm is shown. We have increased the number of femtocells from
10 to 15 in the network, and each of the femtocells has a corre-
sponding uplink user and downlink user operating in full-duplex
mode. It can be seen that we can still get the convergence result
with the increase of femtocells, and the convergence speed is the
same as that of 10 femtocells.

In Figs. 11 and 12, the SINR of the algorithm is studied by
increasing the number of femtocells in the network topology. In
Fig. 11, we increase the number of uplink users from 10 to 15,
and the SINR of each uplink user is calculated after power conver-
gence. It can be seen that the actual SINR is greater than the SINR

Power (dB)

SINR

SINR

2 F

4+

116 F

0.9

2 4 6 8 10 12 14 16 18 20
Iterative

Fig. 10. Power convergence of the downlink users.
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Fig. 11. SINR of uplink.
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Fig. 12. SINR of downlink.



Z. Liu, G. Hou and Y. Liu et al./Computer Networks 160 (2019) 92-104 101

o
Z
»
2 3 4 5 6
UUEs
Fig. 13. SINR of uplink under different indoor losses.
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Fig. 14. SINR of downlink under different indoor losses.

threshold. In Fig. 12, only the SINR of individual downlink users
is less than the threshold. Therefore, we can conclude that, in the
case of increasing the network topology, our algorithm can provide
good QoS for the users.

Figs. 13 and 14 show the difference of SINR under different in-
door losses. From the uplink and downlink, we can see that when
the indoor loss is 1032, 1034, 1036 and 103#, the SINR of the uplink
and downlink increases gradually with the increase of the indoor
loss. In addition, with the increase of indoor loss, the link with
high SINR will be more affected, while the link with smaller SINR
will be less affected by the change of indoor loss.

Next, we take the part of the uplink user power control in Algo-
rithm 1, and analyze the comparison results between Algorithm 1
and the methods in [25] and [26]. Under the same femtocell topol-
ogy and channel environment, our method is compared with the
method without user service quality assurance and without con-
sidering robustness. As can be seen from Fig. 15, in most users, the
outage probability with Algorithm 1 is lower than that of methods
without guaranteeing quality of service [25] and methods without
considering the uncertain channel gains [26], and all the outage
probability of users in our algorithm is lower than the threshold
we set. Therefore, Algorithm 1 shows better performance in guar-

1 2 T T T T T T T T T
I Algorithm 1
[ No Robustness
[__INo QoS

The real outage threshold/%

1 2 3 4 5 6 7 8 9 10
Uplink users

Fig. 15. Comparison in real outage percentage of UUEs with €3 = 0.1.

6 T T T T T T T T T T
I downlink
[ Juplink
5 - -
4 - -
Q
©
g3 1
T
a
2 - -
1 - -

Users

Fig. 16. Comparison of uplink and downlink transmission rates.

anteeing QoS, and has better robustness, and can better adapt to
the changing environment. The uplink and downlink are with dif-
ferent design objectives. In the downlink, users need to provide
higher transmission rates. Therefore, in Fig. 16, we compare the
transmission rates of the uplink and downlink. The simulation re-
sults proved that our goal was achieved, and the transmission rate
is reasonably allocated to meet users’ needs.

6. Conclusions

In this paper, a full-duplex heterogeneous macrocell-femtocell
network is considered. In the uplink, the marginal utility of the
objective function and the user’s SER are guaranteed. In the down-
link, the transmission rate and low delay are ensured. A power
control scheme is proposed for the uplink users and femtocells
respectively, and the interference of the macrocell users in the
double cellular network is also considered. The theory of hierar-
chical game is used to analyze the behavioral strategies between
uplink and downlink. Considering the uncertain channel gain and
user’s QoS, the algorithm’s robustness and user’s satisfaction are
enhanced. The simulation results show that the outage probabil-
ity of uplink and downlink is lower than the threshold, and the
robustness against the uncertain channel gains is guaranteed. The
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the convergence of the hierarchical game and the effectiveness of

the algorithm are verified.
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Appendix A

Proof. Bring Formula (3) into the probability constraint of SINR in
formula (15), we know that

[ GhigiiPi } ce (49)
ioPo+ X1 &ijPj+ i 1k¢1gukpk+8 h
For COnVenlenCe, we make
n n
I'=giopo+ ) &ijbj+ Y. &hbi+5% (50)

j=1 k=1, ki
where G}, obeys Rayleigh distribution with parameter o =1,
therefore the probability density function of G}, is
fe(x) = xe 1%, (51)

Then, the equivalent form of the constraint Pr[y < T'}'] <e3 is
rewritten as:

Pr[G“ Fiuliu:| <€
SL< < €3
Yogpy

ruu

i
gl 1,2
= / (NEs Xe—fx dX§63,
0

rip 2
-4
=1-e W/ <e¢,

N0
= In(1 —€3) <_<g”p )

= TUIY — pigt/—2In(1 — €3) < 0. (52)

O

Appendix B

—l"yrh
A .
Proof. It follows frome %' < ni™" that
_ruthy
eG”plgfl < n:,lmm’ (53)
—puth
= G;{i < 7{1 pre (54)
pig;In;
Then, the probability constraint Pr{n} < n””“"] < €4 is rewritten
as
—ruthp
Pr| Gl < ——— | <e4 (55)
5 ]I_Ig,il' 11‘1 77umll'l

According to the probability density function fcu (x) = xe*%"z, we

have
/plgﬂ]n"umm xe ' dx < €,
0
4(&)2
= 1—e \ddim <
h 2
1( -—Tuthp
= In(l-€)=—3 W :
_Fufh u
= W — pig/—2In(1 — €4) < 0. (56)

O

Appendix C

Proof. The first partial derivative of L (p}, v}, u') to pi is:

aLY (pi. vi'. i)
E)p;’
ii u (U u du
- o
1 1

+ vigliv/—2In(1 — €3) + pi'gliv/ —21In(1 — €4). (57)

We make it partial derivative to 0, and we can get:

A
1

= £ —vigly/-2In(1 - €3)
'-‘g‘;ﬁ/—zm(l —€4),

= 7Cu(y -Iw)

It~ vigly/~2In(1 - e3) — Pt/ ~2In(1 — o).
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S dE-T)
L a,
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= Vi
1 qs)
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= pi*
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(58)
O
Appendix D
Proof. It follows from L 7 > 1" that
1 1
vt (Tm . w.—) (59)

For convenience, we let W; =
In(1 + y;) into the formula (59)

In(1+y) < ¥,

(Imax + ;) and substitute V; =
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=y <ebi—1,
(e¥ -1
piggi .

where [; = g ;po + X1, g‘i‘,“p}’ + Yt mosi &y Pm + 8%, the proba-
bility constraint Pr[7; > /"] < €; is rewritten as

= Gl < (60)

v _ 1\
PrI:Gf'ii < u] €. (61
’ pig;;
According to the probability density function f 4 (x) = xe 2, we
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il dx < e,
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Appendix E

Proof. The first partial derivative of Li(p;, A;, k;) to p; is:
oLi(pi, Ai ki) \/7
= 2In(1 -
o = b2 e
+ Kkigli/—21In(1 — €3). (62)

We make it partial derivative to 0, and we can get:
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