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Abstract—Due to highly variant traffic in downlink (DL) and uplink (UL) in heterogeneous networks (HetNets), dynamic time-division
duplexing (TDD) is proposed to dynamically allocate UL and DL resources. Under the same circumstances, downlink and uplink
decoupled access (DUDA) is introduced to balance between UL and DL transmissions and to further improve the system performance.
Rather than belonging to a specific cell, a mobile user can receive the downlink traffic from one base station (BS) and send uplink
traffic through another BS. In this paper, we analytically investigate a joint TDD and DUDA statistical model with multiple small cells
deployment. This model is based on a geometric probability approach. Taking all possible TDD subframes combinations between the
macro and small cells, coupled and decoupled cell associations strategies are investigated in details. We derive analytical expressions
for the capacity and the interference, considering a network of one macro cell and multiple small cells. We build on the derived capacity
expressions to measure the decoupling gain and thus, identify the location of the interferer small cell where the decoupled mode
maintains a higher gain in both DL and UL. Monte-Carlo simulations results are presented to validate the accuracy of the statistical
model.

Index Terms—Wireless communications, cellular networks, downlink and uplink decoupled access, HetNets, TDD, 5G, spectral
efficiency, cell association, capacity analysis.

F

1 INTRODUCTION

THE rapid growth in wireless data traffic and bandwidth-
intensive services (video streaming, live streaming,

etc.) necessitates finding viable solutions to improve ser-
vice quality and maximize the network performance. To
accommodate these bandwidth intensive applications, an
imperative shift from classical HetNets to next-generation
HetNets (5G) is emerging in the aim of improving overall
system performance. Because of the difference in uplink
(UL) and downlink (DL) traffic loads expected in the next
HetNets generation, it becomes essential to dynamically
adjust UL/DL resources. To support this new approach,
dynamic time-division duplexing (TDD) ( [1], [2]) has been
proposed. Several network performance metrics can be
studied and statistically modeled to analyze a TDD based
HetNet. Since the full reuse of spectrum has been advocated,
an important metric and key performance factor in cellu-
lar networks is the Inter-Cell Interference (ICI). Statistical
modeling of ICI plays a vital role in evaluating the system
performance metrics and developing efficient interference
mitigation techniques for cellular networks. In this work,
the interference incurred at one tier (reference small cell)
arising from the other tier (macro cell) is referred to as
cross-tier interference. It may also be worth mentioning
that, since multiple small cells are being deployed in real
scenarios as an overlay to the macro cell, the modeling of the
interference incurred at the reference small cell arising from
other small cells is becoming essential to evaluate the overall
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system performance. In this paper, this type of interference
is referred to as co-tier interference.

Nevertheless, the importance of UL arises along with
the evolution of social networking and cloud solutions.
Therefore, it is of great interest to introduce novel techniques
that mitigate UL interferences, improve UL and DL through-
puts and allow as well, a better use of radio resources by
providing adequate load balancing among UL and DL. Such
an additional feature is the decoupled UL/DL access ( [3],
[4]). According to many studies, the decoupling technique
is expected to play an imperative role in the 5G architecture
design. As stated in [5], the decoupling of the downlink and
uplink is an emerging paradigm which will likely impact 5G
design efforts. As mentioned in [6] and in order to achieve
extremely high spectral efficiency in 5G, three enabling tech-
nologies which are massive MIMO, mmWave and densified
HetNets with decoupling technique, are mainly concerned.
Moreover, according to 3GPP Release 16 [7], TDD is widely
used in 5G networks especially with high frequency bands.
One of the main TDD features is the channel reciprocity, that
helps in reducing the channel estimation overhead resulting
from the MIMO technology and the multiple antennas im-
plemented in 5G. Consequently, it is paramount to jointly
model both TDD and decoupling technologies, as they are
expected to play an important role in 5G HetNets.
Deriving closed-form expressions for cross-tier/co-tier in-
terference and user capacity in TDD HetNets helps in de-
signing and optimizing advanced enhancement techniques,
including but not limited to the decoupled access technique.
Deriving these expressions reduces as well the need for
time consuming Monte-Carlo simulations, especially in the
case of multiple small cells deployment where the time
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required to run Monte-Carlo simulations significantly in-
creases. Hence, the focus of this paper is to develop a joint
TDD/decoupling model and to highlight the benefits that
the decoupling access mode can bring to a HetNet TDD
based system, in terms of UL and DL spectral efficiencies.
More insight into the benefits of decoupling mode in mul-
tiple small cells environment, is provided in this work in
terms of UL and DL decoupling gains.

1.1 Related Work

The problem of interference and capacity modeling in Het-
Nets has been tackled recently using several approaches, in
which closed-form formulas are derived to compute main
network performance metrics. Some of these studies tackled
solely the downlink case, other works considered only the
uplink case.
For the downlink case, a semi-analytical distribution for the
signal-to-interference-noise ratio (SINR) has been derived
in [8] under path loss and log normal shadowing for fem-
tocell networks. In [9], the applicability of the Gaussian
and binomial distributions for modeling the downlink ICI
is investigated. In [10], an analytical approach based on
geometric probability was developed for downlink per-
formance analysis of a HetNet network model where the
coverage probability and the spectral efficiency have been
derived and verified by simulation. A novel circular inter-
ference model was introduced in [11] to facilitate statistical
analysis in networks with regular grid layout. The key idea
was to spread the power of interferers uniformly along the
circumcircle of the grid-shaping polygon.
Several research works for the uplink appear in [12], [13]
and [14]. In [15], a new approach based on Gaussian ap-
proximation was introduced to analyze the uplink signal to
interference ratio (SIR) performance. In [16], the scheduling-
based interference models for LTE networks was considered
where the distance distribution and thus the interference
distribution was derived for different resource allocation
schemes such as proportional fair, greedy and round robin
scheduling schemes. In [17], uplink capacity (in bps/Hz)
was derived with closed-form expressions in both dedi-
cated and shared spectrum access scenarios. The proposed
framework exploited the distance distributions based on
geometric probability theory to characterize the co-tier and
cross-tier uplink interferences.
As for the modeling of interference in TDD systems, the
work in [18] introduced a statistical framework to analyze
uplink/downlink interactions where analytical expressions
for the four interference types in TDD systems were derived.
For interference-aware scenarios, the distribution of the
distance between the source and victim of interference was
based on the scheduling algorithms defined in [16]. Note
that the work in [18] did not evaluate important network
performance metrics such as average cell capacity. Instead,
interference maps were generated to analyze the impact of
TDD operation in a given network. In [19], an analytical
framework was developed to evaluate the performance of a
TDD system in HetNets in terms of UL and DL spectral effi-
ciencies, and to model the concurrent uplink and downlink
transmission signals in two different types of cells, macro
and small cells. This model considered a network consisting

of one macro cell and one small and did not investigate the
case of multiple small cells environment.

In a different research thread, there are a lot of works
that have introduced the concept of downlink/uplink de-
coupling in cellular systems. The work in [20] focused
on the architectural design and realization, identified and
explained some key arguments in favor of DUDA.
A group of articles studied various link association poli-
cies and showed their performances based on simulations
results. In [21], the notion of DUDA is studied, where the
downlink cell association is based on the downlink received
power, while the uplink is based on path loss. The follow-up
work in [22] considered the cell-load as well as the available
back-haul capacity within the association process. The work
in [23] added a cell selection offset to the reference signals
in small cells.
Other works focused on the analytical evaluation of a prede-
fined association policy. The research work in [24] and [25]
focused on the analytical characterization of the decoupled
access, relying on the stochastic geometry framework and
applying a specific association criteria (power received or
transmitted). Uplink performance improvement brought by
a DUDA mode over a conventional coupled UL/DL access
mode (CUDA), was investigated in [26]. A general analytical
framework in a hybrid system (sub-6GHz and millimeter
wave) was developed in [27] where the biased uplink and
downlink cell association, as well as the rate coverage prob-
ability, are derived.

1.2 Contributions and Organization
In this paper, we develop a general model for interfer-
ence and user capacity in TDD HetNets for various link
association policies. This model is based on a geometric
probability approach and considered the modeling of both
cross-tier and co-tier interferences in a multiple small cells
environment.
The main contributions of this work can be summarized as
follows:

1) TDD Statistical Model in Multiple Small Cells Het-
Nets: We consider analyzing, in this paper, both
uplink/downlink interactions, whereas other works
introduced either a downlink ICI model as in [9] and
[10] or an uplink ICI model as in [16] and [17]. Few
studies considered modeling a TDD system, however
they either did not consider a HetNet system and did
not evaluate any network performance indicator as
in [18] or they were limited to one small cell case
study as in [19]. In this paper, operating a TDD-
based HetNet network necessitates four interference
scenarios depending mainly on the geographical dis-
tance between the reference cell and the neighboring
cell. In a multiple small cells scenario, the neighbor-
ing cell can be either the small cell or the macro cell.
Thus, analyzing four interference scenarios is still ap-
plicable because of the TDD subframes distribution
that is considered perfectly synchronized between
the small cells.
2) Analytical Model Covering Various User Association
Policies: Focusing on the decoupled access strategy,
other similar works either developed an analytical
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model studying one specific association criteria (
[24]- [27]) or investigated multiple association strate-
gies based on simulation results ( [21]- [23]). In this
work, an analytical model covering four association
policies is developed with the aim of studying the
improvement that the decoupling access can bring to
TDD HetNets among all other association policies.
3) Joint Modeling of TDD and Decoupled UL/DL access
in Multiple Small Cells HetNets: Studying the next-
generation wireless 5G HetNets with respect to TDD
and UL/DL decoupled access. Other works investi-
gated either a TDD system as in [18] and [19] or the
decoupled access technique as in [21]- [27]. In fact,
considering a TDD scenario jointly with a decoupled
association policy appears to be a viable solution to
address UL and DL throughput degradation chal-
lenges.

The rest of the paper is organized as follows. In Section 2,
we introduce some basic notations and the system model
of coupled and decoupled modes in TDD HetNet with
multiple small cells deployment. In Section 3, we develop
a statistical framework to model the cross-tier and co-tier
interferences in multiple small cells TDD HetNets, closed-
form expressions are derived to measure the average cell
capacity. Four association strategies are modeled in Section
4 to assess the improvement brought by DUDA mode to
TDD HetNets, in terms of UL and DL spectral efficien-
cies. In Section 5, closed-form expressions to characterize
the interference are derived and user capacity is analyzed
to examine the impact of applying the decoupled access
policy in a multiple small cells TDD HetNet. The overall
system performance is evaluated by measuring the up-
link/downlink decoupling gains. In Section 6, we present
analytical results as well as simulation results to evaluate the
system performance in various realistic scenarios. Finally,
the conclusion of the paper is given in Section 7.

2 SYSTEM MODEL

We consider a two-tier heterogeneous cellular network con-
sisting of one macro cell and multiple small cells. We denote
by Ns the number of small cells. In the coming sections, the
radius of the macro cell and the small cell will be denoted by
R and Rs respectively. Let Re be the radius of the expanded
area, a tunable variable in Section 4. We denote by d12 the
distance from the reference small cell to the interfering small
cell to be a new design parameter in Section 5.
A new area, considered as an extension to the small cell
average zone, will be studied in the aim of analyzing the im-
pact of the decoupled UL/DL access and other access poli-
cies on the users located inside and outside this expanded
area. Users inside this area are located at a distance r from
the center of the reference small cell where Rs < r < Re. In
order to investigate the impact of each association policy,
users inside the expanded area can be either coupled or
decoupled at a specific time t.
For each association policy and in order to characterize
the concurrent cross-tier and co-tier interferences in a TDD
HetNet, the proposed model mandates analyzing four inter-
ference scenarios by considering all UL/DL TDD possible
combinations between the macro cell from a side and the

TABLE 1
dk,j Notations

dk,j = d; k=m & j=s
Distance between the macro cell and the
reference small cell

dk,j = d12; k=s & j=i
Distance between the reference small cell
and the interfering small cell

dk,j = d2; k=m & j=i
Distance between the macro cell and the
interfering small cell

small cells from the other side. Small cells are considered
synchronized with the same TDD configuration. For ex-
ample, Up - Down scenario defines a situation where the
macro cell is operating in the uplink and the small cells in
the downlink. Same logic applies to define the other three
scenarios.
Macro users are uniformly distributed in the macro cell.
Similarly, small cell users are uniformly distributed inside
their respective small cell. The reference small cell is located
at a distance d from the center of the macro cell. The
interfering small cell is located at a distance d12 and d2
from the reference small cell and the macro cell respectively.
Figure 1 displays all possible desired links and interfering
links for which statistical expressions are derived in the next
sections. In the following, we will define the major notations
of these links:

• ψ = {s,m, i} denotes a set of base stations. The small
cell reference BS is designated by s, the interfering
macro cell BS by m and the interfering small cell BS
by i. Note that e designates the expanded area at the
reference small cell s.

• The interference experienced from the macro cell m
and the interfering small cell i at the reference small
cell s, is denoted by Im and Ii respectively.

• The transmission power of the macro BS and the
small cell BS is denoted by Pm and Ps respectively.

• The transmission power of the macro user and the
small cell user is denoted by Pum and Pus respec-
tively.

• uk,j denotes the distance from the user in the cell k
to the user in the cell j, where j and k ∈ ψ.

• rk,j denotes the distance from the cell k to the user
in the cell j, where j and k ∈ ψ. If k=j, rk,j = rk.

• dk,j denotes the distance from the cell k to the cell j,
where j and k ∈ ψ.

For simplicity, we redefine dk,j notations in Table 1.

Remark 1 (Composite Fading): In this work, the
composite fading denoted by K is considered as a constant.
It combines both the shadowing and the fading.
Nonetheless, we have simulated exactly the same scenarios
under a variable fading. Accordingly, a log-normal
shadowing and an exponential distribution with parameter
λ = 1 as an approximation of the Rayleigh fading, were
considered. As a result, we obtained nearly the same
throughput values in UL and DL and same observations as
in the case of a constant composite fading; the impact of the
decoupling in comparison with other association policies
remained the same. Consequently, a constant fading was
adopted in this study.
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Fig. 1. Geometrical illustration of all possible links distribution.

3 TDD STATISTICAL MODEL IN MULTIPLE SMALL
CELLS HETNETS

In order to characterize the statistics of each interference
scenario that could occur in TDD-based HetNets, the pro-
posed framework mandates analyzing in details both the
cross-tier and co-tier interferences in multiple small cells
environment.

3.1 Cross-tier Interference Modeling
Cross-tier interference is the interference experienced from
the macro cell m at the reference small cell s. In this section,
analytical expressions for the four interference types are
derived based on a geometric approach adopting the cells
intersections method (see Fig. 2 for illustration). In order
to apply this method, the following two assumptions in
regards to the topology and users distribution must be
considered:

• Macro cell is an area with radius R that englobes
small cells with radius Rs each.

• Users are uniformly distributed inside each of the
aforementioned cells.

3.1.1 Down - Down (BS-MS interference)
The downlink interference from the macro BS to the mobile
user associated with a small BS is defined as follows:

Im = KPmr
−γ
ms,

where γ is the path-loss exponent and K the composite
fading channel. The probability density function (PDF) of
rms and thus, the PDF of Im are derived based on the closed-
form expressions obtained in [19]:

frms(r) =
1

πR2
s

(πr − 2r arcsin(
d2 + r2 −R2

s

2dr
)), (1)

fIm(x) =
1

xγ
frms

(
(
x

C
)−

1
γ

)
(
x

C
)

−1
γ , (2)

where C = KPm.

Fig. 2. Geometrical illustration of the four interference types.

3.1.2 Up - Down (MS-MS interference)
The downlink interference from the macro user to the small
cell user is defined as follows:

Im = KPumu
−γ
ms.

The PDF of ums is derived by replacing r0 with ums in the
closed-form expression obtained for fr0(r) in [19]:

fums(r) =

∫ r+Rs

r−Rs
fums(r)|rsmfrsm(rsm)drsm, (3)

where fums(r)|rsm = 1
πR2

s
(πr − 2r arcsin(

r2sm+r2−R2
s

2rsmr
)) and

frsm(rsm) defined as follows:

frsm(rsm) =

{
1

πR2−πR2
s
(2πrsm), Rs ≤ rsm < R− d

v(rsm), R− d ≤ rsm ≤ R+ d,
(4)

where v(rsm) = 1
πR2−πR2

s
(πrsm−2rsm arcsin(

d2+r2sm−R
2

2drsm
)).

Consequently, the PDF of Im can be written as:

fIm(x) =
1

xγ
fums

(
(
x

C
)−

1
γ

)
(
x

C
)

−1
γ , (5)

where C = KPum.

3.1.3 Up - Up (MS-BS interference)
The uplink interference from the macro user to the small cell
BS is defined as follows:

Im = KPumr
−γ
sm.

The PDF of rsm is given based on the closed-form expression
derived in [19]:

frsm(r) =

{
1

πR2−πR2
s
(2πr), Rs ≤ r < R− d

s(r), R− d ≤ r ≤ R+ d,
(6)

where s(r) = 1
πR2−πR2

s
(πr − 2r arcsin(d

2+r2−R2

2dr )).

Consequently, the PDF of Im can be written as:

fIm(x) =
1

xγ
frsm

(
(
x

C
)−

1
γ

)
(
x

C
)

−1
γ , (7)

where C = KPum.
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3.1.4 Down - Up (BS-BS interference)
The uplink interference from the macro BS to the small cell
BS is defined as follows:

Im = KPmd
−γ .

In this case, I is a constant. Accordingly, the moment gener-
ating function (MGF) of Im will be defined as:

MIm(t) = E[e(−tIm)] = e−tIm . (8)

3.2 Co-tier Interference Modeling in Multiple Small
Cells HetNets
In order to model the cumulative interference at the refer-
ence small cell in a multiple small cells HetNet, we derive
hereafter closed-form expressions for the co-tier interfer-
ence to complement the cross-tier interference expressions
derived in the previous section. We consider as co-tier
interference the interference experienced at the reference
small cell s from the interfering small cell i (see Fig. 1). Since
the small cells are considered synchronized in uplink and
downlink, the following two scenarios must be taken into
account to derive expressions for the co-tier interference:

3.2.1 Small cell in downlink mode
The downlink co-tier interference from the interfering small
cell BS to the mobile user associated with the reference small
BS is defined as follows:

Ii = KPsr
−γ
is .

Similar to the BS-MS scenario in (1), the PDF of ris can
be written as:

fris(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, (9)

where d12 − Rs ≤ r ≤ d12 + Rs and d12 represents in this
case the distance between the centers of two intersecting
circles.

3.2.2 Small cell in uplink mode
The uplink co-tier interference from the interfering small cell
user to the reference small cell BS is defined as follows:

Ii = KPsr
−γ
si .

The PDF of rsi can be obtained as a result of the cell
intersection of radius r with the interfering small cell of
radius Rs:

frsi(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
, (10)

where d12 −Rs ≤ r ≤ d12 +Rs.
Introducing additional small cells leads to a considerable

change in the cross-tier interference expressions ((6) and (4))
derived within the Up - Up and Up - Down scenarios, i.e.
scenarios where the main interferer is the macro user. In this
context, the area occupied by these small cells should be ex-
cluded when deriving the cumulative distribution function
(CDF) of the interference experienced from the macro user at
the reference small cell. Based on [28], let f(r) be the result
of the intersection with the macro cell of radius R:

f(r) = πr − 2r arcsin(
d2 + r2 −R2

2dr
),

and g(r) the result of the intersection with the interfering
small cell of radius Rs:

g(r) = πr − 2r arcsin(
d212 + r2 −R2

s

2d12r
).

Consequently, the PDF of rsm in (4) and (6) is updated to
include the distance between small cells (d12) as follows:

frsm(r) =



2πr
πR2−2πR2

s
, Rs ≤ r < R− d

f(r)
(πR2−2πR2

s)
, R− d ≤ r ≤ d12 −Rs

f(r)−g(r)
(πR2−2πR2

s)
, d12 −Rs ≤ r ≤ d12 +Rs

f(r)
(πR2−2πR2

s)
, d12 +Rs ≤ r ≤ R+ d.

(11)

Model Scalability: Although in this work the model is built
with two small cells, however its scope can be expanded to
include multiple small cells interferers i located at distance
d1i from the macro cell respectively. Accordingly, in order
to derive expressions for the interference experienced from
different small cells interferers, the PDF of ris in (9) is
revised by replacing d12 with d1i, same for the PDF of
rsi in (16). On the other hand, the PDF of the interference
experienced from the macro users and thus, the PDF of rsm
in (11) is carefully revised and can be written as follows:

frsm(r) =



2πr
πR2−NsπR2

s
, Rs ≤ r < R− d

f(r)
(πR2−NsπR2

s)
, R− d ≤ r ≤ di −Rs

f(r)−
∑Ns
i=2 gi(r)

(πR2−NsπR2
s)
, di −Rs ≤ r ≤ Di +Rs

f(r)
(πR2−NsπR2

s)
, Di +Rs ≤ r ≤ R+ d,

(12)
where f(r) = πr − 2r arcsin(d

2+r2−R2

2dr ), Di = max
2≤i≤Ns

d1i,

di = min
2≤i≤Ns

d1i and

gi(r) =

{
πr − 2r arcsin(

d21i+r
2−R2

s

2d1ir
), d1i −Rs ≤ r ≤ d1i +Rs

0, elsewhere.

3.3 PDF and MGF of the Signal of Interest
The signal power received by a randomly selected user at
the reference small cell on a downlink channel is defined as:
S = KPsr

−γ
s where rs is the distance of the user from the

small BS s. The PDF of the received signal S is given based
on the closed-form expression derived in [19]:

fS(x) = βx−(
2+γ
γ ), (13)

where β = 2C
2
γ

γR2
s

and C = KPs. Note that same logic applies
to derive similar expressions on the uplink channel.

3.4 Analytical Evaluation of Ergodic Capacity
The average user capacity per unit bandwidth i.e. the
spectral efficiency at the reference small cell, in a multiple
small cells environment is defined as the achievable average
rate of the link to the allocated bandwidth (B), expressed
mathematically by the modified Shannon’s formula as:

C = E
[B ln(1 + S

Itot+σ2 )

B

]
= E

[
ln(1 +

S

Itot + σ2
)
]
, (14)

where σ2 is the thermal noise power variance and Itot the
cumulative interference defined as: Itot = Im + Ii. S and
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Itot are considered as two independent variables. In the
following, we will provide a proposition to approximate the
generic function of the capacity C:

Proposition 1: The capacity C can be approximated by express-
ing it in terms of the weights we and abscissas xe of a Laguerre
orthogonal polynomial as follows:

C =
n∑
e=1

we
(MIm(xe/(σ

2 + a))MIi(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

−MS(xe/(σ
2 + a))MIm(xe/(σ

2 + a))MIi(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

)
,

(15)

where a is a parameter introduced to solve the convergence
issue faced when deriving the MGF expressions of Im and
Ii.

Proof of Proposition 1: The interference, in general, can
be written as: I = KPr−γ = Cr−γ where C = KP , r
denotes the interfering link distance, P the transmitted
power and K the composite fading. Applying the chain
rule to the CDF of I , the corresponding PDF can be
written as fI(x) = 1

xγ fr
(
( xC )

− 1
γ

)
( xC )

−1
γ . Accordingly, a

closed-form expression for the MGF of the interference I
can be formulated as MI(t) =

∫∞
0 e−txfI(x)dx. Note that

the same steps apply for the derivation of the MGF of the
signal of interest (MS(t)).
Denote by Itot the cumulative interference from the macro
cell (Im) and the small cells (Ii), at the reference small
cell. Consequently, Itot can be written as: Itot = Im + Ii.
Considering Im and Ii as independent variables, the MGF
of the cumulative interference Itot can be calculated as
follows: MItot(t) =MIm(t)MIi(t).
Based on the MGF expressions derived for S and Itot, the
average capacity per unit bandwidth can be calculated
using the lemma proposed in [33] as follows:
C = E[ln(1+ S

Itot+σ2 )] =
∫∞
0

MItot (t)−MS(t)MItot (t)

t e−(σ
2)tdt

=
∫∞
0

MIm (t)MIi
(t)−MS(t)MIm (t)MIi

(t)

te−at e−(σ
2+a)tdt.

This expression can be solved efficiently by expressing
it in terms of the weights we and abscissas xe of a Laguerre
orthogonal polynomial as follows:

C =
n∑
e=1

we
(MIm(xe/(σ

2 + a))MIi(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

−MS(xe/(σ
2 + a))MIm(xe/(σ

2 + a))MIi(xe/(σ
2 + a))

xee−(axe)/(σ
2+a)

)
.

In this work, the a parameter was introduced to resolve the
scaling problem in Laguerre polynomial, more specifically
in the M(t) expression. Adding the a parameter will ensure
scalable values of the MGF function with M(xe/(σ

2 + a)).
a is set to 10−4 in the scenarios where the macro cell is in a
DL mode and to 10−6 in the scenarios where the macro cell
is in an UL mode.
Special Case: ψ = {s,m}, i.e. Ns = 1 and Ii = 0: In case
of a network consisting of one macro cell and one reference
small cell, the latter will be purely affected by the macro

cell interferer and therefore Itot = Im = I . Accordingly, the
capacity expression can be formulated as follows:

C =
n∑
e=1

we
(MI(xe/(σ

2 + a))

xee−(axe)/(σ
2+a)

− MS(xe/(σ
2 + a))MI(xe/(σ

2 + a))

xee−(axe)/(σ
2+a)

)
.

Remark 2 (Uplink Power Control): Uplink power control
can also be added to the developed model. Based on the
open-loop power control strategy standardized in 3GPP LTE
[34], the transmit power of a mobile user is given by:

Pt = min(Pmax, P0r
γ
s ),

where rs is the distance of a user from its serving BS (macro
BS or small cell BS), P0 is the desired received signal level
at the BS and Pmax denotes the maximum transmit power
capability per user. Consequently, the uplink signal power
received at the reference BS with power control can be given
as S = KPtr

−γ
s with:

S =

{
KP0, Pmax > P0r

γ
s

KPmaxr
−γ
s , Pmax ≤ P0r

γ
s ,

and the interference caused at a reference BS (or user) from
a given small cell (or macro cell) interferer, can then be
derived as I = KPtr

−γ
i with:

I =

{
KP0r

γ
s r
−γ
i , Pmax > P0r

γ
s

KPmaxr
−γ
i , Pmax ≤ P0r

γ
s ,

where ri is distance from the interferer to the reference BS
(or user). The PDF of I can be derived by averaging over rs
the PDF of fri(r)|rs .
It is important to note that the power control mechanism
leads in average to reduction in power consumption when
a user in a specific position is able to compensate the
overall path loss with P0r

γ
s < Pmax. In this case, average

reduction in power consumption (PR) can be defined as:
PR = E[Pmax − P0r

γ
s ].

Simulation results showing the impact of power control
on the system throughput and the network power
consumption, will be discussed under Section 6.3.1.

Remark 3 (Unsynchronized TDD Configuration):
Although in this work the model is developed based on a
synchronized TDD configuration assumption across small
cells, it can be well adapted to consider an unsynchronized
TDD configuration by deriving two additional expressions
for the co-tier interference experienced from the interfering
small cell at the reference small cell:

1) In the case where the interfering small cell operates
in uplink and the reference small cell operates in
downlink, the PDF of the distance from the inter-
fering small cell user to the reference small cell user
(uis) can be derived similarly to the PDF of ums in
(3):

fuis(r) =

∫ r+Rs

r−Rs
fuis(r)|rsifrsi(rsi)drsi,
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where fuis(r)|rsi =
1

πR2
s
(πr − 2r arcsin(

r2si+r
2−R2

s

2rsir
))

and frsi(rsi) defined as follows:

frsi(rsi) =
1

πR2
s

(
πrsi−2rsi arcsin(

d212 + r2si −R2
s

2d12rsi
)
)
,

2) In the case where the interfering small cell operates
in downlink and the reference small cell operates in
uplink, the distance from the interfering small cell to
the reference small cell is constant and equal to d12.

Note that slight changes to the interference’s expressions at
the expanded area are applied as well depending on both
the user association criteria and the macro cell transmission
direction (whether UL or DL). Simulation results showing
the impact of considering an unsynchronized TDD configu-
ration, will be discussed under Section 6.3.2.

4 IMPACT OF THE DECOUPLING ACCESS ON A
TDD HETNET

In this section, ψ is set to {s,m}, i.e. a HetNet consisting
of one small cell s and one macro cell m. We consider
this model to study the benefits that the decoupling access
mode can bring to a HetNet TDD basic system. The section
that follows, will assess the benefit of decoupling in a
more complex environment where multiple small cells are
deployed. Introducing the DUDA mode necessitates a thor-
ough comparison study with the conventional CUDA mode.
We first derive the statistics of the interference signal and
the downlink/uplink received power of both DUDA and
CUDA modes and then analyze the system performance
of these two access modes. The main performance metric
that is being measured, in both UL and DL, is the aver-
age capacity per unit bandwidth i.e. the average spectral
efficiency (Ces). It is calculated based on the average users
capacity in the small cell area added to the average users
capacity in the expanded area. Both throughputs have been
evaluated and averaged over the period of a defined TDD
frame. The average user capacity in each area is derived
based on Proposition 1.
For further analysis and to ensure the generality of our
study, the CUDA scenario is analyzed by taking into account
two cases (Fig. 3):

1) Coupled access in UL and DL with the macro cell.
2) Coupled access in UL and DL with the small cell.

Two cases, as well, can be part of the DUDA mode (Fig. 4):

1) Decoupling strategy where users are associated in
UL with the small cell and in DL with the macro cell.

2) Reverse Decoupling strategy where users are associ-
ated in UL with the macro cell and in DL with the
small cell.

All proposed association strategies (coupled or decoupled),
will be compared to the coupled with macro cell case since
initially and before applying any change to the network
configuration, users in the expanded area are considered in
DL and UL as associated with the macro cell.

Fig. 3. CUDA illustration.

4.1 Analytical Evaluation of CUDA

4.1.1 CUDA with Macro Cell
In each of the below possible UL/DL combinations, we
derive the statistics of both the small cell and the expanded
area users.

a) Down - Down Mode: The downlink interference from
the small cell BS to the mobile user in the expanded area is
defined as Ie = KPsr

−γ
e , with re the distance of the user in

the expanded area from the small cell BS. Since we consider
uniformly distributed users, the distribution of the distance
re of users in the expanded area bounded by Rs and Re is
given by:

fre(r) =
2r

R2
e −R2

s

, Rs ≤ r ≤ Re. (16)

The downlink received power by the mobile user in the
expanded area is defined as Se = KPmr

−γ
me with rme the

distance of the user in the expanded area from the macro
cell BS. Based on [29], the PDF of rme can be written as:

frme(r) =


f(r)

(πR2
e−πR2

s)
, d−Re ≤ r ≤ d−Rs

f(r)−g(r)
(πR2

e−πR2
s)
, d−Rs ≤ r ≤ d+Rs

f(r)
(πR2

e−πR2
s)
, d+Rs ≤ r ≤ d+Re,

(17)

where f(r) = πr − 2r arcsin(
d2+r2−R2

e

2dr ) and g(r) = πr −
2r arcsin(

d2+r2−R2
s

2dr ).
As for the statistics related to the small cell users, the

downlink interference from the macro BS to the small cell
users is defined as Is = KPmr

−γ
ms with rms the distance of

the macro BS from the small cell user. Based on [28], the PDF
of rms can be obtained as a result of the cell intersection with
the circle of radius Rs:

frms(r) =
1

πR2
s

(
πr − 2r arcsin(

d2 + r2 −R2
s

2dr
)
)
. (18)

The downlink received power by the small cell user is
defined as Ss = KPsr

−γ
s with rs the distance of the small

cell user from the small cell BS. Since we consider uniformly
distributed users, the distribution of the distance rs of a
small cell user is given by:

frs(r) =
2r

R2
s

, 0 ≤ r ≤ Rs. (19)

Note that the same expressions of Ss and rs apply when
tackling the small cell user’s statistics in all coming scenar-
ios, where the transmit power varies depending on the link
direction, either UL or DL.
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b) Up - Down Mode: The uplink interference from the
small cell BS to the macro BS is defined as Ie = KPsd

−γ

with d the distance of small cell BS from the macro cell BS.
The uplink desired signal of the mobile user in the expanded
area is defined as Se = KPumr

−γ
me . The PDF of rme can be

given by iterating the same analysis as in (17).
As for the statistics related to the small cell users, the

downlink interference from the macro cell user to the small
cell user is defined as Is = KPumu

−γ
ms. The PDF of ums is

derived by averaging over the PDF of rsm (frsm(rsm)):

fums(r) =

∫ r+Rs

r−Rs
fums(r)|rsmfrsm(rsm)drsm, (20)

where fums(r)|rsm can be derived as follows:

fums(r)|rsm =
1

πR2
s

(πr − 2r arcsin(
r2sm + r2 −R2

s

2rsmr
)).

As for the derivation of the rsm statistics, and since R > d,
two cases must be taken into account based on [28]:

frsm(rsm) =

{
2πrsm

πR2−πR2
s
, Rs ≤ rsm < R− d

k(rsm), R− d ≤ rsm ≤ R+ d,
(21)

k(rsm) = 1
πR2−πR2

s
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)).

c) Up - Up Mode: The uplink interference from the small
cell user to the macro BS is defined as Ie = KPusr

−γ
ms . The

PDF of rms is given by (18). The uplink signal of the mobile
user in the expanded area is defined as Se = KPumr

−γ
me . The

PDF of rme can be defined similarly as in (17).
As for the statistics related to the small cell users, the

uplink interference from the macro cell user to the small cell
BS is defined as Is = KPumr

−γ
sm . The PDF of rsm is defined

similarly as in (21).
d) Down - Up Mode: The downlink interference from the

small cell user BS to the mobile user in the expanded area is
defined as Ie = KPusr

−γ
es with res the distance of the user

in the expanded area from the small cell user.
The PDF of res can be derived using the closed-form expres-
sion obtained in [29]:

fres(r) =


2r
b2 , 0 ≤ r ≤ b− a
r
π

(
2v(r)−sin(2v(r))

b2 +

2w(r)−sin(2w(r))
a2

)
, b− a ≤ r ≤ b+ a,

(22)

where a = Rs, b = Re, v(r) = arccos( r
2−b2+a2

2ra ) and
w(r) = arccos( r

2+b2−a2
2rb ).

The downlink received power by the mobile user in the
expanded area is defined as Se = KPmr

−γ
me . Repeating the

same analysis as in (17), we can define the PDF of rme.
As for the statistics related to the small cell users, Is =

KPmd
−γ and Ss = KPusr

−γ
s .

4.1.2 CUDA with Small Cell
a) Down - Down Mode: The downlink interference from

the macro BS to the mobile user in the expanded area is
defined as Ie = KPmr

−γ
me . The PDF of rme is given by

(17). The downlink received power by the mobile user in the
expanded area is defined as Se = KPsr

−γ
e . The distribution

of re is given by (16).

As for the statistics related to the small cell users, the
downlink interference from the macro BS to the small cell
users is defined as Is = KPmr

−γ
ms . The PDF of rms is given

by (18).
b) Up - Down Mode: The downlink interference from the

macro cell user to the small cell user that is located inside
the area bounded by Re, is defined as Ie = KPumu

−γ
me. The

PDF of ume is given by replacing Rs with Re in (20):

fume(r) =

∫ r+Re

r−Re
fume(r)|rsmfrsm(rsm)drsm, (23)

where fume(r)|rsm = 1
πR2

e
(πr − 2r arcsin(

r2sm+r2−R2
e

2rsmr
)) and

frsm(rsm) is formulated as:

frsm(rsm) =

{
2πrsm

πR2−πR2
e
, Re ≤ rsm < R− d

s(rsm), R− d ≤ rsm ≤ R+ d,
(24)

with s(rsm) = 1
πR2−πR2

e
(πrsm − 2rsm arcsin(

d2+r2sm−R
2

2drsm
)).

The downlink received power by the mobile user in the
expanded area is defined as Se = KPsr

−γ
e . The distribution

of re is given by (16).
As for the statistics related to the small cell users, the

downlink interference from the macro cell user to the small
cell user that is located inside the area bounded by Re, is
defined as Is = KPumu

−γ
ms. The distribution of ums is given

by (23). For simplicity, we consider that the distance from
the macro user to either the small cell user or the user in
the expanded area is the same and denoted by ums. This
approximation is acceptable since small cells are notably
smaller than macro cells.

c) Up - Up Mode: The uplink interference from the macro
cell user that is located outside the area bounded by Re to
the small cell BS, is defined as Ie = KPumr

−γ
sm . The PDF of

rsm is derived as in (24) where Re replaces Rs.
As for the statistics related to the small cell users, the

uplink interference is considered as Is = KPumr
−γ
sm . The

same distance rsm as in (24) will be studied for simplicity.
The accuracy of this approximation will be validated in the
next sections using Monte-Carlo simulations.

d) Down - Up Mode: The uplink interference from the
macro cell BS to the small cell BS is defined as Ie = KPmd

−γ

and the desired signal as Se = KPusr
−γ
e . The distribution

of re is given by (16).
As for the statistics related to the small cell users, they

can be modeled by replacing re with rs in the aforemen-
tioned expressions derived for the mobile users in the
expanded area.

4.2 Analytical Evaluation of DUDA
4.2.1 DUDA with Decoupling

a) Down - Down Mode: In this scenario, the same ex-
pressions will be derived as in the Down - Down scenario
defined for the CUDA with the macro cell case.

b) Up - Down Mode: In this scenario, users with a de-
coupled access will be in silent mode. Consequently, the
average throughput for users in the expanded area will not
be considered.

As for the statistics related to the small cell users, the
downlink interference from the macro cell user to the small
cell user that is located inside the area bounded by Re, is
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Fig. 4. DUDA illustration.

defined as Is = KPumu
−γ
ms.

The distribution of ums is given by (23) where Re replaces
Rs.

c) Up - Up Mode: In this scenario, the same expressions
will be derived as in the Up - Up scenario defined for the
CUDA with the small cell case.

d) Down - Up Mode: In this scenario, users in the ex-
panded area can operate at the same time in uplink and
downlink. The downlink interference from the small cell
user to the mobile user in the expanded area is defined as
Ie = KPusr

−γ
es . The PDF of res is given by (22).

The downlink desired signal of the user in the expanded
area is defined as Se = KPmr

−γ
me . The PDF of rme is given

by (17). As for the uplink transmission, the interference from
the macro BS to the small cell BS is defined as Ie = KPmd

−γ

and the uplink desired signal as Se = KPusr
−γ
s .

As for the statistics related to the small cell users, Is =
KPmd

−γ and Ss = KPusr
−γ
s .

4.2.2 DUDA with Reverse Decoupling
a) Down - Down Mode: In this scenario, the same ex-

pressions will be derived as in the Down - Down scenario
defined for the CUDA with the small cell case.

b) Up - Down Mode: In this scenario, users in the ex-
panded area can operate at the same time in uplink and
downlink. The downlink interference from the macro cell
user to the small cell user that is located inside the area
bounded by Re, is defined as Ie = KPumu

−γ
me.

The PDF of ume is given by (23). The downlink desired
signal of the user in the expanded area is defined as
Se = KPsr

−γ
e . The uplink interference from the small cell

BS to the macro BS is defined as Ie = KPsd
−γ and the

uplink desired signal as Se = KPumr
−γ
me .

As for the statistics related to the small cell users, the
downlink interference from the macro cell user to the small
cell user that is located inside the area bounded by Re, is
defined as Is = KPumu

−γ
ms.

For simplicity, we consider that the distance of the macro
user from either the small cell user or the user in the
expanded area is approximately the same and denoted by
ums. This approximation is valid due to the notably smaller
size of small cells in comparison with the macro cell.

c) Up - Up Mode: In this scenario, the same expressions
will be derived as in the Up - Up scenario defined for the
CUDA with the macro cell case.

d) Down - Up Mode: In this scenario, users with a reversed
decoupled access will be in silent mode. Consequently, the
average throughput for users in the expanded area will not
be considered.

As for the statistics related to the small cell users, Is =
KPmd

−γ and Ss = KPusr
−γ
s .

5 DECOUPLING GAIN ANALYSIS IN MULTIPLE
SMALL CELLS ENVIRONMENT

It has been proven that the decoupling strategy maintains a
higher throughput in UL and DL in comparison with other
association policies in TDD HetNet with a single small cell
[29]. The latter result remains valid in the case of multiple
small cells deployment where all association policies are
facing approximately the same degradation in throughput
due to the co-tier interference inflected by interfering small
cells. In this context, this section focuses on the analytical
evaluation of the decoupling gain brought in UL and DL,
that depends mainly on the distance between small cells.

The decoupling gain, denoted as ηi, is defined as the
ratio between the throughput achieved when decoupling is
adopted and the throughput achieved without decoupling
(in the coupled with macro (CM) case):

ηi =
Throughputi(Decoupling) - Throughputi(CM)

Throughputi(CM)
, (25)

where i ∈ {UL,DL}.
To analyze the decoupling gain in a multiple small cells TDD
HetNet, it is important to develop a complete model for both
the CM and the decoupling cases. Moreover, calculating the
decoupling gain in one direction (UL or DL) necessitates
measuring Ces in that direction for both cases. Ces is com-
puted by adding the average users capacity in the small cell
area (Cs) to the average users capacity in the expanded area
(Ce).

5.1 Uplink Decoupling gain

In the Down - Up and Up - Up scenarios, small cell users
along with the users in the expanded area are operating in
uplink. Hence, the latter two scenarios present a consider-
able part of the overall uplink capacity (Ces), whereas the
Up - Down case considers a negligible part (Ces = Ce ' 0).

5.1.1 Down - Up Scenario

a) CM Case: For the Cs calculation, closed-form expres-
sions are derived for:

• Im = KPmd.
• Ii = KPusrsi, where d12 −Rs ≤ rsi ≤ d12 +Rs.
• Ss = KPusrs, where 0 ≤ rs ≤ Rs.

The PDF frsi(r) is given by (16), an expression derived in
the case of two small cells:

frsi(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
. (26)

In this case, Ce = 0.
b) Decoupling Case: For the Cs calculation, closed-form

expressions are derived for:

• Im = KPmd.
• Ii = KPusrsi, where d12 −Re ≤ rsi ≤ d12 +Re.
• Ss = KPusrs, where 0 ≤ rs ≤ Rs.

Authorized licensed use limited to: INRIA. Downloaded on November 13,2020 at 22:13:25 UTC from IEEE Xplore.  Restrictions apply. 



1536-1233 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMC.2020.2979447, IEEE
Transactions on Mobile Computing

10

The PDF frsi(r) is given by replacing Rs with Re in (26):

frsi(r) =
1

πR2
e

(
πr − 2r arcsin(

d212 + r2 −R2
e

2d12r
)
)
. (27)

The same interference expressions will be derived for the
calculation of Ce. However, Se is defined as: Se = KPusre,
where Rs ≤ re ≤ Re.

5.1.2 Up - Up Scenario

a) CM Case: For the Cs calculation, closed-form expres-
sions are derived for:

• Im = KPumrsm, where Rs ≤ rsm ≤ R+ d.
• Ii = KPusrsi, where d12 −Rs ≤ rsi ≤ d12 +Rs.
• Ss = KPusrs, where 0 ≤ rs ≤ Rs.

The PDF of rsm is derived as follows:

frsm(r) =



2πr
(πR2−2πR2

s)
, Rs ≤ r < R− d

f(r)
(πR2−2πR2

s)
, R− d ≤ r ≤ d12 −Rs

f(r)−g(r)
(πR2−2πR2

s)
, d12 −Rs ≤ r ≤ d12 +Rs

f(r)
(πR2−2πR2

s)
, d12 +Rs ≤ r ≤ R+ d,

(28)

where f(r) = πr − 2r arcsin(d
2+r2−R2

2dr ) and

g(r) = πr − 2r arcsin(
d212+r

2−R2
s

2d12r
).

The PDF of rsi is given by (26).
In this case, Ce ' 0.

b) Decoupling Case: For the Cs calculation, closed-form
expressions are derived for:

• Im = KPumrsm, where Re ≤ rsm ≤ R+ d.
• Ii = KPusrsi, where d12 −Re ≤ rsi ≤ d12 +Re.
• Ss = KPusrs, where 0 ≤ rs ≤ Rs.

The PDF frsm(r) is given by replacing Rs with Re in (28):

frsm(r) =



2πr
(πR2−2πR2

e)
, Re ≤ r < R− d

f(r)
(πR2−2πR2

e)
, R− d ≤ r ≤ d12 −Re

f(r)−g(r)
(πR2−2πR2

e)
, d12 −Re ≤ r ≤ d12 +Re

f(r)
(πR2−2πR2

e)
, d12 +Re ≤ r ≤ R+ d,

(29)

where f(r) = πr − 2r arcsin(d
2+r2−R2

2dr ) and

g(r) = πr − 2r arcsin(
d212+r

2−R2
e

2d12r
).

The PDF of rsi is given by (27).
The same interference expressions will be derived for the
calculation of Ce. However, Se is defined as: Se = KPusre.

5.2 Downlink Decoupling gain

In the Up - Down and Down - Down scenarios, small cell
users along with the users in the expanded area are oper-
ating in downlink. Hence, the latter two scenarios present
a considerable part of the overall downlink capacity (Ces),
whereas the Down - Up case considers a negligible part
(Ces = Ce ' 0).

5.2.1 Up - Down Scenario
a) CM Case: For the Cs calculation, closed-form expres-

sions are derived for:

• Im = KPumums, where 0 ≤ ums ≤ R+ d+Rs.
• Ii = KPsris, where d12 −Rs ≤ ris ≤ d12 +Rs.
• Ss = KPsrs, where 0 ≤ rs ≤ Rs.

ums represents the distance from the macro cell user to
the small cell user that is located inside the area bounded by
Rs. The PDF of ums is derived by averaging over the PDF
of rsm (frsm(rsm)):

fums(r) =

∫ r+Rs

r−Rs
fums(r)|rsmfrsm(rsm)drsm, (30)

where rsm is the distance of the reference small cell BS from
the macro cell user and fums(r)|rsm denotes the PDF of ums
conditioned on rsm.
In this case, the expanded areas of both small cells are part
of the macro user region and thus, frsm will be derived
usingRs as the main parameter to determine the macro user
area boundaries as in (28). Since Cs represents the average
capacity of the reference small cell users located inside the
area bounded by Rs, the integral of fums(r)|rsm will range
from r − Rs to r + Rs. The PDF fris(r) is given by (9), an
expression derived in the case of two small cells:

fris(r) =
1

πR2
s

(
πr − 2r arcsin(

d212 + r2 −R2
s

2d12r
)
)
. (31)

In the CM case under the Up - Down scenario, Ce = 0 and
thus, Ces = Cs.

b) Decoupling Case: For the Cs calculation, closed-form
expressions are derived for:

• Im = KPumums, whereRe−Rs ≤ ums ≤ R+d+Rs.
• Ii = KPsris, where d12 −Rs ≤ ris ≤ d12 +Rs.
• Ss = KPsrs, where 0 ≤ rs ≤ Rs.

ums represents the distance from the macro cell user to the
small cell user that is located inside the area bounded by
Rs. The PDF of ums is derived by averaging over the PDF
of rsm (frsm(rsm)):

fums(r) =

∫ r+Rs

r−Rs
fums(r)|rsmfrsm(rsm)drsm. (32)

Contrary to the CM case, the expanded areas of both small
cells are out of the macro user region and thus, frsm will be
derived using Re as the main parameter to determine the
macro user area boundaries:

frsm(r) =



2πr
(πR2−2πR2

e)
, Re ≤ r < R− d

f(r)
(πR2−2πR2

e)
, R− d ≤ r ≤ d12 −Re

f(r)−g(r)
(πR2−2πR2

e)
, d12 −Re ≤ r ≤ d12 +Re

f(r)
(πR2−2πR2

e)
, d12 +Re ≤ r ≤ R+ d,

(33)

where f(r) = πr − 2r arcsin(d
2+r2−R2

2dr ) and

g(r) = πr − 2r arcsin(
d212+r

2−R2
e

2d12r
).

Consequently, ums will range from Re −Rs to R + d+Rs.
Similar to the CM case and since Cs represents the average
capacity of the reference small cell users located inside the
area bounded by Rs, the integral of fums(r)|rsm will range
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from r −Rs to r +Rs.
Note that ris(r) follows the same statistical distribution as
in the CM case. Whether the user located in the expanded
area, is in decoupling or CM state, ris(r) will be reflecting
the interference experienced from the interfering small cell
BS independently of the small cell user access policy.
In this case, Ce = 0 and thus, Ces = Cs.

5.2.2 Down - Down Scenario
Under this scenario, same expressions are derived for both
CM and decoupling cases. Theoretically, it means there is no
downlink decoupling gain (ηDL = 0).
For the Cs calculation, closed-form expressions are derived
for:

• Im = KPmrms, where d−Rs ≤ rms ≤ d+Rs.
• Ii = KPsris, where d12 −Rs ≤ ris ≤ d12 +Rs.
• Ss = KPsrs, where 0 ≤ rs ≤ Rs.

The PDF of rms can be obtained as a result of the cell
intersection with the circle of radius Rs:

frms(r) =
1

πR2
s

(
πr − 2r arcsin(

d2 + r2 −R2
s

2dr
)
)
. (34)

The PDF of ris is given by (31).
As for the Ce calculation, closed-form expressions are de-
rived for:

• Im = KPmrme, where d−Re ≤ rme ≤ d+Re.
• Ii = KPsrie, where d12 −Re ≤ rie ≤ d12 +Re.
• Se = KPsre, where Rs ≤ re ≤ Re.

The PDF of rme can be defined similarly as in (17). As for
the distribution of rie is given by replacing d with d12 in
(17):

frie(r) =


f(r)

(πR2
e−πR2

s)
, d12 −Re ≤ r ≤ d12 −Rs

f(r)−g(r)
(πR2

e−πR2
s)
, d12 −Rs ≤ r ≤ d12 +Rs

f(r)
(πR2

e−πR2
s)
, d12 +Rs ≤ r ≤ d12 +Re,

(35)

where f(r) = πr − 2r arcsin(
d212+r

2−R2
e

2d12r
) and g(r) = πr −

2r arcsin(
d212+r

2−R2
s

2d12r
).

6 NUMERICAL AND SIMULATION RESULTS

In this section, we first define the system parameters and
discuss the Monte-Carlo simulation results that are pro-
vided to demonstrate the effectiveness of the derived ana-
lytical expressions. The default system parameters are listed
in Table 2. We consider frame structures where all up-
link/downlink combinations between the macro and small
cells are taken into account, as shown in Fig. 5. It is im-
portant to note that, relying on this model that encloses all
possible inter-link interferences, any other TDD configura-
tion with different length can be easily investigated.

ULDLDL

Interfering macro cell

UL

Reference small cell Interfering small cell

DLULDL UL DLULDL UL

Fig. 5. TDD frame structure in macro and small cells.

TABLE 2
System Parameters

Parameter Value
Macro cell radius R 1000 m
Small cell radius Rs 200 m
Expanded area radius Re 300 m
Number of small cells Ns 1 ≤ Ns ≤ 2

Distance between the reference small cell and
the macro cell d

600 m

Distance between the reference small cell and
the interfering small cell d12

800 m

Path-loss exponent γ 2 ≤ γ ≤ 3

Thermal noise power variance σ2 10−12

W/Hz
Macro BS transmission power Pm 20 W
Small cell BS transmission power Ps 0.25 W
Macro user transmission power Pum 0.22 W
Small cell user transmission power Pus 0.2 W

6.1 TDD HetNet Performance

In order to first evaluate the system performance of a
HetNet TDD based system in both uplink and downlink di-
rections, we consider a HetNet with an offset factor Re = 0.
Ces, in this case, is equivalent to the average user capacity in
the reference small cell (Cs). Figure 6 captures the increase
in Cs when moving away the reference small cell from the
macro cell. The interference, more specifically triggered by
the macro BS, reduces when increasing the distance between
the small cell and the macro cell. Figure 7 depicts Cs for dif-
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Fig. 6. Capacity per unit bandwidth in the reference small cell as a
function of the distance between the reference small cell and the macro
cell (d) with Ns = 1, γ = 3 and Pum = 0.22 W.

ferent values of macro user uplink transmission power. Note
that the increase of Pum value reduces the average small
cell capacity and this is due to the increase of interference
triggered mainly by the macro users. Figure 8 investigates
the effect of the path loss exponent in order to evaluate the
system performance under various propagation conditions
and different environments. It can be observed that the
increase in path loss exponent enhances the performance
of the reference small cell users in uplink and downlink by
mitigating the effect of the interference signal.
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Fig. 7. Capacity per unit bandwidth in the reference small cell as a
function of the macro user transmission power (Pum) with Ns = 1,
γ = 3 and d = 600 m.
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Fig. 8. Capacity per unit bandwidth in the reference small cell as a
function of the path loss exponent (γ) with Ns = 1, d = 600 m and
Pum = 0.22 W.

6.2 Impact of Decoupling Access Policy

Since the CM case represents the current system status
before applying any change to the network configuration,
our objective is to enhance the performance of the system
in downlink and uplink by adopting three different
association policies and comparing their performances in
terms of spectral efficiency with the CM case.
Figure 9 depicts numerical values of Ces for each association
strategy and in both UL/DL. We can conclude from this
graph that the decoupling case shows an improvement
in UL spectral efficiency (SE) around 1.65 bps/Hz in
comparison with the CM case where the uplink SE is 1.35
bps/Hz. The same improvement in UL is observed for the
coupled access with small cell case. The normal coverage
area of the small cell, in this case (coupled with small
cell), is expanded and the small cell users along with the
users in the expanded area are now connected in UL and
DL to the small cell BS. This situation is referred to as
cell range expansion (CRE) technique [31]. However and
as expected, the coupled access with small cell case or
what is called the CRE technique, leads to a degradation
in downlink SE which is due mainly to the macro BS
downlink interference affecting the users in the CRE region.

This harmful downlink interference in the range expansion
area is usually solved by applying the Almost Blank
Subframe (ABS) technique [32]. This degradation can be
easily observed in Fig. 9 where the downlink SE is reduced
from 1.94 to 1.74 bps/Hz, whereas the decoupling case is
showing a slight DL improvement from 1.94 to 1.96 bps/Hz.

Moving to the reverse decoupling case, we can notice
a degradation in SE for both directions, from 1.35 to 1.23
bps/Hz in UL and from 1.94 to 1.78 bps/Hz in DL.
The aforementioned results indicate that the DUDA mode
with decoupling access brings greater benefits in the uplink
and maintains the same performance improvement in the
downlink.
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Fig. 9. Capacity per unit bandwidth (Ces) in both UL/DL directions for
various link association policies with Ns = 1, γ = 3 and Re = 300 m.

Figures 10 and 11 show the uplink and downlink spectral
efficiencies, for various association policies while varying
Re, the distance offset factor, between Rs and R − d. In
both figures, we denote by (Th.) the theoretical results and
by (M.C.) the Monte-Carlo simulation results. As expected,
the decoupling case among all other cases, maintains a
higher SE in uplink and downlink for all offset values.
We can observe in Fig. 10 that the uplink SE, for the
decoupling case, shows a considerable degradation for Re
values greater than 280 m, whereas the downlink SE, for
the same case, shows a continuous improvement for all
offset values as shown in Fig. 11. When increasing the offset
value, the decoupled users attached to the macro cell in
the downlink and to the small cell in the uplink, are now
closer to the macro cell and further away from the small
cell. Thus, the downlink received power from the macro BS
will be effectively increased and the uplink received power
by the small cell BS will be decreased. This explains the
degradation in uplink SE and the improvement in downlink
SE. Consequently, it is paramount to find out the trade-off
between the uplink SE and the downlink SE which is in
our case a threshold for Re equal to 260 or 280 m. Last but
not least, it can be concluded from Fig. 10 and Fig. 11, that
Monte-Carlo simulation results match nearly perfectly the
derived capacity expressions for various link association
policies.
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Fig. 10. Comparison of the uplink spectral efficiency between CUDA and
DUDA modes for various (Re) offset factor with Ns = 1 and γ = 3.
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Fig. 11. Comparison of the downlink spectral efficiency between CUDA
and DUDA modes for various (Re) offset factor with Ns = 1 and γ = 3.

6.3 Multiple Small Cells Scenario

A new design parameter emerges when tackling a multiple
small cells scenario. This parameter is the distance between
small cells denoted by d12. Deploying a new network
configuration with randomly positioned interfering small
cell implies 1000 iterations of Monte-Carlo simulations to
obtain consistent and stable results. For each Monte-Carlo
iteration, i.e. for each d12, we generate uniformly distributed
users in different cells for a large number of Monte-Carlo
simulations (around 1000 iterations), to reach a total of 1 000
000 iterations. Note that the required time to analytically
evaluate the decoupling gain expression in (25) is found
to be 10 to 15 seconds, giving fairly accurate results with
a higher precision (n = 80) adopted in the computation
of Laguerre polynomial in (15). On the other hand, the
computational time for running 1 000 000 Monte-Carlo
simulations is given by 4 570 seconds which is significantly
larger, when compared to the analytical expression evalu-
ation time. Hence, there is a strong need for an analytical
model as a replacement for the time consuming Monte-
Carlo simulations, especially in multiple small cells environ-
ments. Note that in the derivation of Laguerre expression,
the target was first to find the minimal value of n for which
the series in (15) converges. It was noticed that, with n=80
and n=100, the expressions converged nearly to the same

value with a higher precision. Therefore, n=80 was selected
as the minimal value of n that gives accurate and precise
results.
In Fig. 12, we evaluate the average user capacity Ces in a
multiple small cells environment for different association
policies. As expected, we notice a decrease in UL and DL
throughput values in comparison with the single small cell
case (Fig. 9). With the increase in the number of small cells
interferers, the interference level increases and thus, the
average user throughput decreases for various association
policies. Consequently and since the decoupling strategy
prevails over the other policies, it will be more interesting
to study the impact of the small cells distribution on the
decoupling gain in a multiple small cells environment.
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Fig. 12. Capacity per unit bandwidth (Ces) in both UL/DL directions for
various link association policies with multiple small cells deployment:
Ns = 2, γ = 3, Re = 300 m and d12 = 800 m.

Figure 13 depicts the uplink decoupling gain as a func-
tion of the distance between the reference small cell and
the interfering small cell (d12). We introduce Monte-Carlo
simulations to demonstrate the accuracy of the analytical
expressions derived for the decoupling gain in the previ-
ous section. We can observe that keeping the interfering
small cell far from the reference small cell for a given
distance, increases the uplink decoupling gain. Exceeding
this threshold, we can notice that the uplink gain maintains
a constant value regardless the distance between small cells,
i.e. no more gain in UL throughput when moving away
the interfering small cell for more than 1100 m from the
reference small cell. To better understand this behavior, we
benefit from the expressions derived in the previous section
for different uplink scenarios (Down - Up and Up - Up),
to plot the graph in Fig. 14. Since increasing the distance
(d12) has a minimal impact on the uplink gain in the Down
- Up scenario, it is clearly shown that the behavior observed
in Fig. 13 is provoked mainly by the Up - Up scenario.
In the Up - Up scenario and when increasing the distance
between small cells to more than 1100 m, the impact of the
interfering small user Ii becomes almost negligible and thus,
the major impact on the uplink throughput appears to be
the interference experienced from the macro user Im. This
interference has a negative impact on the decoupling case
in comparison with the CM case, because of the presence
of a decoupled zone in the interfering small cell. The latter
allows a more closer area for the macro users toward the
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reference small cell and thus, a considerable interference
with the uplink desired signal in that small cell. This will
explain the steadiness of the uplink gain beyond a given
distance (d12).
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Fig. 13. Uplink decoupling gain (ηUL) as a function of the distance
between small cells (d12) with Ns = 2, γ = 3 and Re = 300 m.
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Fig. 14. Uplink decoupling gain breakdown analysis: Down - Up and Up
- Up scenarios with Ns = 2, γ = 3 and Re = 300 m.

Figure 15 depicts the downlink decoupling gain as a func-
tion of the distance between the reference small cell and
the interfering small cell (d12). It can be noticed that the
downlink decoupling gain shows a slight downward trend
when the distance d12 increases. Analyzing the two main
downlink scenarios in Fig. 16, we found out that the main
reason behind the downlink gain decrease is the interference
experienced from the macro user at the small cell user in the
Up - Down scenario. Similar to the uplink case, this interfer-
ence has a negative impact on the decoupling case because
of the presence of a decoupled zone in the interfering small
cell. The latter allows a more closer area for the macro users
to interfere with the downlink desired signal at the small cell
user. However, the fact that the decoupling case improves
the uplink scenarios in the expanded area at the expense of
the downlink scenarios, explains the steadiness of the uplink
decoupling gain and the degradation of the downlink gain
after a given value of d12. This will explain as well the zero
value of the downlink gain obtained in the Down - Down
scenario (ηDL = 0).
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Fig. 15. Downlink decoupling gain (ηDL) as a function of the distance
between small cells (d12) with Ns = 2, γ = 3 and Re = 300 m.
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Fig. 16. Downlink decoupling gain breakdown analysis: Up - Down and
Down - Down scenarios with Ns = 2, γ = 3 and Re = 300 m.

Furthermore, it would be interesting to address a joint
optimization problem, i.e. to evaluate the uplink decoupling
gain as a function of two variables: the small cell offset factor
and the distance between small cells. While accounting for
two small cell offset values (Re = 250 m and Re = 300
m), Fig. 17 highlights the gain obtained for d12 below 1100
m, the range where the uplink gain is achieving a significant
improvement (Fig. 13). We can notice that the highest uplink
decoupling gain (36.2 %) is achieved with d12 = 1000 m
and Re = 250 m. On the other hand, when increasing the
offset value to e.g. Re = 300 m, the decoupled zone in
the interfering small cell becomes more larger and macro
users more closer to the reference small cell and thus, the
interference increases. Moreover, the uplink desired signal
decreases because of the small cell users that are now
transmitting to a farther cell. Consequently, the uplink gain
decreases to 32.5 %.
To further elaborate on the joint optimization subject, Fig.

18 captures the system performance under all possible com-
binations between the small cell coverage (Re) and small
cell placement (d12). Consequently, it is paramount to find
the optimal solution which is in our case, a combination of
a decoupling region with a radius Re equal to 210 m and a
small cell placement with a distance d12 equal to 1000 m.
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Fig. 18. Uplink decoupling gain (ηUL) as a function of all possible (Re,
d12) combinations with Ns = 2 and γ = 3.

6.3.1 Power Control and Reduction in Power Consumption
In order to investigate the impact of considering the power
control in our model, we have introduced a power control
mechanism with P0 = 10−7 W (-40 dBm) and Pmax equal to
0.22 W and 0.2 W for macro and small cell users respectively.
Comparing Fig. 19 (with power control) to Fig. 12 (without
power control), we can deduce that, considering power
control (PC) will reduce uplink throughputs and increase
downlink throughputs for various association policies. In
uplink, considering the PC will reduce the uplink transmit-
ted signal with a slight change in the interference signal;
this will explain the decrease in throughput value. However,
in downlink, the decrease in uplink transmitted signal will
reduce the uplink to downlink interference and keep the
same downlink signal; this will justify the increase in down-
link throughput. Moreover, it can be concluded that the
impact of decoupling remains the same when considering
the power control mechanism; the decoupling technique
continues to prove that it prevails over the other association
policies. Figure 20 shows the reduction in uplink power
consumption when implementing the power control mech-
anism with various association policies. It can be noticed
that the coupled with macro cell policy captures the highest
reduction in power consumption (PR = 61.7 %), from 0.26
W (without PC) to 0.16 W (with PC). With PC, the macro
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Fig. 19. Spectral efficiency (Ces) in both UL/DL directions considering
power control (PC) with P0 = 10−7 W (-40 dBm), Ns = 2, γ = 3,
Re = 300 m and d12 = 800 m.

users that are close to their BS refrain from transmitting
with Pmax, instead they will be compensating the path loss
with a transmitted power less than Pmax. This is behind the
remarkable uplink power reduction noticed in the coupled
with macro case.
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Fig. 20. Uplink power consumption with PC and without PC with P0 =
10−7 W (-40 dBm), Ns = 2, γ = 3, Re = 300 m and d12 = 800 m.

6.3.2 Unsynchronized TDD configuration
To investigate an unsynchronized case, we consider
frame structures that cover all possible uplink/downlink
combinations between the macro and the small cells, as
shown in Fig. 21. In Fig. 22, a slight decrease in uplink

ULDLDL

Interfering macro cell

UL

Reference small cell Interfering small cell

DLULDL UL ULDLDL ULUL ULDLDL ULDLDL ULDLULDL UL

Fig. 21. Unsynchronized TDD frame structure across small cells.

throughput can be noticed for different association policies
when considering the unsynchronized TDD case. This
is due mainly to the interference experienced from the
interfering small cell downlink signal at the reference small
cell uplink desired signal. This type of interference, referred
to as Down - Up interference, exists and has a considerable
effect in the case of an unsynchronized TDD configuration,
more specifically in the case where the interfering small
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cell is operating in uplink and the reference small cell is
operating in downlink. Moreover, it is interesting to note
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Fig. 22. Comparison of the uplink spectral efficiency (Ces) between a
synchronized and an unsynchronized TDD mode with Ns = 2, γ = 3,
Re = 300 m and d12 = 800 m.

that, due to the fact that the users in different small cells are
not synchronized in downlink/uplink transmissions, users
in the expanded areas of the interfering small cell and the
reference small cell cannot be decoupled at the same time.
Therefore, the decoupling zone at the interfering small cell
is no more a second or an additional source of interference.
This will explain the improvement brought to the uplink
decoupling gain in the case of an unsynchronized TDD
configuration as shown in Fig. 23.
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Fig. 23. Comparison of the uplink decoupling gain (ηUL) between a
synchronized and an unsynchronized TDD mode for various d12 values
with Ns = 2, γ = 3 and Re = 300 m.

7 CONCLUSION

We have developed a joint TDD and DUDA statistical model
with multiple small cells deployment. This study was based
on a geometric probability approach and considered the
modeling of both cross-tier and co-tier interferences, in
addition to the average user spectral efficiency. First, a per-
formance comparison study for four various cell association
rules in TDD HetNet has been conducted. Then we have

analyzed, in a multiple small cells environment, the uplink
and downlink decoupling gains as a function of both the
small cell offset factor and the distance between small cells.
We have observed that the decoupling case brings higher
uplink and downlink throughputs for various offset values
and improves the overall system performance when being
combined with a dynamic TDD technology. Furthermore,
we have realized that our modeled network can be further
optimized by adopting the optimal combination of both the
small cell offset factor and the distance between small cells.
Identifying the location of the small cell interferer and the
small cell offset factor will help in improving the gain that
the decoupling mode can bring to a multiple small cells
TDD HetNet. This research will help provide more insight
into the benefits of decoupling mode in different network
deployments: single small cell and multiple small cells
deployments. In addition, the provided numerical results
will help in optimizing networks parameters and designing
cellular network under various conditions.

An important follow-up of this work is to consider
the derived analytical expressions in the design of a joint
optimization algorithm and to implement these techniques
in a system level simulator. The decoupling technique is a
strong candidate for 5G architecture designs and it can be
very useful in many systems where uplink optimization
is very critical. Therefore, it is interesting to investigate
the performance of the decoupling mode in 5G TDD
systems with hybrid HetNet deployment, where mmWave
small cells are supposed to be deployed as an overlay to
traditional sub-6GHz macro cells.
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