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Abstract: To cope with the growing trend of asymmetric data traffic, we introduce a novel network
assisted full duplex (NAFD) for a millimeter wave system. NAFD can dynamically allocate the
number of remote radio heads in the uplink mode or in the downlink mode, which can facilitate
simultaneous uplink and downlink communications. In this manuscript, we use stochastic geometry
to analyze the distribution of the signal-to-interference-plus-noise ratio and the data rate in a NAFD
system. The numerical results verify the analysis and show that the NAFD outperforms the dynamic
time division duplex system and the traditional flexible duplex system in terms of spectral efficiency.

Keywords: network assisted full duplex; stochastic geometry; SINR; spectral efficiency

1. Introduction

Network densification by using small cells in fifth generation cellular communica-
tion systems (5G) could increase the traffic load between different cells significantly [1,2].
In addition, as the popularization of various wireless smart devices and the surge of the
user’s mobility, the traffic asymmetry between the uplink and downlink will continue to
increase [3,4]. Therefore, future communication systems need more flexible technologies to
cope with the situation of huge traffic volumes and asymmetric uplink and downlink services.

Traditional frequency division duplex (FDD) systems usually employ the paired
frequency bands for uplink and downlink transmissions [5], which is difficult to meet
the demand of asymmetry data services. Asymmetric FDD carrier aggregation can solve
the problem, whereas leads to increased cost and power consumption [6,7]. In contrast,
time division duplex (TDD) systems do not require paired frequencies. It can use an
asymmetric time slot configuration in the uplink and downlink according to the actual
situation [8,9]. Due to the asymmetry of spatio-temporal traffic, the synchronization slot
configuration is extremely inefficient for small cellular networks. Xin et al. [10] proposed
a method of adjusting the number of base stations in the uplink or the downlink modes
in a flexible manner to solve the traffic asymmetry problem. In the system proposed by
Xin et al., each base station can flexibly adjust its working state (uplink or downlink)
without strict synchronization with other base stations; thus, reducing the overhead of the
synchronization signal.

Recently, a unified duplex technique called network assisted full duplex (NAFD) has
been presented to combine flexible duplex, hybrid-duplex, full duplex and other duplex
methods by using cell-free massive MIMO network method [11]. By taking advantage of
the virtue of joint processing, such as the downlink-to-uplink interference cancellation in
the digital domain and genetic algorithm based user scheduling, cross-link interference has
been alleviated to a large extent. NAFD technique could fully exploit the spatial degree-
of-freedom of distributed networks and triggers further research interests. Millimeter
wave (mmWave) propagation is a key enabling technique for 5G system. In mmWave
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band, phased array technique could be used to reduce implementation complexity of the
transceiver. With narrow beam, spatial domain duplex could be possible. In this paper,
we introduce NAFD to mmWave system with phased array. For mmWave systems, we
can use narrow beams to reduce the cross-link interference which is the main challenge for
sub-6GHz systems with NAFD.

In [11], the spectral efficiency analysis have been given by using random matrix theory.
However, the system-level performance of NAFD has not been studied. Stochastic geometry
is a useful tool for analyzing the performance of traditional cellular network systems [12,13].
The total signal-to-interference-plus-noise ratio (SINR) coverage probability was derived in
a simple form by modeling the location of the base station in a traditional cellular network
as a poisson point process (PPP) on a two-dimensional Euclidean plane [14]. In addition, it
has been verified that the SINR coverage probability derived from the stochastic geometry
tool is the lower bound of the SINR coverage probability derived from the actual cellular
network location deployment [14,15]. The application of stochastic geometry is not limited
to conventional cellular networks but also mmWave cellular networks. A general frame-
work was proposed to evaluate the coverage and rate performance in mmWave cellular
networks that leverages concepts from stochastic geometry [16].

This study analyzes the SINR coverage probability and spectral efficiency of a mmWave
system with NAFD based on a stochastic geometry framework. The results show that the
NAFD outperforms the dynamic TDD system and the traditional flexible duplex system in
spectral efficiency.

The remainder of this paper is organized as follows. Section 2 introduces the NAFD
system model, which includes the concept of NAFD, the remote radio head (RRH) and user
location deployment, directional antenna models, and channel fading. Section 3 mathemat-
ically derives the distribution of the downlink and uplink SINR based on the conclusions
of stochastic geometry. Section 4 mathematically derives the coverage probability of the
instantaneous achievable rate and the average achievable rate. Section 5 provides the
numerical results and discussions. Finally, Section 6 concludes this paper.

2. System Model
2.1. Concept of NAFD for mmWave System

In this paper, we consider a mmWave system with NAFD, which is composed of a
baseband unit (BBU) and several RRHs. The RRHs are connected to the BBU through
a high-speed optical cable, and multiple BBUs are grouped together for real-time signal
processing by the cloud computing platform. The RRH could be with half-duplex or full-
duplex. To reduce the hardware implementation, we consider half-duplex RRH. In NAFD
systems, both uplink and downlink transmission use the same resource blocks, and the
BBU determines whether the RRH works in the uplink mode or the downlink mode [11].
Cross-link interferences, including downlink-to-uplink and uplink-to-downlink interfer-
ences will be a main challenge in NAFD. Since all the RRHs are connected to the BBU,
downlink-to-uplink interference can be cancelled in digital domain. The spectral efficiency
of NAFD could be better than that of dynamic TDD with downlink-to-uplink interference
cancellation [11].

2.2. RRH and User Deployment

This study assumed that the RRHs are located according to a homogeneous PPP of
density λR in the Euclidean plane. The probabilities of RRH in the downlink mode and the
uplink mode are denoted by pD and pU respectively, where pD + pU = 1. By the thinning
theorem of the PPP [12,13], the locations of the RRHs in the downlink mode and the uplink
mode can be modeled as two independent homogeneous PPPs ΦD

R and ΦU
R with densities

pDλR and pUλR, respectively.
Before associating with a particular RRH, the mobile user locations follow a homo-

geneous PPP with density λU. It is assumed that each user is associated with the nearest
base station; hence, the users of each RRH are uniformly distributed in the Voronoi cell
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of the RRH [17]. It is also assumed that each RRH serves a single active user on a given
time-frequency resource, which is randomly selected from all users in its Voronoi cell.
Figure 1 shows a schematic diagram of the RRH and user deployment of the NAFD system
when λR = 10−3 RRH/m2 and pD = pU = 1/2.
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Figure 1. A diagram of the RRH and user deployment of the NAFD system.

2.3. Directional Beamforming

In this paper, both RRHs and user terminals use phased array technique to perform
directional beamforming. For tractability of the analysis, a sectored antenna model is
exploited to approximate the array patterns [16] and perfect beam alignment is also adopted.
Let GM,m,θ(φ) denote the sector antenna model in Figure 2, where M is the main lobe
directivity gain, m is the back lobe gain, θ is the beamwidth of the main lobe, and φ is the
angle off the boresight direction. The antenna gain is assumed to be constant M when the
angle φ is in the main lobe and constant m when the angle φ is in the back lobe. Without loss
of generality, the antenna’s boresight direction is assumed to be 0◦, then:

GM,m,θ(φ) =

{
M, φ ≤ |θ/2|,
m, φ ≥ |θ/2|. (1)

Let MR, mR, and θR be the main lobe gain, side lobe gain, and half beamwidth of the
RRH antenna, respectively. In addition, MU, mU, and θU are the corresponding parameters
of the user’s antenna.

M

m

Figure 2. A sectored model to approximate the beamforming patterns.

In the downlink, the total antenna gain from the i-th RRH in the downlink mode to
the typical downlink user can be denoted by Ai = GMR,mR,θR

(
φi

R
)
GMU,mU,θU

(
φi

U
)
, where

φi
R and φi

U indicate the angle of departure and the angle of arrival, respectively. Since
the typical downlink user is associated with the nearest RRH, both the typical user and
its serving RRH will estimate the downlink channel. This includes the angle of arrival
and fading, and then it adjusts the antenna steering direction accordingly to exploit the
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maximum directional gain. This study ignored the error in the channel estimation and
the synchronization error of the time and carrier frequency. Therefore, the directional
gain for the desired downlink is MRMU. For the i-th interfering link, the angles φi

R and
φi

U are assumed to be independently and uniformly distributed in (0, 2π]. As a result,
the directional gain Ai is a discrete random variable with the probability distribution as
Ai = a1

k with the probability b1
k . The probability mass function of Ai is shown in Table 1.

Table 1. Probability mass function of Ai.

k 1 2 3 4

a1
k MR MU MRmU mR MU mRmU

b1
k

θRθU
4π2

θR(2π−θU)
4π2

(2π−θR)θU
4π2

(2π−θR)(2π−θU)
4π2

Let Bi = GMU1
,mU1

,θU1
(φi

U1
)GMU2 ,mU2 ,θU2

(φi
U2
) denote the total antenna gain from the

i-th interfering uplink user to the typical downlink user, where φi
U1

and φi
U2

indicate the
angle of departure and the angle of arrival, respectively. The angles φi

U1
and φi

U2
are as-

sumed to be independently and uniformly distributed in (0, 2π]. As a result, the directional
gain Bi is a discrete random variable with the probability distribution as Bi = a2

k with the
probability b2

k . The probability mass function of Bi is shown in Table 2.

Table 2. Probability mass function of Bi.

k 1 2 3

a2
k M2

U MUmU m2
U

b2
k

θ2
U

4π2
θU(2π−θU)

2π2
(2π−θU)

2

4π2

In the uplink, let Ci = GMU,mU,θU

(
φi

U
)
GMR,mR,θR

(
φi

R
)

denote the total antenna gain
from the i-th typical uplink user to the tagged RRH, which is in the uplink mode and is the
serving RRH of the typical uplink user, where φi

U and φi
R indicate the angle of departure

and the angle of arrival, respectively. Similar to the downlink transmission, the directional
gain for the desired uplink is MUMR. For the i-th interfering link, the angles φi

U and φi
R are

assumed to be independently and uniformly distributed in (0, 2π]. Therefore, the discrete
random variable Ci has the same probability mass function as Ai.

Let Di = GMR1
,mR1

,θR1

(
φi

R1

)
GMR2 ,mR2 ,θR2

(
φi

R2

)
denote the total antenna gain from the

i-th interfering RRH in the downlink mode to the tagged RRH in the uplink mode, where
φi

R1
and φi

R2
indicate the angle of departure and the angle of arrival, respectively. The angles

φi
R1

and φi
R2

are assumed to be independently and uniformly distributed in (0, 2π]. As a
result, the directional gain Di is a discrete random variable with the probability distribution
as Di = a3

k with the probability b3
k . The probability mass function of Di is shown in Table 3.

Table 3. Probability mass function of Di.

k 1 2 3

a3
k M2

R MRmR m2
R

b3
k

θ2
R

4π2
θR(2π−θR)

2π2
(2π−θR)

2

4π2

2.4. Channel Fading and Power Allocation

Channel fading includes large-scale fading and small-scale fading. Regarding large-
scale fading, assuming that the path loss model is PL(d) = Kd−α, where α (α > 2) repre-
sents the path loss exponents, while K represents the path loss at the reference distance
d = 1. It is assumed that the small-scale fading is modeled as Rayleigh fading; hence,
the channel power gain is subject to exponential distribution. Without loss of generality,
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supposing that the mean of the exponential distribution is 1. This study used g, h, g′, and h′

to denote the channel power gain of the RRH-to-user link, user-to-user link, RRH-to-RRH
link, and user-to-RRH link, respectively. As a result, g, h, g′, and h′ are independent and
identically distributed (i.i.d) random variables.

In the downlink, the RRH transmission powers are assumed to be a constant PR. In the
uplink, mobile users use distance-proportional fractional power control [14]. For example,
the transmission power of the uplink user is PUK−εRεα, where R is the distance from the
uplink user to its serving RRH, and ε ∈ [0, 1] is the power control factor. This includes
the special case of fixed transmission power (ε = 0) and perfect channel inversion (ε = 1).
In the case of power control, as the user approaches the desired RRH, the transmission
power required to maintain the same received signal power is reduced.

3. SINR Coverage Analysis

The SINR coverage probability PS(y) is defined as the probability that the received
SINR is larger than some threshold y (y > 0) , i.e., the complementary cumulative distribu-
tion function (CCDF) of SINR:

PS(y) = P(SINR > y). (2)

In this sections, we firstly consider the performance of traditional flexible duplex,
and then study the performance of NAFD.

3.1. Downlink SINR Coverage Analysis

For downlink transmission, we do not consider the interference cancellation at user
terminal side, and we also do not perform the scheduling [11] or user selection [18] to
alleviate the uplink-to-downlink interference. Then, in this case, the downlink performance
of NAFD is the same as traditional flexible duplex. Without loss of generality, all analysis is
for a typical user at the origin, which is denoted by X. It is assumed that the typical user
is associated to the nearest RRH, which is in the downlink mode and is denoted by Y0.
Therefore, the downlink SINR for the typical user can be expressed as:

SINRDL =
PRMRMUgX,Y0 KD−α

X,Y0

N0 + ID + IU
, (3)

where N0 is the noise power at the typical user. gX,Y0 denotes the channel power gain from
Y0 to the typical user, and gX,Y0 ∼ exp(1). DX,Y0 is the distance between Y0 and the typical
user. Note that Dx,y denotes the distance between the nodes at x and y. ID denotes the
interference received at the typical user from all of the other RRHs in the downlink mode
except Y0, which can be defined as:

ID = ∑
Yi∈ΦD

R \{Y0}
AiPRgiKD−α

X,Yi
, (4)

where gi denotes the channel power gain from the i-th interfering RRH in the downlink
mode to the typical user and gi ∼ exp(1). Ai denotes the effective antenna gain. IU denotes
the interference received at the typical user from all of the uplink users, which can be
defined as:

IU = ∑
Zi∈{ΦU

R}
BiPUK−εDεα

Zi ,N(Zi)
hiKD−α

X,N(Zi)
, (5)

where hi denotes the channel power gain from the i-th interfering uplink user to the typical
user, and hi ∼ exp(1). Zi denotes the i-th RRH in the uplink mode, and its associated user
is N(Zi). Bi denotes the effective antenna gain.
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For convenience and tractability, it is assumed that the distance between the interfering
uplink user at N(Zi) and the typical user at the origin can be approximated to the distance
between the RRH at Zi and the typical user at the origin:

DX,N(Zi)
= DX,Zi . (6)

Section 5 will verify the accuracy of the distance approximation in (6). Hence, the interfer-
ence received at the typical user from all of the uplink users can be approximated to:

ÎU = ∑
Zi∈{ΦU

R}
BiPUK−εDεα

Zi ,N(Zi)
hiKD−α

X,Zi
. (7)

Theorem 1. For the flexible duplex system and the NAFD system, the downlink SINR coverage
probability can be computed as:

PS,DL(y) =
∫ ∞

0
e−s1 N0LID(s1)L ÎU

(s1) fD(r)dr, (8)

where:
s1 = yrα(PRMRMUK)−1, (9)

LID(s1) =
4

∏
k=1

exp

{
2πpDλRβ1

kr2b1
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β1

k

)}
, (10)

β1
k = −s1a1

k PRKr−α, (11)

L ÎU
(s1) =

3

∏
k=1

exp

−2πpUλRb2
kEDZi ,N(Zi)

∫ ∞

r

xdx

1 +
(

s1a2
k PUK−εDεα

Zi ,N(Zi)
K
)−1

xα


, (12)

fD(r) = 2πλRre−πλRr2
. (13)

Proof of Theorem 1. By using (2), (3), and (7), the probability of the downlink coverage
relative to the SINR threshold y can be written as:

PS,DL(y) = EDX,Y0

[
P
(
SINRDL > y

∣∣DX,Y0

)]
=
∫ ∞

0
P
[

PRMRMUgX,Y0 KD−α
X,Y0

N0 + ID + ÎU
> y

∣∣DX,Y0 = r

]
fD(r)dr

=
∫ ∞

0
P
[

gX,Y0 > yrα(PRMRMUK)−1(N0 + ID + ÎU
)]

fD(r)dr.

(14)

Because the locations of the RRHs follow a homogeneous PPP with density λR and
the users are associated to the nearest RRH [14], the probability density function of DX,Y0

can be found as (13). Let s1 = yrα(PRMRMUK)−1, and using the fact that gX,Y0 ∼ exp(1),
the inner probability term in (14) can be expressed as:

P
[

gX,Y0 > yrα(PRMRMUK)−1(N0 + ID + ÎU
)]

= P
[
gX,Y0 > s1

(
N0 + ID + ÎU

)]
= e−s1 N0LID+ ÎU

(s1), (15)

where LID+ ÎU
(·) is the Laplace transform of the total interference. Since ΦU

R and ΦD
R are

independent PPPs, LID+ ÎU
(s1) can be rewritten as :

LID+ ÎU
(s1) = LID(s1)×L ÎU

(s1). (16)
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First, calculate the LID(s1),

LID(s1) = E
[
e−s1 ID

]
= EΦD

R ,gi ,Ai

exp

−s1 ∑
Yi∈ΦD

R \{Y0}
AiPRgiKD−α

X,Yi


= EΦD

R

 ∏
Yi∈ΦD

R \{Y0}
Egi ,Ai

[
exp

(
−s1 AiPRgiKD−α

X,Yi

)]
(a)
= exp

{
−2πpDλR

∫ ∞

r

(
1−Egi ,Ai

[
exp

(
−s1 AiPRgiKx−α

)])
xdx

}
(b)
= exp

{
−2πpDλREAi

[∫ ∞

r

(
1− 1

1 + s1 AiPRKx−α

)
xdx

]}
(c)
= exp

{
−2πpDλR

4

∑
k=1

b1
k

∫ ∞

r

xdx

1 +
(
s1a1

k PRK
)−1xα

}

=
4

∏
k=1

exp

{
−2πpDλRb1

k

∫ ∞

r

xdx

1 +
(
s1a1

k PRK
)−1xα

}
(d)
=

4

∏
k=1

exp

{
2πpDλRβ1

kr2b1
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β1

k

)}
,

(17)

where (a) is obtained using the probability generating functional (PGFL) of PPP [12,13].
(b) is obtained using gi ∼ exp(1). Note that the lower extreme of the integration is r as the
distance between the closest interfering RRH in the downlink mode and the typical user
is greater than r. This is the distance between the typical user and its serving RRH. (c) is
from the probability mass function of Ai. 2F1(·, ·; ·; ·) is the hypergeometric function and
β1

k = −s1a1
k PRKr−α [19].

Following similar steps, the expression of L ÎU
(s1) can be obtained in (12).

Finally, substituting (17) , (12) and (15) into (14) results in (8).

Assuming no power control, i.e., ε = 0, (12) can be rewritten as:

L ÎU
(s) =

3

∏
k=1

exp

{
2πpUλRβ2

kr2b2
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β2

k

)}
, (18)

where β2
k = −s1a2

k PUKr−α and α > 2.

3.2. Uplink SINR Coverage Analysis for Traditional Flexible Duplex

It is assumed that the typical user is at the origin denoted by X and it is associated to
the nearest RRH, which is in the uplink mode and is denoted by Z0. Therefore, the uplink
SINR at the tagged RRH Z0 can be expressed as:

SINRUL =
PUMRMUh′X,Z0

K(1−ε)Dα(ε−1)
X,Z0

N1 + ĨD + ĨU
, (19)

where N1 is the noise power at the tagged RRH. h′X,Z0
denotes the channel power gain

from the typical user to the tagged RRH, and h′X,Z0
∼ exp(1). ĨD denotes the interference

received at the tagged RRH from all RRHs in the downlink mode. This can be defined as:

ĨD = ∑
Yi∈{ΦD

R}
DiPRg′iKD−α

Z0,Yi
, (20)

where g′i denotes the channel power gain from the i-th interfering downlink RRH, and
g′i ∼ exp(1). Di denotes the effective antenna gain. ĨU denotes the interference received
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at the tagged RRH from all of the other uplink users except the typical user, which can be
defined as:

ĨU = ∑
Zi∈ΦU

R \{Z0}
CiPUK(1−ε)Dεα

Zi ,N(Zi)
h′iD

−α
Z0,N(Zi)

, (21)

where h′i denotes the channel power gain from the i-th interfering uplink user, and
h′i ∼ exp(1). Zi denotes the i-th RRH in the uplink mode, and its associated user is N(Zi).
Ci denotes the effective antenna gain.

For convenience and tractability, it is assumed that the distance between the interfering
RRH in the downlink mode at Yi and the tagged RRH at Z0 can be approximated to the
distance between Yi and the typical user at the origin, i.e.,

DZ0,Yi = DX,Yi . (22)

Hence, the interference received at the tagged RRH from all of the RRHs in the
downlink mode can be approximated to:

ĪD = ∑
Yi∈{ΦD

R}
DiPRg′iKD−α

X,Yi
. (23)

Similarly, it is assumed that the distance between the interfering uplink user at N(Zi)
and the tagged RRH at Z0 can be approximated to the distance between the RRH at Zi and
the typical user at the origin:

DZ0,N(Zi)
= DX,Zi . (24)

Section 5 will verify the accuracy of the distance approximation in (22) and (24).
Using (24), the interference received at the tagged RRH from all of the other uplink users,
except the typical user, can be approximated to:

ĪU = ∑
Zi∈ΦU

R \{Z0}
CiPUK(1−ε)Dεα

Zi ,N(Zi)
h′iD

−α
X,Zi

. (25)

Theorem 2. For the flexible duplex system, the uplink SINR coverage probability can be computed as:

PS,UL(y) =
∫ ∞

0
e−s2 N1L ĪD

(s2)L ĪU
(s2) fD(r)dr, (26)

where:
s2 = y(PUMRMU)

−1K(ε−1)rα(1−ε), (27)

L ĨD
(s2) =

3

∏
k=1

exp

{
2πpDλRβ3

kr2b3
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β3

k

)}
, (28)

β3
k = −s2a3

k PRKr−α, (29)

L ĨU
(s2) =

4

∏
k=1

exp

−2πpUλRb1
kEDZi ,N(Zi)

∫ ∞

r

xdx

1 +
(

s2a1
k PUK(1−ε)Dεα

Zi ,N(Zi)

)−1
xα


, (30)

fD(r) = 2πλRre−πλRr2
. (31)
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Proof of Theorem 2. By using (2), (19), (23), and (25), the probability of the uplink coverage
relative to the SINR threshold y can be written as:

PS,UL(y) = EDX,Z0

[
P
(
SINRUL > y

∣∣DX,Z0

)]
=
∫ ∞

0
P

PUMRMUh′X,Z0
K(1−ε)Dα(ε−1)

X,Z0

N1 + ĪD + ĪU
> y

∣∣DX,Z0 = r

 fD(r)dr

=
∫ ∞

0
P
[

h′X,Z0
> y(PUMRMU)

−1K(ε−1)rα(1−ε)(N1 + ĪD + ĪU)
]

fD(r)dr,

(32)

where fD(r) = 2πλRre−πλRr2
is similar to the downlink analysis. Let

s2 = y(PUMRMU)
−1K(ε−1)rα(1−ε),

and using the fact that h′X,Z0
∼ exp(1), the inner probability term in (32) can be further

simplified as:

P
[

h′X,Z0
> y(PUMRMU)

−1K(ε−1)rα(1−ε)(N1 + ĪD + ĪU)
]
= P

[
h′X,Z0

> s2(N1 + ĪD + ĪU)
]
=e−s2 N1L ĪD+ ĪU

(s2), (33)

where L ĪD+ ĪU
(·) is the Laplace transform of the total interference. Since ΦU

R and ΦD
R are

independent PPPs, L ĪD+ ĪU
(s2) can be rewritten as:

L ĪD+ ĪU
(s2) = L ĪD

(s2)×L ĪU
(s2). (34)

First, similar to the calculation of LID(s1) in the proof of Theorem 1, L ĨD
(s2) can be

calculated as:

L ĪD
(s2) = E

[
e−s2 ĪD

]
= EΦD

R ,g′i ,Di

exp

−s2 ∑
Yi∈{ΦD

R}
DiPRg′iKD−α

X,Yi


= exp

{
−2πpDλR

∫ ∞

r

(
1−Eg′i ,Di

[
exp

(
−s2DiPRg′iKx−α

)])
xdx

}
= exp

{
−2πpDλREDi

[∫ ∞

r

(
1− 1

1 + s2DiPRKx−α

)
xdx

]}
=

3

∏
k=1

exp

{
−2πpDλRb3

k

∫ ∞

r

xdx

1 +
(
s2a3

k PRK
)−1xα

}

=
3

∏
k=1

exp

{
2πpDλRβ3

kr2b3
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β3

k

)}
,

(35)

where β3
k = −s2a3

k PRKr−α.
Following the similar steps, the expression of L ĪU

(s2) can be obtained in (30).
Finally, substituting (35) , (30) and (33) into (32) results in (26).

Assuming no power control, (30) can be rewritten as:

L ĪU
(s2) =

4

∏
k=1

exp

{
2πpUλRβ4

kr2b1
k

α− 2 2F1

(
1, 1− 2

α
; 2− 2

α
; β4

k

)}
, (36)

where β4
k = −s2a1

k PUKr−α and α > 2.

3.3. Uplink SINR Coverage Analysis for NAFD

It is assumed that a perfect downlink-to-uplink interference cancellation can be per-
formed for the NAFD system.
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Theorem 3. For the NAFD system, the uplink SINR coverage probability can be computed as:

P′S,UL(y) =
∫ ∞

0
e−s2 N1L ĪU

(s2) fD(r)dr, (37)

where the expressions of s2, L ĪU
, and fD(r) are in Theorem 2.

Proof of Theorem 3. The proof can be obtained following similar steps in Theorem 2.

4. Rate Analysis
4.1. Instantaneous Rate Analysis

The instantaneous achievable rate (bits/s) can be defined as:

Γins = Wlog2(1 + SINR), (38)

where W is the bandwidth. The exact rate distribution can be derived using the rate
coverage probability PR(γ) = P[Γins > γ] [16]. Given the SINR coverage probability, the in-
stantaneous achievable rate coverage probability can be computed as:

PR(γ) = P[Wlog2(1 + SINR) > γ] = P
(

SINR > 2
γ
W − 1

)
= PS

(
2

γ
W − 1

)
. (39)

4.2. Average Rate Analysis

The average achievable rate (bits/s/Hz) can be defined as:

Γerg= E[log2(1 + SINR)]. (40)

Because the expectation of a positive random variable X can be calculated as

E[X] =
∫

u>0
P(X > u)du,

we have
Γerg =

∫ ∞

0
P[log2(1 + SINR) > u]du. (41)

Hence, the average downlink rate and the average uplink rate of the flexible duplex
system and the NAFD system are given by:

ΓDL
erg,FD = ΓDL

erg,NAFD =
∫ ∞

0
PS,DL(2u − 1)du, (42)

ΓUL
erg,FD =

∫ ∞

0
PS,UL(2u − 1)du, (43)

ΓUL
erg,NAFD =

∫ ∞

0
P′S,UL(2

u − 1)du. (44)

5. Numerical Results and Discussion
5.1. System Parameters

This section first uses the Monte Carlo simulations to verify the accuracy of the
analytical results of the SINR coverage probability in Theorems 1 and 2. Subsequently, we
compare the uplink SINR coverage probability in the flexible duplex system and the NAFD
system. We also compare the overall SINR coverage performance in the flexible duplex
system under different RRH antenna parameters. Finally, we discuss the advantage of the
rate performance of the NAFD system.

Consider a circular area with radius 500 m, the RRH density is λR = 10−3 RRH/m2.
Unless otherwise specified, the values of the network parameters are set as follows: band-
width W = 400 MHz, K = 8.8× 10−4, α = 3.67, and ε = 0. The transmission power of
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RRHs in the downlink mode and the uplink users are PR = 46 dBm and PU = 23 dBm, re-
spectively. The noise signal power is N0 = N1 = −174 dBm/Hz. The RRH antenna pattern
is MR = 7 dBi, mR = 0 dBi, and θR = 30◦ while the user antenna pattern is MU = 3 dBi,
mU = 0 dBi, and θU = 30◦.

5.2. Numerical Results

The flexible duplex system has the flexibility to adjust pD and pU (pD + pU = 1) to
meet the different demands for the uplink and downlink traffic needs. Figures 3 and 4
validate the accuracy of the derived analytical downlink and uplink SINR coverage prob-
ability respectively shown in Theorems 1 and 2. The lines correspond to the theoretical
results with the distance approximation. A hollow circle marker and a solid circle marker
correspond to the Monte Carlo simulation results with and without the distance approxima-
tion, respectively. It is shown that the theoretical results match well with the Monte Carlo
simulation results whether the distance approximation is used or not. In addition, as can
be seen from Figure 3, a lower pU achieves a lower downlink SINR coverage probability.
With a decrease of pU, the interference from the uplink user to the target downlink user
decreases while the interference from the RRHs in the downlink mode increases. Since
the transmission power of the RRHs in the downlink mode is larger than the uplink users,
the total interference increases and the coverage probability decreases. Similarly, as shown
in Figure 4, a better uplink SINR performance is achieved by increasing pU.
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Figure 3. Downlink SINR coverage probability for flexible duplex and NAFD.
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Figure 4. Uplink SINR coverage probability for flexible duplex.
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Figure 5 compares the uplink SINR coverage probability in the traditional flexible
duplex system and the NAFD system. As demonstrated from Figure 5, the coverage
probability of the uplink SINR will increase with the downlink interference cancellation.
In addition, the higher the proportion of RRHs in the downlink mode, the greater the
increase of the uplink SINR coverage probability. Since there is a larger proportion of RRHs
in the downlink mode, more downlink interference will be eliminated; hence, there will be
a smaller total interference for the tagged RRH in the uplink mode.
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Figure 5. The comparison of uplink SINR coverage probability between the traditional flexible duplex
system and the NAFD system.

The total SINR coverage probability for this flexible duplex system can be defined as
PS(y) = pDPS,DL(y) + pUPS,UL(y). Figure 6 compares the total SINR coverage probability
of the flexible duplex system under different θR with pD = pU = 1/2. Intuitively, when
the main lobe gain MR and the back lope gain mR is fixed, a better SINR performance is
achieved by decreasing the main lobe beamwidth θR.
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Figure 6. SINR performance with different θR.

Figure 7 compares the instantaneous achievable rate coverage probability of the
traditional flexible duplex system, the NAFD system and the dynamic TDD system. For the
dynamic TDD system, all RRHs perform an uplink transmission or a downlink transmission
during a certain time period. Supposing that the time is divided into the frames with a
length of T seconds, all RRHs simultaneously receive uplink signals in time period mT
and transmit signals in the time interval (1−m)T, where 0 ≤ m ≤ 1. To some extent, let
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pD = pU = m = 1/2 to ensure the fairness of the comparison. As illustrated in Figure 7,
the NAFD system has a better performance for the instantaneous achievable rate coverage
probability than both the flexible duplex system and the dynamic TDD system.
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Figure 7. Instantaneous achievable rate performance.

Figure 8 compares the average achievable rate per unit area of the traditional flexible
duplex system, the NAFD system, and the dynamic TDD system under different λR.
Figure 8 shows that with the increase of λR, the area spectral efficiency for both systems
increase, and the area spectral efficiency of the NAFD system is higher than both the flexible
duplex system and the dynamic TDD system.
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Figure 8. Average achievable rate performance.

5.3. Discussion

From the above numerical results, we have the following remarks. Firstly, the de-
rived analytical downlink and uplink SINR coverage probability respectively shown in
Theorems 1 and 2 match well with the Monte Carlo simulation results, which means our
theoretical results could be used to demonstrate the system-level performance of mmWave
systems with NAFD. Secondly, when all the users use the same frequency bands, the mode
selection of RRH is very important for both flexible duplex system and NAFD system. We
should optimize the transmitting or receiving mode of each RRH to improve the system-
level performance. Thirdly, the numerical results have also demonstrated that when we
use large number of antenna elements and reduce beam-width, the probability of cross-link
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interference will decrease and the performance of the system will be improved. Finally,
the we also see that with the ability of cooperative interference cancellation, NAFD has
much better performance compared with both the flexible duplex system and the dynamic
TDD system.

6. Conclusions

This study analyzed the SINR coverage probability and the spectral efficiency in
the flexible duplex system and the NAFD system based on a stochastic geometry frame-
work. We derived the downlink and uplink SINR coverage probability, the instantaneous
achievable rate coverage probability, and the average achievable rate. The accuracy of
the analytical expressions was verified by Monte Carlo simulations. The numerical re-
sults show that the NAFD system outperforms both the flexible duplex system and the
dynamic TDD system in spectral efficiency. Since the future communication networks are
becoming denser and more heterogeneous, further extensions to our study could include
heterogeneous wireless networks.
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