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Abstract—This paper proposes distributed joint power and
admission control algorithms for the management of interference in two-tier femtocell networks, where the newly-deployed
femtocell users (FUEs) share the same frequency band with the
existing macrocell users (MUEs) using code-division multiple
access (CDMA). As the owner of the licensed radio spectrum,
the MUEs possess strictly higher access priority over the FUEs;
thus, their quality-of-service (QoS) performance, expressed in
terms of the prescribed minimum signal-to-interference-plusnoise ratio (SINR), must be maintained at all times. For the
lower-tier FUEs, we explicitly consider two different design
objectives, namely, throughput-power tradeoff optimization and
soft QoS provisioning. With an effective dynamic pricing scheme
combined with admission control to indirectly manage the
cross-tier interference, the proposed schemes lend themselves to
distributed algorithms that mainly require local information to
offer maximized net utility of individual users. The approach
employed in this work is particularly attractive, especially in view
of practical implementation under the limited backhaul network
capacity available for femtocells. It is shown that the proposed
algorithms robustly support all the prioritized MUEs with guaranteed QoS requirements whenever feasible, while allowing the
FUEs to optimally exploit the remaining network capacity. The
convergence of the developed solutions is rigorously analyzed,
and extensive numerical results are presented to illustrate their
potential advantages.
Index Terms—Femtocell, macrocell, CDMA, power control,
admission control, QoS protection, distributed interference management.

I. I NTRODUCTION

F

EMTOCELLS have recently emerged as a promising
technology to increase wireless network capacity, extend
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cellular coverage and introduce new services [1], [2]. Femtocell solution offers significant economic benefits compared
to the traditional cell-partitioning approach for which a large
number of expensive base stations (BSs) are typically required.
By deploying low-cost femtocell (home) BSs, indoor users can
enjoy high-speed wireless communication due to the close
proximity between themselves and their own home BSs. In
this new wireless solution, limited signaling data can be
transmitted over the backhaul networks via residential wireline
broadband access links, e.g., digital subscriber lines (DSL),
without any further investment.
Since femtocells operate in the licensed spectrum owned
by the macrocell network, it is imperative to limit the crosstier interference from the femtocell users (FUEs) to the
macrocell [3]. One of the central research topics is to develop autonomous interference management schemes such that
(i) the quality-of-service (QoS) requirements of the existing
macrocell users (MUEs) with higher access priority are always
maintained, and (ii) the residual network capacity is effectively
exploited by the newly-deployed FUEs so as to optimize their
own performance. This is the case for two-tier networks based
on either code-division multiple access (CDMA) or orthogonal
frequency-division multiple access (OFDMA) [4], [5].
The development and implementation of distributed interference management solutions for femtocell networks are
challenging for two main reasons [6]–[10]. First, given that
the wireline network infrastructure (e.g., DSL links) may only
provide limited capacity for the exchange of signaling information, it is rather difficult to centrally coordinate femtocell
and macrocell BSs to perform such management. Second,
because of the different access tariffs applicable for these two
types of users, the MUEs have strictly higher priority over the
FUEs in accessing the underlying radio spectrum.
The literature on distributed power control in traditional
CDMA wireless networks is rich. One of the most popular
solutions is the one presented in [11], proven to converge to
a Pareto-optimal solution whenever the minimum signal-tointerference-plus-noise ratios (SINRs) of all the users can be
supported. In the case of infeasible SINR targets, admissioncontrol or user-removal algorithms are introduced in [12],
[13]. The works in [14]–[17] investigate several other power
control schemes from a game-theoretical point of view. In
most instances, the devised distributed algorithms converge
to the Nash equilibrium of the corresponding power-control
games. In addition, various pricing schemes are developed to
achieve a balance between maximizing the total network utility
and minimizing the power consumption, and/or to improve
the efficiency of the equilibrium solutions [18]–[21]. For
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homogeneous data-service multicell systems, [22] considers
the distributed Pareto-optimal joint optimization of SINR
assignment and power control. In the context of femtocell
networks, [23]–[26] study various beamforming techniques
to mitigate the undue cross-tier interference. Joint admission
control and power management has also been examined in
[27] for cognitive-CDMA networks.
In this work, we present joint power and admission control
solutions for distributed interference management in two-tier
CDMA-based femtocell networks. The fundamental difference between the setting considered in this paper and that
investigated in traditional CDMA wireless networks is the
differentiated classes of users with distinct access priorities
and design requirements. The prioritized MUEs demand that
their QoS requirements be always maintained in the first
place, whereas the lower-tier FUEs attempt to optimize their
performance by exploiting the remaining available system
resource. Specifically, we investigate the following two practical scenarios: (i) the FUEs desire to balance between their
achieved throughput and the corresponding power expenditure,
and (ii) the FUEs demand certain “soft” QoS requirements,
expressed in terms of the minimum attained SINRs. In lightlyloaded networks, we also propose an effective mechanism
to better utilize the network capacity and thereby improve
the performance of the MUEs. Convergence properties of
the proposed algorithms are rigorously analyzed and potential
extensions presented to further emphasize the attractiveness of
the developed solutions.
It is noteworthy that, whilst closest in spirit with [28], our
work distinguishes itself in, at least, two key aspects. Firstly,
in representing the net utility of the FUEs, the study in [28]
uses a penalty function that depends on the actual cross-tier
interference, and thus requires explicit information about the
cross-channel gains. It is, indeed, quite challenging to estimate
these values due to the random fluctuations caused by shadowing and short-term fading. On the contrary, this paper proposes
an effective dynamic pricing scheme combined with admission control to indirectly manage the cross-tier interference.
Together with their distributive nature, the developed schemes
are more tractable in view of practical implementation under
the limited backhaul network capacity available for femtocells.
Secondly, the choice of utility function for the MUEs in [28]
does not always guarantee the minimum required SINRs to be
achieved for these prioritized users. Instead, the joint power
and admission control algorithms devised here, through the
selection of a sigmoid function to represent the macrocell
utility, are capable of robustly protecting the performance of
all the active MUEs.
The rest of this paper is organized as follows: Section II
introduces the system model under consideration and summarizes the assumptions applicable throughout the work. In
Section III, distributed interference-management algorithms
are proposed and the corresponding analysis is presented.
Section IV discusses several practical issues regarding the
implementation of the devised schemes, together with some
possible extensions. Section V demonstrates the performance
of the developed schemes by numerical results. Finally, Section VI concludes the paper.
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Fig. 1. Example of network topology and user placement in a two-tier
network.

II. S YSTEM M ODEL AND A SSUMPTIONS
Consider a two-tier wireless network with power-controlled
users. Specifically, we investigate the scenario where a macrocell serving M macrocell users (MUEs) is underlaid with K
femtocells using code-division multiple access (CDMA).
K Assume that femtocell i has Ni users and define N = i=1 Ni .
We further assume that the association of the femtocell users
(FUEs) with their closest femtocell base stations (BSs) is fixed
during the runtime of the underlying power and admission
control processes. Denote the set of all users by L, and the set
of MUEs and FUEs by Lm and Lf , respectively. An example
of such a network is illustrated in Fig. 1.
The results obtained in this work are applicable to both
downlink and uplink scenarios. By “the transmitter of user i”
we refer to the BS that serves wireless terminal i ∈ L in the
downlink case, whereas in the uplink case it is the wireless
terminal i itself. We consider a snapshot model where the
channel gains are assumed to remain unchanged during the
runtime of the power and admission control algorithms. Let
pi be the transmit power of user i and σi the power of additive
white Gaussian noise measured in the spectrum bandwidth at
the receiving end of user i ∈ L. Also, denote the channel gain

, and that
from the transmitter of user i to its receiver by gii
from the transmitter of user j to the receiver of user i = j by
gij . Then, the received SINR of user i ∈ L can be written as
γi

=




pi
Ggii
,
g
p
ij
j + σi
j=i

(1)

where G is the processing gain of the system.
Note that the first term in the denominator of (1) includes
both in-cell and cross-tier interferences, i.e., aggregated interference from all MUEs and FUEs except the considered user
i (which can be either a MUE or a FUE). In the downlink

for the incase, the channel gain gij simply reduces to gii
cell interference, while gij is termed the cross-channel gain
for the cross-tier interference. For notational convenience, let
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gii = Ggii
where the processing gain G is absorbed into the

channel gain gii
. The received SINR of user i ∈ L can then
be expressed as

γi

gii pi

.
j=i gij pj + σi

=

γi

≥ Γi .

(3)

On the other hand, each FUE i ∈ Lf , which is of a lower
access priority, is assumed to suppress transmission whenever
)
.
its attained SINR falls below a predefined threshold γ (f
i
The rationale behind this assumption is that a negligible level
of SINR would not help anything at all, but only create
unnecessary interference to other users. Therefore, an active
FUE i ∈ Lf must have that
γi

≥

)
γ (f
.
i

(4)

In this paper, we employ a utility function Ui (γi ) and a cost
function Ci (pi ) to represent the degree of satisfaction of user
i ∈ L to the service quality and the cost incurred, respectively.
It is the interest of user i ∈ L to maximize its own net utility,
defined as
Utot,i

= Ui (γi ) − Ci (pi ).

(5)

In fact, (5) is a standard way to define the payoff function
for network entities (i.e., wireless users and BSs). Given the
transmit power of other users, the net utility can be maximized
by dynamic power adaptation performed at individual links.
Assume that Ui (γi ) is a strictly concave function with
respect to γi , whereas C(pi ) is convex in pi . The necessary
condition for the optimization of (5) can be obtained by taking
the derivative of Utot,i , which is also strictly concave in pi ,
and equating to zero as follows.
dUi dγi
dCi
dUtot,i
=
−
= 0.
dpi
dγi dpi
dpi

(6)

Upon noting that dγi /dpi = gii /Ii = γi /pi , we have


Ui (γi ) =

pi 
Ii 
Ci (pi ) =
C (pi ),
γi
gii i



γi in (8), the following
where fi (γi ) = Ui (γi ). Based on 
iterative power-update rule can be applied [20]:
pi (t + 1) = γ
i (t)

(2)

In cellular wireless networks such as IS-95, WCDMA and
LTE networks, regardless of the traffic types, a minimum
SINR is required at the receiver for a minimum data rate
to be supported. While the maintenance of such minimum
SINR targets is well-justified for voice users to achieve a
certain desired bit error rate (BER), it is also applicable to
data users, especially those with delay-sensitive applications.
In our modeling framework, different SINR thresholds are
assigned to different users, depending on their access priority
and application requirements. Given a desired threshold Γi ,
we assume that the prioritized MUE i ∈ Lm requires that

(7)


where Ii = j=i gij pj + σi is the total noise and interference
power at the receiving side of user i ∈ L. From (7), the optimal
target SINR can be derived as


Ii 
−1
C (pi ) ,
(8)
γ
i = fi
gii i
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γ
i (t)
Ii (t)
=
pi (t),
gii (t)
γi (t)

(9)

where γi (t) is the actual SINR of user i at iteration t. In fact,
(9) represents a more general power-control rule compared
with the following well-known power update (see, e.g., [11],
[29]):
pi (t + 1) =

Γi
pi (t).
γi (t)

(10)

Specifically, the minimum required SINR Γi on the right-hand
side of (10) is replaced by the adaptive SINR threshold γ
i (t)
in (8).
In what follows, we will show how to choose appropriate
functions Ui (γi ) and Ci (pi ), together with their operating
parameters, to design efficient distributed power and admission
control algorithms for both MUEs and FUEs. The key aspect
that makes the existing algorithms (such as those in [12],
[13]) unsuitable for our current purpose is that the minimum
SINRs of the prioritized MUEs should be maintained at all
times. Accordingly, the FUEs must have their transmit powers
properly controlled or, if needed, may even be removed for
the sake of protecting the MUEs.
III. D ISTRIBUTED J OINT P OWER AND A DMISSION
C ONTROL A LGORITHMS FOR T WO - TIER N ETWORKS
A. QoS Guarantees for Macrocell Users
In the design of their power control scheme, [20] recommends the use of a sigmoid utility function and a linear cost
function. For our problem at hand, by employing similar utility
and cost functions for the MUEs and via properly tuning their
control parameters, we can develop an efficient and robust
power control algorithm that is capable of maintaining the
minimum SINR requirements for these users. Specifically,
we select the following utility and cost functions for MUE
i ∈ Lm :
Ui (γi ) =

1
,
1 + exp[−bi (γi − ci )]

Ci (pi ) =

ai

(m)

pi .

(11)
(12)

Here, bi and ci , respectively, control the steepness and the
(m)
is the pricing
center of the sigmoid function, whereas ai
coefficient.
Function Ui (γi ) in (11) naturally captures the value of the
service offered to user i. Noting that Ui (0) = 0, Ui (∞) = 1,
and that Ui (γi ) is increasing with respect to γi , it is clear that
user i is more and more satisfied with the offered service as the
quality, expressed in terms of the achieved SINR γi , improves.
On the other hand, power is itself a valuable system resource.
The linear cost in (12) is chosen to reflect the expenses
of power consumption to the user, while still retaining the
simplicity of subsequent analysis. As will be shown later, the
(m)
may significantly affect the
use of dynamic values of ai
resulting equilibrium of the developed algorithms.
Importantly enough, the choice of sigmoid function allows
for the design of efficient schemes that guarantee the minimum
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1.4

SINRs imposed by the MUEs. Using (11) and (12), equation
(7) can be rewritten as:

1.2

(m)

a Ii
Ui (γi ) = fi (γi ) = i
.
gii

(13)

With the utility function defined in (11), an analytical form of
(14) can be obtained as [20]:


γi = ci −


1
bi gii
ln
−1−
(m)
bi
2ai Ii


1−

bi gii
(m)

2ai

Ii

2


− 1.



Ui (γi,u ) γi,u .

(15)

(16)

Since the cost function in (12) can also be rewritten as
(m)
(m)
Ci (pi ) = ai Ii /gii γi , it is required that ai Ii /gii ≤

Ui (γi,u ) for a nonnegative total utility. On the other hand, the
necessary and sufficient condition for 
γi in (15) to achieve
Utot,i ≥ 0 is γ
i ≥ γi,u ; otherwise, MUE i simply suppresses
its transmission and still gains zero total payoff. Therefore, by
setting
γi,u

=

Γi ,

(17)

we can ensure that any active MUE (i.e., whose transmit power
is strictly positive) will attain its minimum SINR target. In
other words, an active MUE i will eventually achieve SINR
γ
i ≥ γi,u = Γi under this design. Some manipulations of (16)
and (17) give [20]
= Γi −

ci

ln(bi Γi − 1)
.
bi

(18)

Upon substituting this value of ci to (15), we finally arrive at
γ
i = Γi −

ln(bi Γi − 1)
1
bi gii
− ln
−1
(m)
bi
bi
2ai Ii


2
bi gii
−1 .
−
1 − (m)
2ai Ii

(m)

<



gii Ui (Γi )/Ii .

K

u

0.4

(19)

(20)

Operating
range

0.2
a  /g
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ii
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Fig. 2. Illustration of the equilibrium solution for Γi = 2, bi = 5, Ku =

(m)
Ui (Γi ), ai = ai .

B. Dynamic Pricing, Power Adaptation and Admission Control of Femtocell Users
Given the MUEs’ QoS requirements already supported, the
specific choice of utility and cost functions for FUEs allows
us to achieve several practical design objectives, through
which certain user satisfaction metrics can be attained. Notice
that if the FUEs also wish to maintain their respective QoS
requirements, the operation of these users may cause network
congestion, hence badly affecting the performance of the
MUEs. In such cases, the FUEs should be penalized by
appropriately regulating their operating parameters. Motivated
by the above observation, we will now describe two design
options for the FUEs, each with a different design objective.
Under each option, we will propose a joint power adaptation and admission control algorithm. The convergence of
the developed solutions will be analyzed, followed by the
characterization of their corresponding equilibria.
1) Balancing Achieved Throughput and Power Expenditure
for Femtocell Users: We choose a utility function that captures
the Shannon capacity for the FUEs, Ui (γi ) = W ln (1 + γi )
where W denotes the system bandwidth, and a linear cost
(f )
(f )
function C(pi ) = ai pi with pricing coefficient ai . Altogether, the net utility for FUE i is defined as
Utot,i

In Fig. 2, we show the operating range of an active MUE

i. With a sufficiently large bi , function Ui (·) becomes very
steep; therefore, the resulting γi of user i will be very close
to its SINR threshold Γi . Also clear from Fig. 2 is that if the
minimum required SINRs of all the MUEs are feasible, we
(m)
sufficiently small.
can make them all active by setting ai
Specifically, given its total received interference and noise
power Ii , MUE i ∈ Lm is active if
ai

0.6

0

Now, the line that goes through the origin and is tangent
to the utility curve Ui (γi ) can be expressed as Ui (γi ) =

Ui (γi ) γi . At the tangent point γi,u , it is true that
Ui (γi,u ) =

0.8

i i

From this relationship, it is straightforward to see that the
optimal SINR target is


(m)
ai Ii
−1
γ
i = fi
.
(14)
gii

1

f ( )



=

(f )

W ln (1 + γi ) − ai pi ,

∀i ∈ Lf .

(21)

Such choices of functions are especially relevant when the
FUEs have to tradeoff between achieving the highest possible
data rates and expending as little power as necessary. Applying
the result in (7) to these utility and cost functions gives
W
1 + γi

(f )

ai Ii
.
gii

=

(22)

From (22) and upon noting that Utot,i is strictly concave in
pi , the value of pi ≥ 0 that globally maximizes Utot,i can be
derived as


W
Ii
−
,
0
.
(23)
p∗i = max
(f )
gii
a
i
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Algorithm 1 P OWER AND A DMISSION C ONTROL A LGO RITHM FOR M ACROCELL Q O S G UARANTEE AND F EMTO CELL T HROUGHPUT-P OWER T RADEOFF
1: Set pi := 0, ∀i ∈ L, initialize the set of active FUEs
Af := Lf , and set t := 1.
2: Each MUE i ∈ Lm measures gii (t) and Ii (t), and
calculates 
γi (t) by (19).
3: if γ
i (t) ≥ Γi then
γi (t)
4:
MUE i ∈ Lm updates its power: pi (t + 1) := Ii (t)
gii (t) .
5: else if γ
i (t) < Γi and |Af | > 0 then
(t)Γi
6:
MUE i ∈ Lm updates its power: pi (t + 1) := Igiii
(t) .
7:
Each FUE j ∈ Af updates its pricing coefficient:
(f )
(f ) (f )
(f )
aj := kj aj , where kj > 1 are predetermined
scaling factors.
8: end if
9: Each FUE j ∈ Af measures gjj (t) and Ij (t), and
calculates pj as:
pj
10:
11:
12:

13:
14:
15:

:=

W
(f )

aj

−

Ij (t)
.
gjj (t)

FUE j ∈ Af updates its power: pj (t + 1) := pj .
)
if pj gjj (t)/Ij (t) < γ (f
then
j
(f )
If t = nT
then, with a small probability α, FUE
j ∈ Af sets pj (t + 1) := 0 and removes itself from the
set of active FUEs: Af := Af \ {j}.
end if
Any femtocell BS with no associated active FUE informs
the macrocell through a dedicated signaling channel.
Set t := t + 1, go to Step 2 and repeat until convergence.

We present in Algorithm 1 a joint power and admission
control scheme for the interference management in both
macrocell and femtocell networks. This algorithm lends itself
to a distributed implementation with only local information
required. In every iteration, each user i ∈ L simply needs
to estimate (i) its received interference power Ii (t) and (ii)
its own channel gain gii (t) in order to update its transmit
power. When there exists an active MUE i with its “soft”
SINR target γ
i (t) dropping below the prescribed SINR target
(f )
Γi , we gradually increase the pricing coefficients aj of all
the active FUEs [see Step 7]. It is apparent from (23) that such
(f )
an increase in aj results in a reduction in the transmit power
of FUE j, through which the user that creates undue cross-tier
interference can be effectively penalized. Notably, this pricing
mechanism is realized without acquiring the knowledge of
cross-channel gains, unlike the one proposed by [28].
The procedure of updating the pricing coefficients described
in Step 7 of Algorithm 1 impacts both the convergence
speed of that algorithm and the number of active FUEs at
(f )
the resulting equilibrium. A higher initial pricing aj and/or
(f )
a larger scaling factor kj > 1 will shorten the convergence
time, albeit at the cost of being able to support a fewer number
of active FUEs at the equilibrium point. Therefore, careful
(f )
(f )
selections of aj and kj to reflect the relative amount of
interference that FUE j ∈ Lf induces to other users may
lead to better network performance. In particular, it is sensible
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(f )

(f )

to set large values of aj and kj for the FUE j that
creates excessive interference. Eventually, these “bad” users
will at least see their transmit power reduced at equilibrium.
In networks with a high load level1 , they can even be removed,
through which the built-up network congestion is relieved.
In Step 12 of Algorithm 1, if a certain FUE j has its
)
SINR falling below the minimum required threshold γ (f
, it
j
is removed with probability α (where 0 < α < 1) at most
once in every T (f ) iterations. Note that a smaller value of α
will prevent the unnecessary elimination of too many FUEs,
at the expense of prolonging the convergence time. The same
effect can also be expected for large values of T (f ) .
Theorem 1: The proposed Algorithm 1 converges to an
equilibrium solution if xfi−1 (x) is an increasing function,
∀i ∈ Lm , and the following condition
(Mm + Nf − 1) Rmax

<

1

(24)



holds, where fi (·) = Ui (·); Mm = |Am | ≤ M and Nf =
|Af | ≤ N denote the cardinality of the active macrocell and
femtocell user sets, respectively; and Rmax is defined as
gij
gij
Rmax = 
max
max
(25)
 .
g =

Gg
ii
ii
i∈Lf ,j∈L\{i}
i∈Lf ,j∈L\{i}
Moreover, for users who achieve nonzero powers at the
equilibrium, it is true that


(m)
Ii∗ −1 ai Ii∗
∗
pi =
f
(26)
, i ∈ Am ,
gii i
gii
p∗i

=

W
(f )

ai

−

Ii∗
, i ∈ Af ,
gii

(27)


where Ii∗ = j=i gij p∗j +σi . Further, all active MUEs i ∈ Am
have their SINR γi∗ satisfying γi∗ ≥ Γi .
Proof: The proof can be found in Appendix A.
2) Soft QoS Provisioning for Femtocell Users: In this
scenario, we assume that FUE i ∈ Lf also requires a minimum
SINR Γi to maintain the quality of its applications. Note that
)
the meaning of Γi here is very different from that of γ (f
i
defined in (4). In practice, the value of Γi is typically greater
)
than γ (f
. While a higher SINR at the receiving end of any
i
femto links implies more reliability and better services, this
usually requires more transmit power, which in turn leads to
a higher cross-interference induced to the macrocell. Such an
observation motivates us to consider the following net utility
for FUE i (similar to that in [31]):
Utot,i

2

(f )

= − (γi − Γi ) − ai pi ,

∀i ∈ Lf .

(28)

Although maximizing the first term on the right-hand side
2
of the above equation, i.e., the utility Ui (γi ) = − (γi − Γi ) ,
enforces the SINR γi of FUE i to be as close as possible to
1
 network load is defined to be “low” if ρ̄ =
 In this paper, the
ρ diag([Γm ; Γf ])Ḡ < 1, where ρ(·) denotes the matrix spectral radius,
Ḡ = [gij ] is the channel gain matrix, and Γm and Γf are the vectors of
minimum SINRs required by the MUEs and the FUEs, respectively. When
ρ̄ ≥ 1, not all these minimum SINRs can be supported with a finite amount of
transmit power [30]. In such a case, the network load level is either “medium”
or “high” depending on the specific value of ρ̄, and admission control is
needed to remove some FUEs. If ρ̄ tends to be much larger than 1, the
network becomes very congested where it is even difficult to support the
minimum SINR Γm of the prioritized MUEs alone.
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the SINR target Γi , the resulting γi∗ at the equilibrium may
actually be less than Γi . Nevertheless, it has been shown in
[31] that by allowing a reasonable deviation from the target
SINR, a significant reduction in the transmit power (and hence
the resulting interference) can be achieved. Given its lower
access priority, this type of soft QoS provisioning is totally
acceptable for FUE i. On the other hand, the cost function,
(f )
Ci (pi ) = ai pi , penalizes the expenditure of transmit power,
which potentially creates undue interference to the macrocell
(f )
as well as other FUEs. Here, ai is the pricing coefficient of
such penalization.
Now, applying the result in (7) to these particular utility
and cost functions yields:
(f )

γi

=

Γi −

ai Ii
.
2gii

(29)

Because Ui (γi ) is a concave function in pi , so is Utot,i , ∀i ∈
Lf . The power value that globally maximizes Utot,i can thus
be computed as


(f )
Ii Γi
a I2
p∗i = max
− i 2i ,0 .
(30)
gii
2gii
(f )

Again, by setting the pricing coefficient ai sufficiently
large, we can effectively shut off FUE i. Based upon the
power update rule in (30), a joint power adaptation and
admission control algorithm is now developed that is capable
of providing soft QoS for the FUEs. This algorithm is referred
to as Algorithm 2 in the sequel. The steps in Algorithm
2 are identical to those in Algorithm 1 except for Step 9
where pj is, instead, calculated as pj = Ij (t)Γj /gjj (t) −
 2 
(f )
(t) , ∀j ∈ Af .
aj Ij2 (t)/ 2gjj
Theorem 2: Assuming that xfi−1 (x) is an increasing function, ∀i ∈ Lm , the proposed Algorithm 2 converges to an
equilibrium, at which point


(m)
Ii∗ −1 ai Ii∗
∗
f
(31)
, i ∈ Am
pi =
gii i
gii
p∗i

(f )

=

Ii∗ Γi
a (I ∗ )2
− i 2i , i ∈ Af .
gii
2gii

(32)

Moreover, all active MUEs i ∈ Lm have their SINR γi∗
satisfying γi∗ ≥ Γi .
Proof: The proof can be found in Appendix B.
IV. P RACTICAL I MPLEMENTATION I SSUES AND F URTHER
E XTENSIONS
A. Communication Overhead of the Proposed Algorithms
The schemes developed in this work only require a limited
amount of signaling to be exchanged among the femtocells
and the macrocell. In either algorithm, the power updates
of both MUEs and FUEs can be executed in a completely
distributed manner, based on the information available at local
links. On one hand, the receiver of each user i (i.e., either
the BS or the user terminal depending on uplink or downlink

by, for instance,
transmission, respectively) can estimate gii
exploiting the pilot channel. On the other hand, this receiver
can also measure the total received power, and then subtract
its own received power to obtain the aggregated interference



pi , assuming that noise can be
Ii , i.e., Ii = j∈L gij pj − gii
ignored in interference-limited CDMA links. The receiver of

user i then sends both values of gii
and Ii to its corresponding
transmitter for the update of transmit power in each iteration.
In Step 7 of Algorithms 1 and 2, the FUEs are requested
to increase their pricing coefficients when certain MUEs
perceive network congestion. Apparently, each MUE may
only experience significant interference from the FUEs within
its immediate neighborhood. To protect the MUEs in the
downlink case, it would therefore be sufficient that only the
macrocell receivers with low SINRs request their neighboring
FUEs to increase their pricing coefficients. In case of open
access, the hand-off procedure should be established between
the users and the macrocell/femtocell BSs, with a control
channel dedicated for this purpose. Hence, the “warning”
message that asks for an increase in the FUEs’ prices can be
incorporated into the hand-off message when the undue crosstier interference is sensed by the victim MUEs. The other type
of communication overhead includes the notification made by
the femtocell BS that serves no FUEs to the macrocell in Step
14 of Algorithms 1 and 2. This may take the form of a simple
flag message, to be sent over the available wireline backhaul
network or be broadcast wirelessly.
B. Improving the Efficiency of Equilibrium Solution
It can be shown that the equilibrium solutions achieved by
the developed algorithms correspond to the Nash equilibria of
the underlying non-cooperative games [32]. In such states, no
user has any incentive to unilaterally change its transmit power
level. However, Nash equilibrium in general does not guarantee to be either globally efficient or optimal. We discuss here
a mechanism to improve the efficiency of this equilibrium,
particularly when the network is lightly loaded. Specifically,
we attempt to make the SINRs of the active MUEs greater
than their required SINRs. In wireless environments, this result
implies more service reliability and more robustness against
fading for the MUEs.
From (13), the following relationship at the equilibrium can
be obtained for the active MUE i:
fi (γi∗ )

=

(m) ∗
Ii

ai

gii

,

(33)

where the typical shape of function fi (·) has already been
illustrated in Fig. 2. It is observed that a higher SINR γi∗ can
(m)
be realized for a given ai Ii∗ /gii if fi (·) becomes flatter.
This corresponds to choosing smaller values of bi , where recall
that bi is the parameter that controls the steepness of Ui (γi ).
Ultimately, it is possible that the SINRs of MUEs are enhanced
by reducing bi whenever possible. Nevertheless, the values of
bi should be updated less frequently compared with the update
of power itself.
Toward that end, the following procedure can be employed
to improve the attained SINRs of the active MUEs: We
choose in advance a particular interval Tb to periodically
update bi , ∀i ∈ Lm . At the beginning of each interval
Tb , MUE i ∈ Lm multiplies its bi by a factor kb < 1
if its servicing macrocell BS has not been informed about
any empty femtocell during the previous interval. The latter
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TABLE I
S IMULATION PARAMETERS

Processing gain, G
Noise power, σi = σ (in Watt) ∀i ∈ L
System bandwidth, W (in Hertz)
(f )

γi

= γ (f )

(m)
ai

= ai

Femtocell
Macrocell

0.12
Value

0.1

3
100
10−10
106

∀i ∈ Lf

2

∀i ∈ Lm

1

bi

1

Removal probability, α

0.1

T (f )

10

Tb

20

kb

0.5

condition happens if the network load is low, which also means
that almost all the FUEs converge to the desired equilibrium
without being removed.

Power (W)

Parameter
Path-loss exponent, β
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V. N UMERICAL R ESULTS
This section presents numerical results to demonstrate the
performance of the proposed Algorithms 1 and 2. The
network setting and user placement in these examples are
illustrated in Fig. 1, where the MUEs and the FUEs are
randomly deployed inside circles of radii of 500 m and 100
m, respectively. Downlink transmission is considered in all the
simulations. We also assume that the number of FUEs serviced
by any femtocell BS is identical. The specific numbers of
MUEs and FUEs generated in each example are displayed in
the corresponding plot. The results presented in each figure
correspond to one particular network realization, chosen with
the intention to demonstrate certain features of the developed
algorithms.
The channel gain from the transmitter of user j to the
receiver of user i is calculated as d−β
ij , where dij is their

0.06
0.04
0.02
0
0

10

20
30
Iteration

40

50
(m)

Fig. 3. Algorithm 1: Power evolution for M = 10, N = 20, Γi
8, a(f ) = 109 , and k (f ) = 1.1.

=

30

C. Maximum Power Constraints

25
20
SINR

In the previous sections, we have assumed that both the
MUEs and the FUEs can transmit at arbitrarily large power
levels. We now discuss the scenarios wherein the users are
, ∀i ∈ L.
subject to power limits of the form 0 ≤ pi ≤ pmax
i
Here, the power updates of both MUEs and FUEs are performed according to pi (t + 1) := min {pmax
, pi (t + 1)}, with
i
pi (t + 1) the power assignment in the case of no maximum
power constraint imposed. Fortunately, the convergence results
of both Theorems 1 and 2 still hold true because (i) standard
functions with upper power constraints remain standard [33],
and (ii) inequality (38) is valid even with constrained powers.
Nonetheless, as the transmit power budget is limited in this
case, the achieved SINRs of the MUEs at the equilibrium
may drop below their minimum requirements. If certain MUEs
achieve very low SINRs at the equilibrium while there is no
active FUE remaining in the system, we may allow these
MUEs to remove themselves with a small probability. As
soon as the network congestion is sufficiently relieved via
this removal process, all the remaining active MUEs will
eventually meet their SINR targets.

0.08

15
10
5
0
0

Femtocell
Macrocell
10

20
30
Iteration

40

50
(m)

Fig. 4. Algorithm 1: SINR evolution for M = 10, N = 20, Γi
8, a(f ) = 109 , and k (f ) = 1.1.

=

geographical distance and β the pathloss exponent. The same
(f )
initial pricing coefficient ai = a(f ) and scaling parameter
(f )
ki = k (f ) are used for all the FUEs. Their values, together
(m)
(f )
with the SINR targets Γi and Γi , can be found underneath
every plot. In each figure, a single curve corresponds to
one specific user. For the ease of reference, the simulation
parameters are summarized in Table I.
In Figs. 3 and 4, we show the evolutions of powers and
SINRs under Algorithm 1. As can be seen, Algorithm 1
converges to an equilibrium with the target SINRs being
attained for all the MUEs. It is also clear from these figures
that the convergence time of Algorithm 1 is relatively short,
slightly larger than 10 in this case. On the other hand, Fig.
5 illustrates the operation of Algorithm 1 when the network
becomes congested. This algorithm initially converges to an
equilibrium in which the SINR requirement of one FUE cannot
be satisfied, i.e., its final SINR drops below the threshold
γ (f ) = 2. Then, the admission control mechanism integrated
in Algorithm 1 is engaged to effectively remove this user,
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35
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0
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Iteration

40

2
0

50

Fig. 5. Algorithm 1: SINR evolution with FUE removal for M = 10, N =
(m)
= 8, a(f ) = 109 , and k (f ) = 1.1.
20, Γi

40
60
Iteration

80

100

Fig.
Algorithm
2: SINR evolution in medium load (i.e.,

 7.
(m)
(f )
= 10, Γi =
ρ diag([Γm ; Γf ])Ḡ = 1.1) for M = 10, N = 40, Γi
(f
)
4
(f
)
8, a
= 10 , and k
= 1.5.

12

10
Femtocell
Macrocell

10

8

8
SINR

SINR

6

6

4

4

2

Femtocell
Macrocell
2
0

20

10

20
30
Iteration

40

50

0
0

20

40
60
Iteration

80

100

Fig.
6.
Algorithm
2: SINR evolution in low load (i.e.,


(m)
= 0.9) for M = 10, N = 40, Γi
=
ρ diag([Γm ; Γf ])Ḡ
(f )
10, Γi = 8, a(f ) = 104 , and k (f ) = 1.5.

Fig. 8.
Algorithm 2: SINR evolution in high load (i.e.,


(m)
=
ρ diag([Γm ; Γf ])Ḡ = 1.18) for M = 10, N = 40, Γi
(f )
10, Γi = 8, a(f ) = 104 , and k (f ) = 1.5.

resulting in a noticeable growth in SINRs of several other
FUEs [see iteration 20 and beyond]. It is also evident here that
the removal of the FUEs does not affect the transmit powers
and SINRs of the MUEs. This result verifies the efficiency
and robustness of Algorithm 1 in protecting the macrocell
performance.
In Figs. 6, 7, and 8, we display the evolutions of SINRs for
all the users under Algorithm 2 when the network load level
is low, medium, and high, respectively. In all the scenarios,
it is confirmed that Algorithm 2 actually converges with the
SINR requirements of all MUEs being met at the equilibrium.
When the network becomes more congested, the convergence
speed appears to be slower. Specifically, Fig. 6 shows that
when the network load is low, the achieved SINRs of the
FUEs are slightly below their corresponding requirements
while the performance of all MUEs is well protected. This
is a desirable feature as the soft QoS for the lower-tier FUEs

can only be supported to the extent that network load allows.
When network congestion starts building up, Algorithm 2
smoothly reduces the SINRs of the FUEs so that the MUEs
can eventually reach their desired SINR targets. This feature
can best be observed in Fig. 7. Finally, when the network gets
so congested that the SINRs of certain FUEs fall below the
minimum required threshold γ (f ) = 2, admission control is
executed to remove such users. This operation is depicted in
Fig. 8, where the FUE that achieves the smallest SINR value
is eliminated from the network.
Fig. 9 illustrates how the technique presented in Section
IV-B can help improve the achieved SINRs of the MUEs in
Algorithm 1. Recall that such a mechanism, which involves
scaling down the values of bi over time, may only be activated
when the network load level is low. To obtain the results
presented in this figure, we have decreased all bi ’s by a factor
kb = 0.5 once in every Tb = 20 iterations. These updates
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Let us define Δpi (t) = pi (t)−p∗i with p∗i being the transmit
power of user i at the equilibrium [see (26) and (27)]. Also,
denote by ΔpA the l∞ -norm of vector Δp over some set
A, i.e., ΔpA = maxi∈A |Δpi |. Upon applying the results
in (36) and (27) to a particular FUE i ∈ Af , we have the
following:

 ∗
 Ii − Ii (t) 


|Δpi (t + 1)| = 

gii








≤ (1/G)  (gij /gii )Δpj (t)
 j=i



|(gij /gii
)Δpj (t)|
≤ (1/G)

Femtocell
Macrocell

100

SINR

80
60
40
20
0
0

20

40

60
Iteration

80

100

987

j=i

120

≤ Rmax



|Δpj (t)|

j=i

Fig. 9. Algorithm 1: Improving SINRs of the MUEs for M = 8, N =
(m)
= 8, a(f ) = 109 , k (f ) = 1.1 and kb = 0.5.
8, Γi

≤ Rmax (Mm + Nf − 1) Δp(t)Af ∪Am(37)
From this, it is clear that

are carried on until one FUE settles its SINR below the
specified SINR threshold γ (f ) = 2. Furthermore, Tb is set
to be sufficiently large so that the algorithm converges to a
new equilibrium. As shown in Fig. 9, by scaling down bi , we
can enhance the attained SINRs of all the MUEs at the cost
of degrading the SINRs of the FUEs.
VI. C ONCLUSION
In this paper, we have proposed joint power adaptation and
admission control algorithms to autonomously manage the
interference in two-tier networks. Specifically, two different
design options for the FUEs have been considered: (i) Balancing between their achieved throughput and the expended
power, and (ii) Supporting their soft QoS. It has been shown
that the developed algorithms are able to robustly protect the
MUEs by maintaining their desired SINR requirements, while
also allowing the FUEs to flexibly share the remaining network
capacity. Upon applying the proposed dynamic pricing scheme
combined with admission control, network congestion can be
effectively alleviated whenever necessary. The convergence of
the developed solutions has been proved analytically, and their
merits are confirmed through extensive numerical study.
A PPENDIX A
P ROOF OF T HEOREM 1
First, the power control updates for the MUEs and the FUEs
can be summarized as:
p(t + 1) =
where, specifically,

Ai (p(t)) = max

[Ai (p(t))] , i ∈ L,

Ii (t)Γi Ii (t) −1
,
f
gii (t) gii (t) i

for i ∈ Lm , and
Ai (p(t))
for i ∈ Lf .


=

max

W
(f )
ai



(34)

(m)

ai Ii (t)
gii (t)


, (35)

Ii (t)
,0 ,
gii (t)

≤

(Mm + Nf − 1)Rmax Δp(t)Af ∪Am . (38)

Hence, Δp(t)Af will shrink over time if the condition in
(24) is satisfied and also if Δp(t)Am shrinks over time.
The inequality (Mm + Nf − 1) Rmax < 1 in (24) is usually
met if the network is not very congested. Here, because the
direct channel gains dominate the cross-channel gains, Rmax
typically takes small values. In the case of network congestion,
the admission control in Step 12 of Algorithm 1 will remove
several FUEs (i.e., decreasing Nf ), making it possible to fulfill
such a condition. Even for very dense femtocell/macrocell
deployment, (24) can still be satisfied by using a large value
of processing gain G, through which Rmax can be made
small. As well, the integrated admission control mechanism
in Algorithm 1 will autonomously remove “bad users” if the
network becomes congested, making (24) feasible.
On the other hand, it has been shown in [20] that
Ai (p(t)) , i ∈ Lm in (35) is a standard function (i.e., it
satisfies the positivity, monotonicity, and scalability attributes
[33]) if xfi−1 (x) is an increasing function. Moreover, [33]
has established that a power control algorithm will converge
if such standard function properties are satisfied. It can be verified that xfi−1 (x) is an increasing function if bi is sufficiently
large. As discussed earlier, this can certainly be achieved by
our design. Since Δp(t)Am shrinks over time, so does
Δp(t)Af . As a consequence, Algorithm 1 converges to an
equilibrium.
Furthermore, all active MUEs i ∈ Am at that equilibrium
state must have their SINR γi∗ satisfying γi∗ ≥ Γi . This is
the case because all of the remaining users in the equilibrium
must be admissible; otherwise, some of them must have been
removed by the admission control mechanism integrated in
Algorithm 1.
A PPENDIX B
P ROOF OF T HEOREM 2



−

Δp(t)Af

(36)

The convergence of the proposed power updates in this case
can be proven using the standard function technique [33]. For
the MUEs, [20] maintains that Ai (p(t)) , i ∈ Lm is a standard
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function if xfi−1 (x) is an increasing function. As discussed
in the proof of Theorem 1, this is true if bi is chosen to be
sufficiently large.
For the FUEs, it has been shown in [31] that the power
updates for such users [see (30)] satisfy the requirements of
a standard function if the following conditions hold for all
i ∈ Lf :
Ii

<

pi

≤

gii Γi
(f )

,

(39)

.

(40)

ai
Γ2i

(f )

2ai

Indeed, conditions (39)-(40) can be enforced by the admission control mechanism in Algorithm 2. If the network is
congested enough, the transmit powers of certain users will
diverge to some large values, creating a large amount of
interference Ii (t) to other users. Note that the power update for
(f )
i ∈ Lf satisfies γi (t+1) = Γi −ai Ii (t)/(2gii ). Therefore, if
)
, FUE i will
Ii (t) is sufficiently large so that γi (t + 1) < γ (f
i
be removed, which in turn relieves the network congestion.
(f )
Together with the proper tuning of pricing coefficient ai ,
(39) and (40) are eventually satisfied.
Since the power updates of both the MUEs and the FUEs are
standard functions, Algorithm 2 converges to an equilibrium.
By the similar arguments used in the proof of Theorem 1, all
active MUEs i ∈ Am at that equilibrium must also have their
SINR γi∗ ≥ Γi .
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