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Abstract— A full-duplex ultra-dense network (FDUDN) has
been envisioned as a promising network paradigm for spectrum
efficiency enhancement. This paper presents a novel joint spec-
trum and power management scheme, which maximizes the total
capacity of the FDUDN, under given quality-of-service and cross-
tier interference constraints. The proposed scheme is decomposed
into inter-cell and intra-cell allocation. A novel approach, which
performs initial capacity-maximization allocation and succes-
sive adjustment based on the constraints, is proposed for the
allocation of the inter-cell subchannels. The inter-cell power
control is formulated as a non-convex optimization problem, and
variable substitution is used to transform it into a convex one.
Furthermore, we solve this problem through a low-complexity
heuristic scheme, which utilizes the water-filling theorem in inter-
cell power allocation. Finally, a time-sharing relaxation method is
adopted to solve the intra-cell subchannel allocation problem and
reduce the computation complexity. The Computer simulation
demonstrates the enhancement effect of the proposed scheme in
terms of the capacity, spectrum efficiency, and power efficiency.

Index Terms— Ultra dense networks, full duplex, spectrum
allocation, power control, interference mitigation.
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I. INTRODUCTION

THE fifth generation (5G) mobile communication network
is supposed to be a heterogeneous network with various

access technologies [1]. 5G network topology includes macro
base stations (BSs), which are responsible for basic coverage,
and low-power BSs, which undertake hot spot or indoor cover-
age. As expected, in the 5G systems the density of various kind
of low-power nodes will be 10 times higher than those of 4G
system, which makes ultra-dense networks (UDNs) to be as
the main paradigm [2], [3]. Due to the advantage of wireless
coverage and spectrum efficiency enhancement, UDNs are
considered as a key technology of the 5G system to cope with
the rapidly increasing demand of data transmissions [4], [5].

Meantime, the full duplex (FD) technology, which allows
a device to simultaneously transmit and receive in the same
spectrum, attracts wide attentions of both academia and
industry in the 5G area research [6], [7]. Due to the high
potential of theoretically doubling the spectrum efficiency and
realizing flexible spectrum usage, the FD technology has been
recognized as a promising solution to tap wireless spectrum
resources adequately [8], [9].

Recently, researchers proposed to construct UDN with FD
BSs and showed that they can achieve significant increases in
user rate and network throughput [10]–[12]. The new paradigm
has several main advantages: i) UDNs typically provide low
transmit power, hence the self-interference in FD nodes can be
easily mitigated into a sufficiently low level; ii) As FD reuses
the same spectrum in uplink and downlink, the complexity of
the spectrum management in UDN are efficiently reduced; iii)
FD-UDN system can obtain the dual performance gains of FD
and UDN technologies.

In spite of the potential enhancement in system perfor-
mance, FD-UDN poses a great challenge in dealing with the
severe and complex interference. It is well known that in
heterogeneous UDNs, there exists severe interference between
networks, due to the irregular construction of a large number of
small cells. Additionally, when the FD technology is adopted
in UDNs, there will exist residual self-interference, even if the
most is eliminated by advanced cancellation techniques [13].
Therefore, in FD-UDN, the interference environment will be
complicated, and wireless resource management becomes very
important in order to reduce the data loss and guarantee the
service requirements.
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A. Literature

Resource management of heterogeneous networks has been
a hot spot of research in recent years. In [14], a two-
tier network with macrocell and femtocell was constructed
and an optimal decentralized spectrum allocation policy was
proposed. Jagadish and Catherine [15] formulated a flow-based
framework for joint optimization of resource allocation in a
heterogeneous network, which is consisted of a macro cell and
several pico cells. Xie et al. [16] studied the energy-efficient
resource allocation problems in heterogeneous cognitive radio
networks with femtocells. Furthermore, in [17] and [18],
resource allocation schemes were proposed for orthogonal
frequency-division multiple access (OFDMA) based cognitive
femtocells, in order to maximize the total capacity of all
femtocell users under a given Quality-of-Service (QoS) and
co-tier/cross-tier interference constraints. In [19], the joint
transmission time and power allocation problems were studied
in a multiple input multiple output (MIMO) cognitive network,
in order to maximize the total capacity of the secondary
users under a fairness constraint. Finally, Stackelberg game
and cooperative bargaining game are used in [20] and [21],
respectively, to deal with the resource allocation in small cell
networks.

In the aforementioned works, there exist two main prob-
lems: i) The co-tier interference between small cells is not fully
considered in the interference model or not treated well in the
process of resource management [13]–[18]. Specifically, when
the co-tier interference is introduced in the interference model,
the optimization problem becomes non-convex and needs to
be solved by unusual approach. ii) The spectrum and power
allocation were directly performed between all the links of
the small cells, without layering [14]–[18]. This scheme is
efficient for the networks with small number of cells. However,
when the number of cells increases, the scheme results in
extremely large computation complexity, which consequently
makes the allocation schemes hard to be realized in practice.

Recently, significant efforts were devoted to UDN resource
management. Cho et al. [22] proposed a distributed scheduling
with interference-aware power control for uplink of UDN
operating with time-division duplex. In [23], a joint clus-
tering and inter-cell resource allocation was proposed, based
on game theory and graph-coloring algorithms, respectively.
Zheng et al. [24] studied the power control problem in
UDNs by proposing a novel game with dynamic pricing
in order to obtain the maximal sum-rate of all small cells.
Samarakoon et al. [25] proposed an approach for joint power
control and user scheduling to optimize energy efficiency,
by formulating the problem as a dynamic stochastic game.
A Nash cooperative game framework is built in [26] to
maximize the energy efficiency with the sub-optimal spectrum
efficiency equilibria.

Meanwhile, with the deployment of the FD technology
including the self-interference cancellation mechanism [9],
resource management of a FD network achieves particular
attention, in the context of time scheduling, channel allo-
cation and power control. Sultan et al. [27] proposed a
resource allocation scheme to adjust the transmit power, which

maximizes the downlink channel capacity, while simultane-
ously guaranteeing the uplink channel QoS. In [28], time slot
scheduling and power allocation scheme of single FD cell were
proposed, while Feng et al. [29] studied the pairing choice
and channel allocation of uplink and downlink users in a FD
system with multiple micro cells. In [30], subchannel and
power allocation in FD relay cellular networks was proposed,
to maximize energy efficiency. Moreover, the tradeoff between
energy efficiency and spectral efficiency for FD cellular net-
works is addressed in [31]. In most of the above works,
the research on resource management was mainly focused
on a single cell or the network with a small number of
users [27], [28], and the solutions for complex FD networks
have not been fully investigated. Especially the interference
model for a complex FD network has not been constructed
well, without the fully consideration of the inter-cell, intra-
cell, cross-tier interference, etc [30]. Furthermore, as FD-UDN
is a newly proposed paradigm [11], resource management for
FD-UDN is not fully investigated and there has no efficient
scheme of spectrum and power allocation proposed yet in the
open literature.

B. Contributions

As UDN and FD are promising technologies for the 5G
networks, the joint development of them can bring further
enhancement of system performance [11], [12]. In this paper,
we investigate the resource management problem of this new
type of network, and explore efficient schemes of subchannel
and power allocation in order to obtain capacity maximization
and spectrum efficiency enhancement.

The main contributions of this paper can be summarized as
follow:

• We present a new interference model for FD-UDN,
taking into consideration the inter-cell interference, self-
interference, and cross-tier interference. Then, the opti-
mization problem of subchannel allocation and power
control is formulated and solved in order to maximize
the sum-rate of the small cells.

• As the direct and unified allocation for the links of
small cells will result in large complexity in FD-UDN,
we decompose the resource allocation into inter-cell
and intra-cell, while the inter-cell allocation is further
decomposed into subchannel allocation and power con-
trol, and the subsequent intra-cell allocation performs
the subchannel allocation between links. Additionally,
the average channel gains are used in the inter-cell
interference calculation to obtain an approximate result
and reduce the complexity.

• In order to solve the non-convex problem of inter-cell
power allocation, we transform it into a convex one
and solve it through the Lagrangian dual decomposition.
Moreover, we apply the water-filling theorem in the inter-
cell power allocation and propose a heuristic scheme
to reduce computation complexity. Additionally, a time-
sharing relaxation based algorithm is proposed to solve
the intra-cell subchannel allocation problem with much
lower complexity.
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Fig. 1. System model of an UDN consisting of one macro cell and multiple
small cells.

C. Structure

The rest of the paper is organized as follows. In Section II,
we construct the network model, provide the capacity com-
putation and formulate the optimization problem to maximize
the sum rates of uplink and downlink of all the small cells.
In Sections III and IV, the inter-cell sub-channel and power
allocation and the intra-cell sub-channel allocation schemes
are given, respectively, which include the mathematical solu-
tion of the optimization problem and the detailed algorithm.
The algorithm complexity is analyzed in Section V. The
simulations for analysis and validation are given in Section VI,
followed by the conclusion in Section VII.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a two-tier heterogeneous OFDMA network
[24], [25], as shown in Fig. 1. The macro cell is the first
tier network, and multiple small cells (i.e. pico-, micro-,
femtocells) constitute the second tier network. The small cells
are densely and uniformly distributed in the macro cell, and
use licensed spectrum under the restraint of the interference
to macro cell.

A block fading channel is considered and the channel
fading is supposed to be composed of path loss, shadowing
fading, and frequency selective Rayleigh fading. The path

loss hp is constructed as hp ∝
(

d
d0

)n

, where d is the
transmission distance, d0 is the referred distance and n is the

pass loss exponent. The shadowing fading hs obeys lognor-
mal distribution with the probability function of P (hs) =

1√
2πσ2 exp

(
− (hs−a)2

2σ2

)
, where a is logarithm mean and σ2

is the standard deviation. The probability distribution of the

Rayleigh fading hf is expressed as P (hf) = hf

σ2 exp
(
− h2

f

2σ2

)

with uniform variance σ2. Assume that the UDN system has
a bandwidth of B, which is divided into N subchannels.
The channel fading remains constant within a subchannel,
but varies cross different subchannels. The number of small
cells is M . The small cells share all of the subchannels and
each subchannel can be reused by multiple small cells. Each
small cell has multiple communication links. One user is
associated to one BS and composes a link, including both
uplink and downlink, with the BS [10], [32]. One link can use
multiple subchannels simultaneously. Both the BSs and users
are configured to communicate by FD mode.

The signal transmission of the FD-UDN is subjected to
inter-cell interference, self-interference introduced by the FD
mode, interference from macro-cell due to the subchannel
sharing and the additive white Gaussian noise (AWGN). Here
we consider inter-cell interference between all small cells
which use the same subchannel, which is in better accordance
with the actual scenario than only part of inter-cell interfer-
ence are considered. Also with such interference calculation,
the effectiveness of the subchannel allocation, which means
if the subchannels are reused in the cells with large mutual
interference or if the reuse is excessive to introduce severe
inter-cell interference, can be verified. The inter-cell interfer-
ence includes two parts, the first originates from the BSs and
the other from the users.

We use link l to indicate the link of a user with BS,
which includes both uplink and downlink. Then the uplink
and downlink signal to interference plus noise ratios (SINRs)
of link l in cell m in subchannel n can be formulated,
respectively, as (1) and (2), shown at the bottom of this page,
where pup

m,n,l and pdw
m,n,l denote the uplink and downlink power

of link l in a small cell m on subchannel n, respectively.
hm,n,l indicates the channel gain of link l in small cell m on
subchannel n. Considering the same inter-cell channel gain in
uplink and downlink, we use hm′,m,n to denote the channel
gain between cell m′ and m in subchannel n. The hm′,m,n

includes not only short term fading but shadowing fading. The
self-interference gain of link l of cell m in subchannel n is
denoted by gm,n,l [10]. σ2 denotes the AWGN power. Lm is

SINRup
m,n,l =

pup
m,n,lhm,n,l

∑
m′ �=m

Lm′∑
l=1

(
pup

m′,n,l′ + pdw
m′,n,l′

)
hm′,m,n

︸ ︷︷ ︸
Inter − cell Interference

+ pdw
m,n,lgm,n,l︸ ︷︷ ︸

Self−Interference

+σ2 + Im,n

, (1)

SINRdw
m,n,l =

pdw
m,n,lhm,n,l

∑
m′ �=m

Lm′∑
l=1

(
pup

m′,n,l′ + pdw
m′,n,l′

)
hm′,m,n

︸ ︷︷ ︸
Inter − cell Interference

+ pup
m,n,lgm,n,l︸ ︷︷ ︸

Self−Interference

+σ2 + Im,n

, (2)
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used to denote the number of links of cell m. Im,n indicates
the interference of the macro cell to cell m on subchannel n.

The uplink and downlink rate of link l in cell m in
subchannel n can be written, respectively, as

Rup
m,n,l = log2(1 + SINRup

m,n,l), (3)

Rdw
m,n,l = log2(1 + SINRdw

m,n,l). (4)

Therefore, the total network capacity is

C =
M∑

m=1

N∑
n=1

Lm∑
l=1

(
Rup

m,n,l + Rdw
m,n,l

)
. (5)

B. Problem Formulation

In this paper, we aim to maximize the network capacity
under the constraints of the uplink and downlink transmit
power, the interference limit to macro cell and capacity
requirement of each small cell. To determine the subchannel
allocation between the cells and links, we introduce am,n,l as
the subchannel allocation indicator, am,n,l = 1 denotes the
subchannel n is allocated to link l of cell m, and am,n,l = 0
otherwise. Let M = {1, 2, . . . , M}, N = {1, 2, . . . , N},
Lm = {1, 2, . . . , Lm}. Define A = [am,n,l]m∈M,n∈N ,l∈Lm

,

P =
[
pup

m,n,l, p
dw
m,n,l

]
m∈M,n∈N ,l∈Lm

. The optimization prob-

lem can be formulated as

max
A,P

C =
M∑

m=1

N∑
n=1

Lm∑
l=1

am,n,l

(
Rup

m,n,l + Rdw
m,n,l

)
(6)

s.t. C1 : 0 <

N∑
n=1

pup
m,n,l ≤ P up

m,l, ∀m, l,

C2 : 0 <

N∑
n=1

Lm∑
l=1

pdw
m,n,l ≤ P dw

m , ∀m,

C3 :
M∑

m=1

Lm∑
l=1

pm,n,lh
MB
m,n ≤ Ith

n , ∀n,

C4 :
N∑

n=1

Lm∑
l=1

am,n,lR
up
m,n,l ≥ εup

m , ∀m,

C5 :
N∑

n=1

Lm∑
l=1

am,n,lR
dw
m,n,l ≥ εdw

m , ∀m,

C6 :
Lm∑
l=1

am,n,l≤1, ∀m, n; C7:
N∑

n=1

am,n,l≥1, ∀m, l,

C8 : am,n,l ∈ {0, 1}, ∀m, n, l,

Fig. 2. Architecture of the decomposition of problem (6).

where hMB
m,n indicates the channel gain from cell m to the

macro BS on subchannel n. εup
m and εdw

m denote the uplink
and downlink rate requirements of cell m, respectively. In (6),
C1 and C2 denote that the uplink and downlink powers must
be smaller than the maximal transmit power, C3 means that the
total interference to macro cell must be smaller than maximal
tolerance limitation, C4 and C5 denote that the uplink and
downlink capacities of each cell must be larger than the
minimal capacity requirements, respectively, C6 means that
each subchannel can be used by one link at most in the same
cell, C7 means that at least one subchannel is allocated to
one link, and C8 indicates that the value of am,n,l is 0 or 1.
For the optimization function of (6), there are variables to
be optimized in the denominator, therefore, (6) is a non-
convex problem with the NP-hard nature. Moreover, due to
the existence of the integer variables, (6) is a mixed-integer
problem, and it is difficult to find the global optimal solution.
Hence we aim to find the near optimal solution to obtain
the performance enhancement over the existing algorithm.
We adopt a tier-separate and variable-separate based approach
to solve (6). The architecture of the decomposition of problem
(6) is shown in Fig. 2. The inter-cell allocation is performed
by the central management in which the macro BS roles
as the central node. The intra-cell allocation is carried out
by each small BS. The solution procedures are described in
Sections III and IV in detail.

III. INTER-CELL ALLOCATION

In the inter-cell allocation, we perform the subchannel
allocation and power control between all the small cells.
First, we propose a heuristic subchannel allocation algorithm
to achieve near optimal solution. Then we solve the non-
convex power control problem by using variable substitution
and Lagrange dual method, and furthermore, we propose a

Rup
m,n = log2

⎛
⎜⎝1 +

pup
m,nhm,n∑

m′ �=m

(pup
m′,n + pdw

m′,n)hm′,m,n + pdw
m,ngm,n + σ2 + Im,n

⎞
⎟⎠ , (7)

Rdw
m,n = log2

⎛
⎜⎝1 +

pdw
m,nhm,n∑

m′ �=m

(pup
m′,n + pdw

m′,n)hm′,m,n + pup
m,ngm,n + σ2 + Im,n

⎞
⎟⎠ . (8)
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heuristic algorithm based on waterfilling allocation and direct
adjustment to reduce the computation complexity.

In this stage, we discard the exact channel gain of each
link and use the statistical channel gains in each small cell
for allocation. The statistical channel gain indicates the mean
of the channel gains of all links in each subchannel and in
each small cell. We use Rup

m,n and Rdw
m,n to indicate the uplink

and downlink rate of subchannel n in cell m, which can be
written, respectively, as (7) and (8), shown at the bottom of
the previous page. In (7) and (8), we use pup

m,n and pdw
m,n to

substitute pup
m,n,l and pdw

m,n,l, respectively, as we do not take
into account the allocation between links in this stage. We use
hm,n, which indicates the statistical channel information of
channel n in cell m, to substitute hm,n,l. Additionally, we use
the statistical self-interference gain gm,n to substitute gm,n,l.
To reduce the data overhead, we only transmit the statistical
channel gains from small BSs to macro BS. Moreover, in order
to reduce the complexity, we only choose part links to compute
the statistical inter-cell interference due to the short coverage
of the small BS.

Then, we transform (6) into (9) to obtain the optimization
solution for inter-cell allocation.

max
am,n,pup

m,n,pdw
m,n

C =
M∑

m=1

N∑
n=1

am,n

(
Rup

m,n + Rdw
m,n

)
(9)

s.t. C1 : 0 ≤ pup
m,n ≤

Lm∑
l=1

P up
m,l

N∑
n=1

am,n

, ∀m, n,

C2 : 0 <

N∑
n=1

pdw
m,n ≤ P dw

m , ∀m,

C3 :
M∑

m=1

(
pup

m,n + pdw
m,n

)
hMB

m,n ≤ Ith
n , ∀n,

C4 :
N∑

n=1

am,nRup
m,n ≥ εup

m , ∀m,

C5 :
N∑

n=1

am,nRdw
m,n ≥ εdw

m , ∀m,

C6 : am,n ∈ {0, 1}, ∀m, n.

As each subchannel can only be used by one link in each
small cell as mentioned in Section II, we compute the total
capacity of each cell by the sum of each subchannel rate of
the cell, as shown in (9). We use am,n to substitute am,n,l to

denote if subchannel n is allocated to cell m. Moreover, we set
the maximal limitation of pup

m,n as the average value of the
total uplink power of cell m in each subchannel, as indicated
in constraint C1.

The constrained optimization problem in (9) is still a non-
convex problem. To obtain the feasible solution and reduce
the complexity, we decompose the problem into two sub-
problems, one of which is subchannel allocation and the other
is power control.

A. Subchannel Allocation

In this stage, we allocate the subchannels between small
cells based on the channel gains in each cell and interference
gains between different cells. The uplink power and downlink
power are determined by equal division of the maximal total
power in all the subchannels of the cell.

As each power value is assumed to be a non-zero value
before subchannel allocation, in order to compute the inter-
cell interference correctly, we add the subchannel allocation
variable in the expression of inter-cell interference, which indi-
cates that the interference between m and m′ in subchannel n
exists only when the subchannel n is used by cells m and m′

simultaneously. Thus the uplink and downlink rate of cell m
on subchannel n is calculated, respectively, as (10) and (11),
shown at the bottom of this page, where ˜pup

m,n and ˜pdw
m,n satisfy

˜pup
m,n =

Lm�
l=1

Pup
m,l

N�
n=1

am,n

and ˜pdw
m,n =

Lm�
l=1

Pdw
m,l

N�
n=1

am,n

, respectively.

Then the subchannel allocation problem decomposed from
problem (9) can be formulated as (12),

max
am,n

C =
M∑

m=1

N∑
n=1

am,n

(
˜Rup
m,n + ˜Rdw

m,n

)
(12)

s.t. C1 :
N∑

n=1

am,n
˜Rup
m,n ≥ εup

m , ∀m,

C2 :
N∑

n=1

am,n
˜Rdw
m,n ≥ εdw

m , ∀m,

C3 : am,n ∈ {0, 1}, ∀m, n,

where the constraints C1, C2 and C3 in (9) are removed as
we don’t consider power control in this stage.

It is obvious that problem (12) is a non-convex problem
due to the appearance of am,n in the calculation of ˜pup

m,n and
˜pdw

m,n. Hence, we propose a heuristic algorithm to solve it.

˜Rup
m,n = log2

⎛
⎜⎜⎝1 +

˜pup
m,nhm,n∑

m′ �=m

am′,n

(
˜pup

m′,n + ˜pdw
m′,n

)
hm′,m,n + ˜pdw

m,ngm,n + σ2 + Im,n

⎞
⎟⎟⎠ , (10)

˜Rdw
m,n = log2

⎛
⎜⎜⎝1 +

˜pdw
m,nhm,n

∑
m′ �=m

am′,n

(
˜pup

m′,n + ˜pdw
m′,n

)
hm′,m,n + ˜pup

m,ngm,n + σ2 + Im,n

⎞
⎟⎟⎠ , (11)
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Fig. 3. Inter-cell subchannel allocation, divided into the allocation of each
subchannel one by one and the adjustment of subchannel between cells.

We decide if a subchannel is allocated to a cell or not by
judging if the usage of it in the cell can enhance the total
network capacity. In other words, if the added rate of the
cell due to the subchannel usage in the cell is larger than
the rate reduction of the whole network due to its introduced
interference to other cells, it will be used. Otherwise, it will
not be used.

We define CAd
m,n and CRe

m,n to indicate the rate of cell m
on subchannel n and the total rate reduction of other cells
due to cell m’s interference on subchannel n, respectively, as
(13) and (14) at the bottom of this page.

The algorithm includes two steps. The first is to decide
the reusing cells for each subchannel in turn without the
consideration of the cell capacity requirement, and the second
is to adjust the results between cells according to each cell’s
capacity requirement. The steps are interpreted in Fig. 3 and
the detailed procedure is described as follows.

• Step 1: For each subchannel, we decide which cells
can use it. For subchannel n(n ∈ {1, 2, . . . , N}), the
procedure is described as follows.
Sub-step a: Assuming that subchannel n is reused by
all cells, for each cell compute CAd

m,n and CRe
m,n.

If CAd
m,n > CRe

m,n is satisfied, cell m is allocated to

subchannel n. Such part of cells are classified as class 1,
whose usage of subchannel n can always enhance the
network capacity.
Sub-step b: For each remaining cell except cells of
class 1, we judge if its usage of subchannel n reduces
the network capacity based on the usage of the cells of
class 1. In each judgement we assume that the cell uses
subchannel n with the cells of class 1 and compute CAd

m,n

and CRe
m,n. If CAd

m,n < CRe
m,n exists, it is not allocated to

subchannel n. Such part of cells are classified as class 2,
whose usage of subchannel n always reduce the network
capacity.
Sub-step c: For each remaining cell except class 1 and 2,
which is classified in class 3, we determine if it uses
subchannel n in turn. The cell of class 3 is assumed to use
subchannel n based on the usage of class 1, the excluded
usage of class 2 and the usage of the previously judged
cells in class 3 with the determination of the subchannel
usage. The values of CAd

m,n and CRe
m,n are computed, and

if CAd
m,n > CRe

m,n is met subchannel n is allocated to the
cell, otherwise not.

• Step 2: Adjust the allocation results of step 1.
For each cell, check if the capacity satisfies the mini-
mal requirement. If not, assign more subchannels for it.
Assume that the capacity of cell m is lower than the
minimal requirement. Then, firstly, find the subchannels
not allocated to it, for each subchannel assume that it
is allocated to cell m and compute CAd

m,n and CRe
m,n;

Secondly, arrange the subchannels in the order that the
value of CRe

m,n minus CAd
m,n turns larger; Thirdly, add

subchannels according to the increasing order until the
minimal requirement is satisfied.

We analyze the optimization performance of the algorithm.
Sub-step a of step 1 guarantees that the usage of subchannel n
by the chosen cells can definitely enhance the total capacity.

CAd
m,n = log2

⎛
⎜⎜⎝1 +

˜pup
m,nhm,n∑

m′ �=m

am′,n

(
˜pup

m′,n + ˜pdw
m′,n

)
hm′,m,n + ˜pdw

m,ngm,n + σ2 + Im,n

⎞
⎟⎟⎠

+ log2

⎛
⎜⎜⎝1 +

˜pdw
m,nhm,n

∑
m′ �=m

am′,n

(
˜pup

m′,n + ˜pdw
m′,n

)
hm′,m,n + ˜pup

m,ngm,n + σ2 + Im,n

⎞
⎟⎟⎠ , (13)

CRe
m,n =

∑
m′ �=m

⎛
⎜⎜⎜⎜⎜⎜⎝

log2

⎛
⎝1 +

˜pup
m′,n

hm′,n�
m′′ �=m′,m′′ �=m

am′′,n

�
˜pup

m′′,n
+ ˜pdw

m′′,n

�
hm′′,m′,n + ˜pdw

m′,ngm′,n + σ2 + Im′,n

⎞
⎠

+ log2

⎛
⎝1 +

˜pdw
m′,n

hm′,n�
m′′ �=m′,m′′ �=m

am′′,n
�

˜pup
m′′,n

+ ˜pdw
m′′,n

�
hm′′,m′,n + ˜pup

m′,n
gm′,n+σ2+Im′,n

⎞
⎠

⎞
⎟⎟⎟⎟⎟⎟⎠

−
∑

m′ �=m

⎛
⎜⎜⎜⎜⎜⎜⎝

log2

⎛
⎝1 +

˜pup
m′,n

hm′,n�
m′′ �=m′

am′′,n

�
˜pup

m′′,n
+ ˜pdw

m′′,n

�
hm′′,m′,n + ˜pdw

m′,ngm′,n + σ2+Im′,n

⎞
⎠

+ log2

⎛
⎝1 +

˜pdw
m′,n

hm′,n�
m′′ �=m′

am′′,n
�

˜pup
m′′,n

+ ˜pdw
m′′,n

�
hm′′,m′,n + ˜pup

m′,n
gm′,n+σ2+Im′,n

⎞
⎠

⎞
⎟⎟⎟⎟⎟⎟⎠

. (14)
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Sub-step b of step 1 removes the cells whose usage of
subchannel n will reduce the total capacity. Sub-step c of step
1 decides the subchannel allocation for the left cells one by
one. The decision may make the result not optimal, but it
can be solved by iterating sub-step c. Hence the allocation of
step 1 can be optimal to maximize the total network capacity.
Step 2 chooses the subchannels with the least reduction of the
total capacity in the allocation for each cell. As it performs
allocation for each cell one by one, the allocation for the latter
cell is possible to make the inter-cell interference computation
of the former cells not exactly accurate, which may cause the
final result not globally optimal.

Remark 1: In the condition of enough subchannel and power
resource, the results of step 1 can satisfy the rate requirements
of all the users and step 2 will not make adjustments on the
results of step 1, then the algorithm can obtain the optimal
solution for problem (12).

Proof: We define the variable prom to denote the probability
that the capacity of cell m meets the minimal requirement after
the allocation of step 1,

prom = P

( ∑
n∈Nm

˜Rup
m,n > εup

m and
∑

n∈Nm

˜Rdw
m,n > εdw

m

)
.

(15)

The lower bound pro′m exists for prom when the rate of
cell m on each subchannel is larger than the average required
rate on all the channels. The calculation of pro′m satisfies

pro′m = P

(
˜Rup
m,n >

εup
m

Nm
and ˜Rdw

m,n >
εdw

m

Nm
, ∀n ∈ Nm

)
.

(16)

From (16) pro′m increases with Nm. As the allocation of
each subchannel is performed separately, Nm increases with
the total subchannel number. Then in the condition of adequate
available subchannels Nm is big enough so as to make pro′m
close adequately to 1, and consequently prom is equal to 1.
Then step 1 can satisfy the requirements of all the cells and
step 2 will not make adjustments on the results of step 1, hence
the global optimality can be obtained.

On the other hand, from (10) and (11), ˜Rup
m,n and ˜Rdw

m,n

increase with pup
m,n and pdw

m,n, and prom increases with the
power value. Therefore, when the total power resource is large
enough, prom is equal to 1. Thus the same conclusion can be
achieved. �

The detailed procedure of the steps in the algorithm is
described in Algorithm 1.

B. Power Control

After subchannel allocation, we consider power control
for each cell on each subchannel. We need to solve the
optimization problem in (9) in the condition that am,n has
been ascertained. As there are variables of pup

m,n and pdw
m,n in

the denominator of the objective function, (9) is a non-convex

Algorithm 1 Detailed Procedure of Inter-Cell Subchannel
Allocation
Require:

1. Allocate each subchannel between cells.
Initialize M1, M2 and M3 as φ.
For each subchannel perform (1), (2) and (3) :
(1) Find cells of class 1, which is indicated by M1.
Assume subchannel n is used by each cell.
for m = 1 to M do

Compute CAd
m,n and CRe

m,n;
if CAd

m,n > CRe
m,n then

am,n = 1;
M1 = M1 ∪ {m};

end if
end for
(2) Find cells of class 2, which is indicated by M2.
Initialize M′ = {1, 2, . . . , M}\M1. Define m′ ∈ M′.
Initialize i = 0.
for i = 1 to |M′| do

m′ = M′(i);
Assume subchannel n is used by cells {m′} ∪M1;
Compute CAd

m′,n and CRe
m′,n;

if CAd
m′,n < CRe

m′,n then
am′,n = 0;
M2 = M2 ∪ {m′};

end if
end for
(3) Determine the am,n values of the cells of class 3, which
is indicated by M3 = {1, 2, . . . , M}\(M1 ∪M2).
Define M′

3 ⊆ M3, the set of the cells which are determined
to use subchannel n. Initialize M′

3 as φ.
Define m′′ ∈ M3. Initialize i = 0.
for i = 1 to |M3| do

m′′ = M3(i);
Assume subchannel n is used by cells {m′′}∪M1∪M′

3;
Compute CAd

m′′,n and CRe
m′′,n;

if CAd
m′′,n > CRe

m′′,n then
am′′,n = 1;
M′

3 = M′
3 ∪ {m′′};

else
am′′,n = 0;

end if
end for
2. Adjust the allocation.
for m = 1 to M do
N id

m = {n, n ∈ {1, 2, . . . , N}, am,n = 0};
Initialize i = 0.
while Rup

m < εup
m or Rdw

m < εdw
m do

for i = 1 to
∣∣N id

m

∣∣ do
n = N id

m (i);
Compute CAd

m,n and CRe
m,n;

D(i) = CAd
m,n − CRe

m,n;
end for
Find i∗ = arg min

i∈{1,2,...,|N id
m |}

{D(i)};

am,N id
m (i∗) = 1;

end while
end for
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problem. Referring to [33], we substitute some parts of the
objective function by new variables and transform the non-
convex problem to a convex problem. The detailed procedure
is described in Lemma 1.

Lemma 1: The objective function in (9) can be transformed
into

C =
M∑

m=1

∑
n∈Nm

(
log2

(
1 +

hm,n

km,n
xup

m,n

)

+ log2

(
1+

hm,n

km,n
xdw

m,n

))
, (17)

where Nm =
{
n1, n2, ..ni., n|Nm|

}
indicates the subchannels

allocated to cell m, km,n denotes the average gain of cell m’s
interference to other cells in subchannel n, and xup

m,n and xdw
m,n

are expressed, respectively, as

xup
m,n =

pup
m,nkm,n

M∑
m′=1

pup
m′,nkm′,n + δdw

m,n

, (18)

xdw
m,n =

pdw
m,nkm,n

M∑
m′=1

pdw
m′,nkm′,n + δup

m,n

, (19)

by δdw
m,n and δup

m,n satisfying

δdw
m,n =

∑
m′ �=m

pdw
m′,nkm′,n + pdw

m,ngm,n + σ2 + Im,n, (20)

and

δup
m,n =

∑
m′ �=m

pup
m′,nkm′,n + pup

m,ngm,n + σ2 + Im,n, (21)

respectively.
Proof: The proof is provided in Appendix A. �
Based on (18) and (19), we obtain the expression of pup

m,n

and pdw
m,n dependent with xup

m,n and xdw
m,n, which is given in

Lemma 2.
Lemma 2: The transmit power of cell m in subchannel n

satisfies the following equations:

pup
m,n =

δdw
m,nxup

m,n(
1 −

M∑
m=1

xup
m,n

)
km,n

, ∀m, n ∈ Nm, (22)

pdw
m,n =

δup
m,nxdw

m,n(
1 −

M∑
m=1

xdw
m,n

)
km,n

, ∀m, n ∈ Nm. (23)

Proof: We introduce (18) to substitute xup
m,n in the expres-

sion on the right side of (22) and with further deduction (22)
is proved. By the same argument, (23) can be derived. �

Based on Lemma 1, we transform optimization problem (9)
into (24)

max
xup

m,n,xdw
m,n

C =
M∑

m=1

∑
n∈Nm

⎛
⎝ log2

(
1 + hm,n

km,n
xup

m,n

)

+ log2

(
1 + hm,n

km,n
xdw

m,n

)
⎞
⎠

s.t. C1, C2, C3, C4, C5, C6, C7, C8, C9. (24)

The constraints C1 to C5 in (24) are obtained from the trans-
form of the constraints C1 to C5 in (9) by the introduction

of (22) and (23) to substitute pup
m,n and pdw

m,n. The constraints
C6 and C7 denote the ranges of xup

m,n and xdw
m,n, respectively.

The constraints C8 and C9 denote the limitations of
M∑

m=1
xup

m,n

and
M∑

m=1
xdw

m,n to guarantee the positive value of pup
m,n and

pdw
m,n, respectively. For brevity they are not listed in detail

here.
In [34], the power allocation of FD network are divided into

uplink and downlink allocation separately. First, the downlink
power allocation is solved with the uplink power fixed, and
second, the uplink power is calculated under the obtained
downlink power. In this paper, we adopt the approach, which
separates problem (24) into two sub-problems accordingly.
The first is to obtain the value of xdw

m,n under the equal
uplink power allocation to maximize the downlink capacity,
and the second is to solve the uplink power allocation under
the obtained values of xdw

m,n and pdw
m,n to maximize the uplink

capacity.
The first sub-problem of problem (24) is formulated as

max
{xdw

m,n}
C =

M∑
m=1

∑
n∈Nm

(
log2

(
1 +

hm,n

km,n
xdw

m,n

))
(25)

s.t. C1 : 0 < xdw
m,n < 1, ∀m, n ∈ Nm,

C2 :
M∑

m=1

xdw
m,n < 1, ∀n ∈ Nm,

C3 :
∑

n∈Nm

˜δup
m,nxdw

m,n(
1 −

M∑
m=1

xdw
m,n

)
km,n

≤ P dw
m , ∀m,

C4 :
M∑

m=1

⎛
⎝ ˜pup

m,n+
˜δup

m,nxdw
m,n�

1−
M�

m=1
xdw

m,n

�
km,n

⎞
⎠ hMB

m,n ≤ Ith
n ,

∀n ∈ Nm,

C5 :
∑

n∈Nm

(
log2

(
1 +

hm,n

km,n
xdw

m,n

))
≥ εdw

m , ∀m,

where ˜δup
m,n =

∑
m′ �=m

˜pup
m′,nhm′,m,n + ˜pup

m,ngm,n + σ2 + Im,n

are satisfied. Problem (25) is a convex problem. Therefore we
use the Lagrange dual decomposition method to solve it. The
detailed procedure is given below. The Lagrangian of (25) can
be expressed as

L
({

xdw
m,n

}
, λ, η, μ, κ

)

=
M∑

m=1

∑
n∈Nm

(
log2

(
1+

hm,n

km,n
xup

m,n

))

+
∑

n∈Nm

(
λn

(
1 −

M∑
m=1

xdw
m,n

))

+
M∑

m=1

⎛
⎜⎜⎝ηm

⎛
⎜⎜⎝
∑

n∈Nm

⎛
⎜⎜⎝P dw

m −
˜δup

m,nxdw
m,n(

1−
M∑

m=1
xdw

m,n

)
km,n

⎞
⎟⎟⎠

⎞
⎟⎟⎠

⎞
⎟⎟⎠
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+
∑

n∈Nm

μup
n

(
Ith
n −

M∑
m=1

(
˜pup

m,n

+
˜δup

m,nxdw
m,n(

1 −
M∑

m=1
xdw

m,n

)
km,n

⎞
⎟⎟⎠hMB

m,n

⎞
⎟⎟⎠

+
M∑

m=1

κm

( ∑
n∈Nm

(
log2

(
1 +

hm,n

km,n
xdw

m,n

))
− εdw

m

)

(26)

where λ, η, μ, and κ are the Lagrange multipliers (also
called dual variables) vectors for the constraints C2 to C5
in (25) respectively. The boundary constraints C1 in (25) are
absorbed in the Karush-Kuhn-Tucker (KKT) conditions [35].
Thus, the Lagrange dual function is defined as

g (λ, η, μ, κ) = max
{xdw

m,n}
L
({

xdw
m,n

}
, λ, η, μ, κ

)
. (27)

The dual problem can be expressed as

min
λ,η,μ,κ

g (λ, η, μ, κ)

s.t. C1 : λ, η, μ, κ ≥ 0. (28)

The dual variables are optimized by subgradient method
based on KKT conditions [17], [18], which are expressed
according to [35]. Based on the dual variables the value of
xdw

m,n are obtained and accordingly the value of pdw
m,n are

obtained by (23).
In order to reduce the computation complexity, based

on the direct-power truncation (DPT) dual scheme in [36],
we propose the waterfilling allocation and direct-power
adjust (WADPA) scheme to solve problem (25), which is
described in Proposition 1.

Proposition 1: The WADPA scheme can be used to solve
problem (25), in which the traditional water-filling theorem is
applied to maximize the capacity under the total sum constraint
C2 and the direct-power adjust is adopted to fit the constraints
of C3, C4 and C5 .

Proof: We find that the objective function in (25) has the
same formality as the rate expression by the Shannon theory, in
which xdw

m,n are corresponding to power variable and hm,n

km,n
are

corresponding to the SNR coefficient. Therefore, we consider
xdw

m,n as power variables, and use the water-filling theorem
to perform the allocation of xdw

m,n under the limitation of the
sum of xdw

m,n. As C2 indicates that the sum of xdw
m,n need to

be smaller than 1, we define a variable infinitely close to 1,
which is denoted by ςn. Also we define Mn to denote the
cells with the allocation of subchannel n and the number of
the cells in Mn is indicated by Mn. Then the water-filling
allocation can be obtained as

xdw
m,n

∗
=
[

1
λn

− km,n

hm,n

]+
, (29)

where

λn =
Mn

ςn +
∑

m∈Mn

km,n

hm,n

, (30)

is the water-filling lever for subchannel n, and [Z]+ =
max {Z, 0}.

Then the direct-power adjust method is utilized to fit the
constraints C3, C4 and C5. Referring to [36], we equally split
the quota P dw

m , Ith
n and εdw

m in Nm subchannels or M small
cells, and bound the limit of xdw

m,n by the strictest constraint.
Thus the substitute limitation of xdw

m,n is obtained as

Xd
m,n ≤ xdw

m,n ≤ Xu
m,n, (31)

where

Xu
m,n =min

⎧
⎨
⎩

P dw
m /Nm/

˜δup
m,n

(1−ςn)km,n
,(

Ith
n /M/hMB

m,n− ˜pup
m,n

)
/

˜δup
m,n

(1−ςn)km,n

⎫
⎬
⎭, (32)

and

Xd
m,n =

(
2εdw

m /Nm − 1
)

/
hm,n

km,n
. (33)

Combining with (29), we can obtain the adjust results as

xdw
m,n

∗
=

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(
1

λn
− km,n

hm,n

)+

, Xd
m,n≤

(
1

λn
− km,n

hm,n

)+

≤Xu
m,n

Xd
m,n,

(
1

λn
− km,n

hm,n

)+

< Xd
m,n

Xu
m,n,

(
1

λn
− km,n

hm,n

)+

> Xu
m,n.

(34)

As the adjustment of changing
(

1
λn

− km,n

hm,n

)+

to Xd
m,n is pos-

sible to make C2 dissatisfied, we iterate the adjustment based
on the update of the water-filling results until C2 is satisfied.
The detailed procedure is summarized in Algorithm 2. �

Algorithm 2 Detailed Procedure of Inter-Cell Downlink
Power Allocation
1: Initialize ςn as a value infinitely close to 1 and Lagrangian

variables vectors λn;
2: Initialize Mn as the set of the cells with the allocation of

subchannel n;
3: for n = 1 to N do
4: repeat
5: for m = 1 to M do
6: if m ∈ Mn then
7: calculate λn according to (30);
8: obtain xdw

m,n
∗

according to (29);
9: adjust xdw

m,n
∗

according to (34);
10: if xdw

m,n
∗ = Xd

m,n then
11: Mn = Mn\ {m};
12: end if
13: ςn =

∑
m∈Mn

xdw
m,n

∗
.

14: end if
15: end for

16: until
M∑

m=1
xdw

m,n < 1.

17: end for

After xdw
m,n and pdw

m,n are obtained, the same methods are
adopted to solve the second sub-problem of problem (24),
which are not described in detail here. Moreover, as the
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Rm,n,l = log2

⎛
⎜⎝1 +

pup
m,n,lhm,n,l∑

m′ �=m

(pup
m′,n + pdw

m′,n)hm′,m,n + pdw
m,n,lgm,n,l + σ2 + Im,n

⎞
⎟⎠

+ log2

⎛
⎜⎝1 +

pdw
m,n,lhm,n,l∑

m′ �=m

(pup
m′,n + pdw

m′,n)hm′,m,n + pup
m,n,lgm,n,l + σ2 + Im,n

⎞
⎟⎠. (35)

approach in [34] is reversible, the procedure of solving the
uplink variables first and then downlink ones can also be
adopted.

IV. INTRA-CELL ALLOCATION

After the inter-cell subchannel allocation and power control,
we obtain the available subchannel set for each cell and
the transmit power on each subchannel. Then we consider
the allocation of subchannels between different links in each
cell. The rate of link l in subchannel n for cell m can be
computed as, (35), shown at the top of this page. Accordingly,
the subchannel allocation in cell m can be formulated as

max
am,n,l

Cm =
N∑

n=1

Lm∑
l=1

(am,n,lRm,n,l) (36)

s.t. C1 : am,n,l ∈ {0, 1} , ∀n ∈ Nm, l ∈ {1, 2, . . . , Lm},

C2 :
Lm∑
l=1

am,n,l = 1, ∀n ∈ Nm,

C3 :
∑

n∈Nm

am,n,l ≥ 1, ∀l ∈ {1, 2, . . . , Lm},

C4 :
∑

n∈Nm

am,n,lp
up
m,n < pup

m,l, ∀l,

where C2 means that one subchannel can be used only by one
link, so as to avoid the interference between links, and C3
means each link needs to be allocated with one subchannel at
least.

Obviously, problem (36) is a linear programming problem
with an integral restraint, which can be solved by simplex
method. In order to reduce the complexity further, we adopt a
time-sharing relaxation method to solve it [17], [37]. We relax
am,n,l to be a continuous real variable in the range [0,1], and
solve problem (36) by using the Lagrangian dual decomposi-
tion method. The Lagrangian function is given by

L ({am,n,l} , ν, μ, γ)

=
N∑

n=1

Lm∑
l=1

(am,n,lRm,n,l) +
N∑

n=1

νn

(
1 −

Lm∑
l=1

am,n,l

)

+
Lm∑
l=1

τl

( ∑
n∈Nm

am,n,l − 1

)

+
Lm∑
l=1

γl

(
pup

m,l −
∑

n∈Nm

am,n,lp
up
m,n

)
, (37)

where ν, τ and γ are the Lagrange multipliers vectors for
the constraints C2, C3 and C4 in (36), respectively. Thus,
the Lagrangian dual function is defined as

g (ν, τ, γ) = max
{am,n,l}

L ({am,n,l} , ν, τ, γ) . (38)

The dual problem can be expressed as:

min
ν,τ,γ

g (ν, τ, γ)

s.t. C1 : ν, τ, γ ≥ 0. (39)

According to the KKT conditions, the optimal solutions of
problem (36), can be obtained as

∂L (· · ·)
∂am,n,l

⎧
⎪⎨
⎪⎩

< 0, a∗
m,n,l = 0

= 0, 0 < a∗
m,n,l < 1

> 0, a∗
m,n,l = 1.

(40)

In (40), the partial derivative of the Lagrangian expressed as

∂L (· · ·)
∂am,n,l

= Hm,n,l − νn, (41)

where

Hm,n,l = Rm,n,l + τl − γlp
up
m,n. (42)

Subchannel n is assigned to link l with the largest Hm,n,l in
cell m, that is

am,n,l∗ = 1|l∗=max
l

Hm,n,l
, ∀m, n. (43)

We use the subgradient method, and update the dual variables
according to

τ
(i+1)
l = τ

(i)
l − α(i)

( ∑
n∈Nm

am,n,l − 1

)
, (44)

γ
(i+1)
l = γ

(i)
l − β(i)

(
pup

m,l −
∑

n∈Nm

am,n,lp
up
m,n

)
, (45)

where α(i) and β(i) are the step sizes of iteration
i (i ∈ {1, 2, . . . , Imax}) of τ and γ, Imax is the maximum
number of iterations.

The above-described solution has much lower complexity,
which is analyzed in Section V. We summarize the process of
the solution with pseudo code in Algorithm 3.
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TABLE I

NETWORK CAPACITY PERFORMANCE OF STEP 1 IN ALGORITHM 1

Algorithm 3 Detailed Procedure of Intra-Cell Subchannel
Allocation
1: Initialize γl (l ∈ {1, 2, . . . , Lm}) and Imax, set i = 0;
2: repeat
3: for l = 1 to Lm do
4: update τl and γl according to (44) and (45);
5: calculate Hm,n,l according to (42);
6: end for
7: for n = 1 to Nm do
8: allocate subchannel n to l∗ according to (43);
9: end for

10: until i = Imax.

V. COMPLEXITY ANALYSIS

The asymptotic complexity of the proposed algorithms is
analyzed in this section. In Algorithm 1, the computation of
CAd

m,n and CRe
m,n needs O (MN) operations and the searches

of i∗ calls MN operations in the worst case. Thus, the total
computation of inter-cell subchannel allocation amounts to
O (MN). In Algorithm 2, for each subchannel the compu-
tation of λn and xdw

m,n entails O (M) operations at most.
Therefore, the total calculation of inter-cell power allocation
entails O (MN) operations, which include the downlink and
uplink allocation. In Algorithm 3, the computations of γl and

Rm,n,l calls O

(
M∑

m=1
Lm

)
operations, and O

(
M∑

m=1
NmLm

)

operations are needed for the searches of l∗. Thus, the com-

plexity of Algorithm 3 amounts to O

(
M∑

m=1
NmLm

)
, which

is equal to O

(
N

M∑
m=1

Lm

)
in the worst case. Moreover,

O
(
M2N

)
operations are entailed in gathering and computing

all inter-cell channel gains in all subchannels. As a result, the
total complexity of the proposed scheme is calculated as

O (MN) + O (MN) + O
(
M2N

)
+ O

(
N

M∑
m=1

Lm

)

= O (MN) + O
(
M2N

)
+ O

(
N

M∑
m=1

Lm

)
. (46)

Compared with [17, Algorithm 1], which needs

O

(
M2N2

(
M∑

m=1
Lm

)2

Δ

)
operations if Δ iterations is

needed to converge, the proposed algorithm has much lower
complexity. Reference [17, Algorithm 2] has lower complexity

amounting to O

(
N

(
M∑

m=1
Lm

)
log2

(
M∑

m=1
Lm

))
+

O

(
M

(
M∑

m=1
Lm

)
N log2N

)
+ O (Δ) operations with Δ

iterations. The complexity is similar with the proposed
algorithm but at a large sacrifice of the capacity performance
compared with Algorithm 1.

VI. SIMULATION AND DISCUSSION

In this section, we validate the performance of the proposed
resource management for FD UDN by Monte Carlo simula-
tions. We build a two-layer FD UDN model with one macro
cell and multiple small cells as Fig. 1. The macro cell’s radius
is set to 500 m and the radius of each small cell is set to 10 m.
Small cells are distributed uniformly in the macro cell. The
channel fading model is composed of path loss, shadowing
fading, and frequency selective Rayleigh fading. The pathloss
model is constructed as 140.7 + 36.7log10 (d/1000) [38],
where d is the transmission distance. The intra-cell and inter-
cell lognormal shadowing are modeled as random variable
with the standard deviation of 10 dB and 5 dB, respectively.
The Rayleigh fading channel gains are modeled as i.i.d.
unit-mean exponentially distributed random variables. The
self-interference gain gm,n,l combines the self-interference
cancellation coefficient and the propagation loss from transmit
antenna to receive antenna. As a whole it is set to be expo-
nential random variable with unit-mean. The carrier frequency
is 2GHz and the total bandwidth is 100 MHz. The total
subchannel number is 48. Moreover, the AWGN power density
σ2 is −120 dBm/Hz, the macro BS’s transmit power is 20W,
and the macro cell’s interference limitation Ith

n is −100 dBm.
The user number of each small cell is 30. Referring to the
user experienced data rate of 50Mbps and 100Mbps in uplink
and downlink in 5G system [39], the capacity requirement of
each small cell is set to 1Gbit/s and 2Gbit/s for uplink and
downlink, respectively.

A. Optimization Performance Evaluation of Algorithm 1

We analyze the optimization performance of step 1 in
Algorithm 1 by comparing it with exhaustive search. The
networks with a small number of small cells and subchannels
are constructed. The downlink and uplink power of each cell
is set to be 25 dBm and 20 dBm, respectively. The network
capacities with the subchannel allocation by step 1 and the
optimal values by exhaustive search are listed in Tab. I. The
results show that step 1 achieves the optimal subchannel
allocation. In step 1, sub-step a finds the cells whose usage
of the subchannel always enhance the network capacity and
sub-step b removes the cells whose usage of the subchannel
always decrease the network capacity. The results of the two
substeps are optimal. In sub-step c, the decision may not
be optimal due to the influence between the previously and
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Fig. 4. The distribution of the small cells and the usage of each subchannel
in all the cells.

posteriorly processed cells. Through iterative perform of sub-
step c, the non-optimality can be avoided especially in the
network with a few small cells and subchannels. Moreover,
we validate the performance of the traditional greedy algorithm
in the scenario configured in Table I. We compute CAd

m,n and
CRe

m,n for each cell on each subchannel and select the link with
the highest value of CAd

m,n−CRe
m,n for allocation. Based on the

allocation the remaining CAd
m,n and CRe

m,n are re-computed and
the same allocation is performed. After multiple performances
the allocation is ended when the value of CAd

m,n − CRe
m,n is

negative. The results of the greedy algorithm are also shown
in Table I. The approximately 15 percent reduction can be
seen by the comparison with the optimal results. As the
greedy algorithm compares the value of CAd

m,n − CRe
m,n and

performs allocation in all the subchannels and cells from
beginning to end, the latter allocation makes the former inter-
cell interference computation not accurate, thus the optimality
is affected largely.

We verify the performance of Algorithm 1 in Fig. 4. The
cell number is set to be 45 and the subchannel number is
4 totally. Fig. 4 shows the cell distribution and the usage of
each subchannel in all the cells. We take a cell randomly,
which is denoted as cell 1. Fig. 4 shows that cell 1 uses
subchannel 1 and 3. We analyze the subchannel allocation of
the closest cells of cell 1, which are denoted as cell 2, 3 and 4.
It can be found that cell 2, 3 and 4 use subchannel 4, 2 and
{2, 4}, respectively. The results show that the subchannel reuse
in close neighboring cells is avoided. Moreover, it can be found
that each subchannel is used by a number of scattered cells
with large distance from each other, which gives a reasonable
allocation to enhance the subchannel usage and avoid the
severe inter-cell interference.

B. Optimization Performance Evaluation of
the Proposed Algorithm

The proposed algorithm, which is composed of
Algorithm 1, Algorithm 2 and Algorithm 3, has suboptimal
performance in maximizing the throughput. The reasons
are given in two aspects. Firstly, in inter-cell subchannel

Fig. 5. Sum-rate of all the small cells of the algorithm in [17] and the
proposed algorithm.

allocation, Algorithm 1 obtains near optimal solution, which
has been described in Section III-A. Secondly, in the solution
of the non-convex problem in inter-cell power control,
we use average channel gains and further adopt variable
substitution, which brings optimization gap in the final
answer. For analyzing the suboptimal performance of the
proposed algorithm, we compare it with [17, Algorithm 1]
and analyze the performance enhancement. Reference [17]
allocates subchannel and power between the links of multiple
small cells under the assumption of the inter-cell interference
as a part of AWGN. Fig. 5 compares the proposed algorithm
with [17, Algorithm 1] in term of the sum rate of the
small cells. The small cell number is set to 200 and 400,
respectively. The average self-interference gain of each small
cell varies from −120 dB to −70 dB. It is shown that
the sum rate of the small cells degrade versus the average
self-interference gain. Moreover, the proposed algorithm
provides superior capacity performance to [17, Algorithm 1]
by over 15 percent enhancement, which origins from the
full consideration of inter-cell interference. Additionally,
the capacity enhancement of the proposed algorithm degrades
versus the self-interference gain. This is because we use direct
truncation in the inter-cell power allocation when satisfying
C3 in (23), and with self-interference gain increasing the
coefficient of xdw

m,n in C3 increases, which causes the decline
of xdw

m,n and consequently decrease the capacity enhancement.
In Fig. 6, the spectrum efficiency of [17, Algorithm 1]

and the proposed scheme are compared for different self-
interference gains. The spectrum efficiency is computed by the
sum rate of the small cells divided by the total bandwidth.
The small cell number varies from 50 to 300. It verifies that
the spectrum efficiency increases versus small cell number,
and degrades versus the self-interference gain. Moreover,
the increasing rate of the total capacity slows down with
the cell number increasing due to the more severe inter-cell
interference.

In Fig. 7, the power efficiency of [17, Algorithm 1] and
the proposed algorithm with different self-interference gains
are compared. The power efficiency is computed by the total
capacity divided by the power sum of all the small cells.
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Fig. 6. Spectrum efficiency of all small cells versus small cell number.

Fig. 7. Power efficiency of all the small cells versus small cell number.

The downlink and uplink power limitation is set to be 30 dBm
and 25 dBm, respectively. The cell number varies from 50 to
300. It is shown that the power efficiency degrades versus
the small cell number due to the increasing inter-cell inter-
ference. The outperformance of the proposed algorithm over
[17, Algorithm 1] is shown. Approximately 20 percent
enhancement in the power efficiency can be obtained.
Moreover, the influence of the self-interference to the power
efficiency is verified, and it is shown that the power efficiency
degrades obviously when the self-interference gets larger.

C. FD Performance Evaluation

We analyze the performance gains of FD mode over HD
mode with the power variation. In Fig. 8, the total capacity are
compared for FD mode with different self-interference gains
and HD mode as well. The maximal limitation of downlink
transmission power in each small cell varies from 25dBm to
43dBm, and the uplink power limitation varies from 20dBm to
38dBm proportionally. We use g indicating the average self-
interference gain of each small cell. The proposed algorithm
is used for FD mode and HD mode as well. It can be seen
that with the power limitation increasing the sum rate of all
small cells increases. Nevertheless, the increasing rate of the
sum rate degrades versus the power limitation. This can be

Fig. 8. Sum-rate of all small cells of FD and HD mode.

Fig. 9. Spectrum efficiency of all small cells versus downlink power limit.

explained as the inter-cell interference increases proportionally
with the transmit power, and the power of AWGN and the
interference from macro base station is unchanged, thus the
ratio between the transmit power and the interference changes
weaker with the power limitation increasing. The validations
are in accordance with our previous research in [40] and [41],
which obtains the optimal power in the condition of only two
neighbored femtocells existing. Additionally, for the compare
of FD and HD mode, in the simulation scenarios of this paper,
when the self-interference gain is lowered to −70 dBm and
the downlink power limitation is larger than 40 dBm, HD
mode achieves superior performance to FD mode. It verifies
that when the self-interference is extremely severe, FD mode
cannot obtain the capacity enhancement over HD mode even
though it can realize the simultaneous transmission and receipt
in the same subchannel.

D. Performance Evaluation of Network Density Variation

We analyze the spectrum and power efficiency of the net-
works with different small cell number. In Fig. 9, the spectrum
efficiency of all the small cells are compared for the small
cell numbers from 100 to 400. The downlink transmit power
limitation varies from 25 dBm to 45 dBm. The average self-
interference gain of each small cell is set to −100 dB. It can be
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Fig. 10. Power efficiency of all small cells versus downlink power limit.

Fig. 11. Convergency of inter-cell power control.

seen that the spectrum efficiency increases versus the transmit
power limitation, and the increasing rate gets down when the
small cell number increases.

The power efficiency performance of the proposed algo-
rithm is analyzed in Fig. 10. To achieve the results with
diversified configuration, the mean of the self-interference gain
of each small cell is changed to −110 dB. The cell number
is chosen as 100, 200, 300 and 400, and the downlink power
limitation of each cell varies from 25 dBm to 45 dBm. From
Fig. 10, it can be seen that the power efficiency degrades with
the power limitation increasing due to the more severe inter-
cell interference. Moreover under each power limitation the
power efficiency degrades versus the cell number. The reason
is that with the cell number increasing the inter-cell interfer-
ence introduced to each cell is larger, and consequently the
cell capacity is reduced under the same power transmission.

E. Convergency Performance Evaluation
of Inter-Cell Power Control

In this subsection, we analyze the convergency performance
of Algorithm 2 in UDN. The downlink and uplink power of
each cell is set to be 40 dBm and 35 dBm, respectively. The
average self-interference gain is −100 dB. The cell number is
chosen as 300 and 500. Fig. 11 shows the iteration procedure

of xdw
m,n. It can be seen that when the cell number is not

larger than 500 the total number of iteration times is smaller
than 10. The required iteration times degrade with the cell
number due to the reduction of the amount of the optimization
variables. The results verify the fast convergency performance
of Algorithm 2 in UDN.

VII. CONCLUSION

The paper proposed an efficient scheme of resource allo-
cation in FDUDN, which was divided into inter-cell and
intra-cell allocation. The inter-cell allocation was composed
of subchannel allocation and power control. The subchannel
allocation was performed by a novel approach to reduce the
inter-cell interference and maximize the total network capacity.
The power control was formulated as a non-convex problem
and a novel approach based on variable substitution and water-
filling allocation was proposed. The intra-cell allocation was
solved by a time-sharing relaxation based algorithm with
much lower complexity. The scheme aimed to maximize
the total capacity of all the small cells, and the simulation
results demonstrated the enhancement effect of the proposed
scheme in terms of the capacity, spectrum efficiency and power
efficiency.

APPENDIX

PROOF OF LEMMA 1

As the number of small cells in UDN are large, the received
total inter-cell interference in each small cell computed by the
statistical inter-cell gain is close to the actual value. Hence
we use the statistical inter-cell gain to compute the inter-
cell interference sum for each cell. We calculate the average
gain to obtain the statistical gain. The average gain of cell
m’s interference to other cells is denoted by km,n and the
expression of km,n is achieved as

km,n =

∑
m′ �=m,m′∈Mn

hm,m′,n

M
. (47)

Also km′,n, which means the average gain of cell m′ to other
cells, is calculated by

km′,n =

∑
m �=m′,m∈Mn

hm′,m,n

M
. (48)

Accordingly, the objective function in (9) can be trans-
formed into

C =
M∑

m=1

∑
n∈Nm

⎛
⎜⎜⎜⎜⎝

log2

(
1+ hm,n

km,n
· pup

m,nkm,n�
m′ �=m

pup
m′,nkm′,n+δdw

m,n

)

+log2

(
1+ hm,n

km,n
· pdw

m,nkm,n�
m′ �=m

pdw
m′,n

km′,n+δup
m,n

)

⎞
⎟⎟⎟⎟⎠

.

(49)

As M is large enough, we adopt an approximate substitution

which uses
M∑

m′=1

pup
m′,nkm′,n to substitute

∑
m′ �=m

pup
m′,nkm′,n.



ZHANG et al.: SPECTRUM ALLOCATION AND POWER CONTROL IN FULL-DUPLEX ULTRA-DENSE HETEROGENEOUS NETWORKS 4379

Then (49) is transformed into

C =
M∑

m=1

∑
n∈Nm

⎛
⎜⎜⎜⎜⎜⎜⎝

log2

⎛
⎝1+ hm,n

km,n
· pup

m,nkm,n

M�
m′=1

pup
m′,nkm′,n+δdw

m,n

⎞
⎠

+log2

⎛
⎝1+ hm,n

km,n
· pdw

m,nkm,n

M�
m′=1

pdw
m′,n

km′,n+δup
m,n

⎞
⎠

⎞
⎟⎟⎟⎟⎟⎟⎠

.

(50)

We use new variables xup
m,n and xdw

m,n, which are indicated
in (18) and (19), to substitute the corresponding parts of
expression (50), and (17) can be obtained.
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