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Abstract—Both Device-to-device (D2D) and full-duplex (FD)
have been widely recognized as spectral efficient techniques in the
fifth-generation wireless communications systems. By enabling FD
mode in D2D communications, the attainable spectrum efficiency
can be (in theory) up to twice as high as that of conventional
half-duplex (HD) mode D2D technology, provided that the self-
interference signal in the former can be sufficiently suppressed.
Considering the fact that FD technology does not always outper-
form the HD technology in arbitrary channel condition, we will
delve into the FD gain as well as its preconditions for acquisi-
tion in this paper. In particular, the performance of D2D-aided
underlaying cellular networks is investigated by assuming that the
D2D users are capable of operating at both HD and FD modes.
Under a given user workload, the sum throughput in each DU
is shown to be always improved by activating D2D links despite
an extra DU-induced interference could be imposed on its co-
spectrum cellular users. Numerical results show that the FD-D2D
mode exhibits its superiority in terms of sum throughput than the
HD-D2D mode in a light-workload scenario even if a non-ideal SI
cancellation has been implemented in the former, but the latter
pulls back a game in a heavy-workload scenario. Furthermore,
to maximize the sum throughput, an appropriate mode-selection
scheme (i.e., by choosing either FD or HD mode in the current
time-slot for each individual D2D user) should be implemented for
sufficiently exploiting the FD gain according to the instantaneous
radio frequency environment.

Index Terms—Device-to-Device, full-duplex, underlaying
cellular networks, average coverage probability, occupation
probability.

I. INTRODUCTION

W ITH the rapid development of new technologies such as
the Internet of Things as well as the rapid populariza-

tion of new services such as high-definition video on demand,
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wireless spectrum resources are becoming increasingly scarce.
To meet the growing communication demands of customers,
the spectral efficiency of the existing wireless networks must
be substantially improved [1]–[5]. Meanwhile, the base stations
(BSs) under the conventional BS-centric cellular network archi-
tecture may often operate at an overloaded status (especially in
a rush hour), thus resulting in a severe load imbalance over the
network [6].

Device-to-device (D2D) technology, which allows the geo-
graphically neighboring devices to communicate directly with-
out relying on the involvement of BSs, has been regarded as
one of the core techniques of the fifth-generation (5G) wireless
communications systems that will provide an unprecedented
quality of service to the customers [7]–[9]. Several advantages,
including a significantly improved throughput [10], an improved
spectral efficiency [11], [12], an extended radio coverage of
mobile users [13], a reduced power consumption in mobile
devices [14], [15], a lower end-to-end latency [16], and an
efficaciously relieved traffic budget from the BS side to the
terminal side [17], etc, have been exhibited in D2D technology.
In particular, unlike the conventional cellular users (CUs), path
loss due to the large-scale fading between D2D users (DUs) can
be substantially relieved due to the fact that the distance between
D2D pairs is usually much less than the CU-to-BS distance.

Besides D2D, the full-duplex (FD) technology has also been
regarded as an appealing technology with a great potential for
improving the spectrum efficiency in 5G systems [18]. Since the
FD-mode users are allowed to perform concurrent transmission
and reception over a single spectrum,1 the FD gain in terms
of the attainable spectral efficiency over the half-duplex (HD)
mode can (in theory) be up to twice [19]–[21]. Although the
HD mode has already been widely adopted in the existing D2D
communication networks [22], the spectral efficiency of the
D2D-aided underlaying cellular networks (CNs) can definitely
be further improved by employing FD technology.

A. Motivation

Although D2D has been proven to be a spectral-efficient
technology, there still exist some bottlenecks to overcome in
D2D-aided underlaying CNs, such as (just list a few of the most
typical issues)

1Without loss of generality, we use FD mode D2D technology as an example
to explain the technical advantages of FD. In this scenario, the licensed spectrum
that has been allocated to a conventional CU is allowed to be reused by a pair
of DUs.
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1) The DUs typically reuse the licensed spectrum that has
already been allocated to the conventional CUs, in which
case the D2D transmitters (DTs) may impose a severe in-
terference on the co-spectrum CUs whenever both of them
are activated simultaneously. Evidently, the D2D-induced
interference may significantly erode the performance of
conventional CUs [23], [24].

2) The amount of traffic load (which is also referred to as
“workload”) carried on each user can be used for charac-
terizing the user’s current working status (i.e., in silence
or active status). On the one hand, users with a heavier
workload will take longer on the spectrum, which will
inevitably cause long-term interference to other users. On
the other hand, under the premise of a given peer-to-peer
traffic load, the active communication cycle of DUs in FD
mode (FD-DUs) will be reduced to half of the DUs in HD
mode (HD-DUs) (i.e., once the current workload is sent,
the node must go to the silence status immediately to avoid
imposing a further interference on the other users).

3) Although FD technology usually outperform HD tech-
nology in terms of spectral efficiency, the severe self-
interference (SI), which happens between the transmit
and receive antennas of the same FD device, may totally
drown out the signal of interest that is transmitted by a
remote transmitter [25]. Consequently, the SI may erode
the attainable FD gain or even lead to a performance worse
than the conventional HD technology. Although most of
the SI power can be sufficiently suppressed by employing
an appropriate SI cancellation (SIC) technique (please
refer to [19] for details), the residual SI (RSI) may still
erode the FD gain to some extent.

4) In each transmission of DUs, either FD or HD mode can
be employed, subjecting to the maximization of the sum
throughput of the underlaying CNs. Since FD does not
always outperform HD, each DU must be capable of adap-
tively choosing an appropriate duplex mode according to
its current channel quality.

To address the above issues, the optimal FD/HD mode selec-
tion in the underlaying CNs must be performed for maximizing
the attainable performance gain.

B. The Existing Work

The performance analysis of the D2D-aided underlaying
CNs has been widely carried out. For instance, a closed-form
expression for the average coverage probability (ACP) of the
underlaying CNs has been derived in [26], where the authors
gave out an analytic expression for the ACP of the CUs relying
on both stochastic geometry and Poisson point process (PPP).
However, the authors in [26] failed to derive the closed-form
expression for the ACP of the D2D-links (DLs). In order to ad-
dress the above-mentioned issue, the authors in [27] derived the
expressions for the ACP of both the conventional cellular-links
(CLs) and the DLs, however, without considering the impact of
the inter-CU interference. In [28], the authors developed the
general models for the signal-to-interference-plus-noise ratio
(SINR) in multi-cell scenarios by employing the theory of

stochastic geometry. Following the SINR analysis, the authors
also obtained the closed-form expressions for a variety of critical
performance metrics, including the mean data rate and the mean
rate losses under static-frequency reuse conditions. However,
the impact of co-cell CUs’ distribution on the average data
rate was still not analyzed in [28]. In [29], [30], the authors
investigated the impacts of both spatial densities and transmit
power allocation ratio on the achievable transmission rate by
considering both dual-band and multi-bands scenarios. In [31],
the closed-form expressions for both the ACP and the sum data
rate of underlaying CNs were derived by taking the impact of
inter-user interference into account. In addition, in [32], the tight
throughput bounds of FD mode based networks were derived by
considering the break point in the attainable performance gain
of the networks.

Based on the above research progress, the academia/industry
have proposed a variety of mode selection schemes for the un-
derlaying CNs. For example, an optimal mode selection scheme
in terms of success-transmitter-probability maximization has
been proposed for protecting the communication quality of the
primary user [33], in which both the interference and position
were concerned. In addition, a mode-selection scheme in terms
of sum-capacity maximization has been proposed in [34], where
the inter-user interference was treated.

Despite all this, the impact of DUs’ workload on either the
ACP or the sum throughput was rarely considered in the existing
work. For instance, the authors in [31]–[34] failed to consider
the impact of workload distribution on either ACP or sum
throughput, let alone the difference between the employment of
FD-DUs and the implement of HD-DUs (note that the average
interference intensity of the activated FD-DUs is twice that of
the activated HD-DUs). In the following, let us temporarily
ignore the impact of RSI on the FD mode. Meanwhile, a scenario
of symmetric transmission (i.e., D2D pairs each has the same
amount of data to exchange with each other) will be considered.
In this case, the average active period of the FD-DUs can be
compressed to half of the average active period of the HD-DUs.
In other words, although the FD-DUs may have a higher interfer-
ence intensity than the HD-DUs during the active period, the data
transmission of the former can be quickly completed, thereby
upgrading the second half of the saved time to an interference-
free period for the co-spectrum CUs. By exploiting this benefit,
a higher sum throughput can be obtained in the FD-DUs aided
underlaying CNs than in the HD-DUs aided underlaying CNs. In
summary, as far as we know, mode selection technique in terms
of sum-throughput maximization of the underlaying networks
has not been sufficiently investigated by considering the impact
of the workload in each user.

C. The Proposed Technological Approaches

In order to balance the performance gain between FD-DUs
and HD-DUs, the technique for switching between HD and FD
mode may constitute a major concern of the proposed D2D-aided
underlaying CNs. Note that the D2D-induced interference will
always be imposed on the co-spectrum CUs whenever the DUs
(either HD-DUs or FD-DUs) are activated, the CUs’ SINR will
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always be eroded. To reduce the above-mentioned performance
loss, the DUs must compress their active duration as much as
possible, provided that their workload (i.e., the data to trans-
mit/exchange) can be completed within this duration. As a rule,
for a given data block to be exchanged between a pair of DUs, the
DT must switch to the silence state once it completes the whole
data transmission for the purpose of mitigating an unnecessary
interference on its co-spectrum CUs.

By employing FD-DUs, the D2D-induced interference dura-
tion can be reduced to half of that of HD-DUs.2 For instance,
given a pair of DUs that are going to exchange their data blocks,
we may assume that the data blocks held by these two DUs are
of the same volume. Basically, two equal-length time slots are
needed for these two HD-DUs to exchange their data blocks,
allowing one and only one DU to transmit in each time slot
(the role of these two DUs will exchange in the next time
slot). In other words, the whole duration of two time slots can
be regarded as D2D-induced interfering period when HD-DUs
are considered. Unlike HD-DUs, the interfering time can be
suppressed to one-time-slot duration by employing FD-DUs due
to the capability of simultaneous transmission and reception in
each DU. Although the active FD-DUs will produce a much
stronger interference to the co-spectrum CUs than the activating
HD-DUs, this FD-interference period will end soon, leaving
the remaining time to be in zero-interference state. For this
reason, FD-DUs will be more conducive to improving the sum
throughput of the proposed underlaying CNs.

D. Main Contributions

In this paper, the benefit brought about by employing D2D
technique in underlaying CNs will be analyzed, with the closed-
form expressions for both ACP and sum throughput derived
by taking the impact of the users’ workload into account. We
consider a multi-cell scenario, in which both HD-DUs and
FD-DUs can be implemented. Furthermore, each DU is assumed
to be capable of adaptively switching its duplex mode between
FD and HD according to the instantaneous channel quality so
as to optimize the sum throughput. Without loss of generality,
a set of (co-cell) users (comprising Nc CUs and Nd DUs) are
allowed to share the same spectrum resource according to a
homogeneous PPP model. The main contributions of this paper
are reflected in the following aspects:

1) The workload of each user can be quantized by the
activated probability (AP). Meanwhile, to quantitatively
characterize the silence or working status of each user, the
concept of “occupation probability (OP)” together with
AP can be employed.

2) Based on the OP of each user, the closed-form expressions
of ACP for both CLs and DLs are derived by considering

2Of course, this conclusion can be strictly validated in scenarios comprising
only a single D2D pair. In the presence of multiple D2D pairs, on the other hand,
the D2D-induced interference becomes much more complicated and we are
almost impossible to get the concise “half-duration” equality between FD-DUs
and HD-DUs. Anyway, when D2D pairs are loosely distributed throughout the
network (i.e., different D2D pairs are separated far enough apart to make the
mutual interference be negligible), the above statement is still valid.

the impact of both cross-interference and RSI between
CUs and DUs.

3) The closed-form expressions of sum throughput for both
FD-D2D-aided underlaying CNs (FNs) and HD-D2D-
aided underlaying CNs (HNs) are derived.

4) The break point corresponding to the maximum sum
throughput for both FNs and HNs can be used as the basis
for FD/HD mode selection.

5) Finally, the performance of underlaying CNs employing
either FD or HD mode will be compared and analyzed
via simulation. The impacts of a variety of parameters, in-
cluding the average workload, the RSI, the SINR threshold
and the density of activated users (AUs), etc, on the sum
throughput will be investigated.

The remainder of this paper is organized as follows. In
Section II, the system model for the proposed underlaying
CNs is described. The received SINRs for both FD-DUs and
HD-DUs are analyzed in Section III, followed by deriving both
the successful transmission probability (STP) and ACP of CUs
and DUs in Sections IV and V, respectively. After that, sum
throughput as well as break point of the proposed underlaying
CNs by employing the optimal duplex mode will be evaluated
in Section VI. Furthermore, numerical results are given out by
Section VII. Finally, Section VIII concludes this paper.

Notation: P represents the probability of an event, and P
denotes the transmit power of an activated user. Furthermore,
S and T stand for the STP and throughput of a wireless link,
respectively. Moreover, L denotes the Laplace transforms of a
random variable. In addition, E is used to denote the expectation
operation. Finally, (pFq)(·) denotes the generalized hypergeo-
metric function. A list of symbols that employed in this paper is
given by Table I.

II. SYSTEM MODEL

Following the concept of AP, which is usually used for char-
acterizing the probability that a DU can be activated, the volume
of traffic that exchanged between D2D pairs can be measured
by employing a new concept called OP. The D2D-aided CNs
can thus be modelled by employing the above concepts. Fur-
thermore, whether the co-spectrum CLs and DLs are allowed
to be activated simultaneously or not will be considered in
the proposed model, with totally five scenarios investigated,
including: (i) only CLs are activated; (ii) only FD mode DLs
are activated; (iii) only HD mode DLs are activated; (iv) both
CLs and FD mode DLs are activated simultaneously; (v) both
CLs and HD mode DLs are activated simultaneously.

A. Some Basic Definitions

1) Interference in D2D-Aided Underlaying Cellular Net-
works: According to the existing standards such as ProSe [35],
the uplink licensed spectrum (already allocated to the cellular
networks) is allowed to be reused by the D2D links. Therefore, in
this reuse-spectrum scenario, we will focus on the interference
in the uplink.

Let us consider a BS-centric cell, in which the D2D mode is
enabled in some terminals, as illustrated in Fig. 1. By employing
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TABLE I
LIST OF SYMBOLS

Fig. 1. The interference generated in a D2D-aided cell.

the FD-D2D mode, the BS will suffer from the interference
caused by DUs (of course, each CU will also impose interference
on its co-spectrum FD-DUs). Unlike FD-D2D mode, in which
all the activated D2D pairs will impose interference on both BS
and their co-spectrum CUs, and vice versa, the BS suffers from
interference induced only by the HD-mode DT, meanwhile the
co-spectrum CUs will impose interference on only the HD-mode
D2D receiver (DR).

2) Occupation Probability: To analysis the sum throughput
under variant traffic densities, some hypotheses should be made
firstly. In each user (either a CU or a DU), the probability
that k (source data) packets are generated during a given pe-
riod, in which G frames are expected, is given by the Poisson

distribution:

P [k] =
Gke−G

k!
. (1)

In the following, G is used to denote the traffic density. There-
fore, the probability of “NO TRAFFIC IS GENERATED” can
be expressed as e−G. If a user has data to transmission, it will
keep activation until the data transmission is completed. The
probabilities that a CU and a DU are activated can thus be ex-
pressed as Pac = 1 − e−GC and Pad = 1 − e−GD , respectively,
where GC and GD denote the traffic densities of CUs and DUs,
respectively.

In this part, we employ OP rather than AP to measure a user’s
workload. In particular, a user’s OP can be used to define its
occupation of a time slot, as measured by using the product of
AP and the ratio of interactive-data-duration to the whole time
slot duration. For a two-time-slot duration, a pair of HD-DUs
will occupy the whole duration for exchanging their data, while
only one time slot is required for a pair of FD-DUs to complete
their data exchange.

In the following, we assume that all the CUs have the same
amount of traffic to transmit, meanwhile all the DUs have the
same workload (but the a DU’s workload is not necessarily equal
to that of a CU). Thus the OPs for CUs, HD-DUs and FD-
DUs can be expressed as Pc = 1 − e−GC , Ph = 1 − e−GD and
Pf = (1 − e−GD )/2, respectively.

B. System Model for D2D-Aided Underlaying CNs

In the D2D-aided underlaying CNs, the BSs, CUs and DUs
are assumed to be distributed within a given area according to
homogeneous PPP models Φb, Φc and Φd of densities λb, λ̂c

and λ̂d, respectively. The network is assumed to be capable of
offering services to a group of users (including both CUs and
DUs) simultaneously. In particular, a BS-centered cell (as shown
in Fig. 1) is assumed to be capable of supporting Nc CUs as
well as Nd DUs, allowing the maximum allowable CU-to-BS
distance of R. Meanwhile, the average DT-to-DR distance is
assumed to be Rd. In the following, a pair of D2D pairs will be
marked by (xi,m(xi)) ∈ Φd, in which both ‖ xi −m(xi) ‖=
Rd and m(xi) = xi +Rd(cosϕi, sinϕi) are satisfied, and the
parameter ϕi is assumed to be independently and uniformly
distributed (i.i.d.) in [0, 2π).

By using Pij to represent the received signal power at user j
that is transmitted by user i, we get

Pij = Pihijd
−α
ij , (2)

where Pi represents the transmit power of user i, while hij

denotes the exponentially distributed channel fading coefficient
between the transmitter i and the receiver j, anddij stands for the
distance between transmitter i and receiver j. In particular, by
expressing the average power of thermal noise as σ2, the average
RSI power of FD-DUs after performing SIC (i.e., IRSI) can be
given by IRSI = Pd/μ, where μ denotes the SIC coefficient.3

Furthermore,α is used to express the standard path loss exponent
subjecting to the constraint α > 2. In addition, all the wireless

3A higher SIC coefficient corresponds to a higher SI cancellation capability.
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links (as denoted by hij � exp(1), where i, j ∈ Φb,Φc,Φd) are
assumed to be i.i.d. variables according to the above-mentioned
model. In the following, without loss of generality, a constant
transmit power is assumed in each CU/DU.

III. RECEIVED SINR AT BOTH CLS AND DLS

In each time slot, the DLs can be activated as requested,
provided that a tolerable performance can be maintained at the
co-spectrum CLs. Basically, we have two choices for the links’
activation:

1) The co-spectrum CLs and DLs can be activated simulta-
neously;

2) The co-spectrum CLs and DLs are not allowed to be
activated simultaneously. In order to prevent the reader
from disambiguating the above discussion, we explain this
as follows: once the CLs are activated, the co-channel DLs
must remain inactive, and vice versa; of course, multiple
CLs or multiple DLs are still allowed to be activated at the
same time.

Evidently, there exists no cross-interference between CLs
and their co-spectrum DLs in the latter case. By assuming that
the distribution of the AUs follows the PPP model, where the
densities of CUs and DUs can be expressed by λ̂c and λ̂d,
respectively, each user (either CU or DU) can be independently
activated according to its instantaneous communication task.
Therefore, the activated CUs (ACUs) and activated DUs (ADUs)
are distributed according to homogeneous PPP variables Πc and
Πd of densities λc = Pac · λ̂c and λd = Pad · λ̂d, respectively.

A. Co-Spectrum CLs and DLs Are Not Activated
Simultaneously

In this case, there exists no cross-interference between ACUs
and ADUs. The received SINR conceived by variant users,
including ACUs,4 FD-ADUs and HD-ADUs, can be expressed:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

SINR(ND)
c =

Pc0b

Icc + σ2

SINR(FC)
d =

Pdd

I
(FD)
dd + σ2 + IRSI

SINR(HC)
d =

Pdd

I
(HD)
dd + σ2

(3)

respectively, where the inter-ACU-interference can be expressed
by Icc =

∑
ci∈Πc/c0

Pcib with ci denoting the i-th ACU within

Πc. Furthermore, I(FD)
dd =

∑
xi∈Πd/x0

[Pxid + Pm(xi)d] is used

to represent the interference among FD-ADUs and I
(HD)
dd =∑

xi∈Πd/x0
Pxid stands for the interference among HD-ADUs,

where xi and m(xi) constitute the i-th D2D pair with Πd. In
addition, we may use subscript “0” instead of i to specify the
AU in the cell of interest.

4We label it by using superscript “ND,” because there exists no interference
imposed by DUs. Similarly, we label FD-ADUs and HD-ADUs by superscripts
“FC” and “HC,” respectively, because there exists no interference imposed by
CUs.

B. Co-Spectrum CLs and DLs Are Activated Simultaneously

In the sequel, let us express the received SINR for both FD-
ADUs and HD-ADUs:

1) For HD-DUs: The received SINR at CUs and DUs can be
expressed:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

SINR(HD)
c =

Pc0b

I
(HD)
dc + Icc + σ2

SINR(HD)
d =

Pdd

Icd + I
(HD)
dd + σ2

(4)

respectively, where I(HD)
dc =

∑
xi∈Πd/x0

Pxib denotes the
interference imposed on CUs by its co-spectrum HD-
ADUs, and Icd =

∑
ci∈Πc/c0

Pcid stands for the interfer-
ence imposed on ADUs by their co-spectrum ACUs.

2) For FD-DUs: The received SINR at CUs and DUs can be
expressed:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

SINR(FD)
c =

Pc0b

I
(FD)
dc + Icc + σ2

SINR(FD)
d =

Pdd

Icd + I
(FD)
dd + σ2 + IRSI

(5)

respectively, where I
(FD)
dc =

∑
xi∈Πd

[Pxib + Pm(xi)b]
represents the interference imposed on CUs by their co-
spectrum FD-DUs.

IV. SUCCESSFUL TRANSMIT PROBABILITY OF CLS AND DLS

The STP of a randomly chosen link can be defined by the
probability that the quality of this link reaches its predetermined
SINR threshold ε. We may express this by usingS = P (SINR >
ε). In the following, by employing an identical ε in all scenarios,
we can express the STP of both CUs and DUs for each case that
was considered in Section III:

⎧
⎪⎨

⎪⎩

S(†)
c = P

(
SINR(†)

c > ε
)

S(‡)
d = P

(
SINR(‡)

d > ε
) (6)

where † ∈ {ND,HD,FD} and ‡ ∈ {HC,FC,HD,FD}. Next,
let us derive the closed-form expression for each case.

A. CLs and Co-Spectrum DLs Are Not Activated
Simultaneously

1) CLs are Activated Alone: If no DU is allowed to be
activated during the period that its co-spectrum ACUs are com-
municating, the interference contributed by only CLs should be
considered in expressing the SINR. In this case, based on (6),
the STP of CLs can be calculated:

S(ND)
c = P

(
Pchc0bd

−α
c0b

Icc + σ2
> ε

)

=

∫ R

0

[
L (scIcc) e

−scσ
2
f(rc)

]
drc (7)
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where sc = εrαc /Pc, rc = dc0b. L(scIcc) denotes the Laplace
transform (evaluated at sc) of random variable Icc. The detailed
derivation of (7) will be elaborated on in Appendix A.

To reduce the large-scale path loss on the wireless links, we
assume that each ACU always prefers to access its nearest BS
for maximizing the received power at the latter. Following PPP
model [28], the probability density function (PDF) of a randomly
chosen CL can be given by f(rc) = e−λcπr

2
c(2πλcrc).

The Laplace transform of random variable Icc in (7) can be
formulated by

L (scIcc) = exp
[
−2πλcr

2
cρ(α, ε)

]
(8)

where ρ(α, ε) = ε
(1− 2

α )2 (2F1)(1, 1 − 2
α ; 2 − 2

α ;−ε), in which

(pFq)(·) denotes the generalized hypergeometric function, as
defined in [36]:

(pFq) (Θ1,Θ2, . . . ,Θp;β1, β2, . . . , βq; z)

=

∞∑

k=0

(Θ1)k(Θ2)k · · · (Θp)k
(β1)k(β2)k · · · (βq)k

zk

k!
(9)

The detailed derivation of (8) is elaborated on in Appendix B. By
substituting (8) into (7) and setting the negligible thermal noise
power to zero,5 the closed-form of CLs’ STP can be derived:

S(ND)
c =

1 − e−λcπR
2[1+2ρ(α,ε)]

1 + 2ρ(α, ε)
(10)

2) DLs Are Activated Alone: By mitigating the CUs’ ac-
tivation during their co-spectrum ADUs’ activating time, the
interference contributed by only DLs should be considered in
expressing the SINR. In this case, the STP expressions for DLs
in both FD and HD modes can be formulated:

⎧
⎪⎨

⎪⎩

S(FC)
d = L

(
sdI

(FD)
dd

)
e−sd(σ

2+IRSI)

S(HC)
d = L

(
sdI

(HD)
dd

)
e−sdσ

2
(11)

where sd = εRα
d /Pd. Similarly, (11) has been derived relying

on (7). Furthermore, L(sdI(FD)
dd ) and L(sdI(HD)

dd ) denote the

Laplace transform (evaluated at sd) of random variables I(FD)
dd

and I
(HD)
dd , respectively, as given by

⎧
⎪⎨

⎪⎩

L
(
sdI

(FD)
dd

)
= exp

[
−2πλd

∫∞
0 g(sd, x, Rd, ϕ)xdx

]

L
(
sdI

(HD)
dd

)
= exp

[
−πλdR

2
dδ(α, ε)

]

(12)
where δ(α, ε) = 2πε2/α

α sin(2π/α) and g(s, x, rd, ϕ) = 1 −
1

1+sPdx−α
1

1+sPd‖x+Rd(cosϕi,sinϕi))‖−α . Similar to L(scIcc),
the Laplace transforms of I

(HD)
dd can also be calculated. The

detailed derivation of L(sdI(FD)
dd ) is given by Appendix C.

By combining L(sdI(HD)
dd ) and S(HC)

d while setting the ther-
mal noise power to zero, the closed-form of HD mode DLs’ STP
can be derived:

S(HC)
d = exp

[
−πλdR

2
dδ(α, ε)

]
(13)

5When the received power is high enough, the impact of the noise power on
STP can be neglected.

Since g(sd, x, Rd, ϕ) in L(sdI(FD)
dd ) is hard to deal with

by using elementary analytic method, if not impossible, the
tight bounds instead of the closed-form of L(sdI(FD)

dd ) can be
employed for evaluating this Laplace transform.

By using τ and τ to represent the upper and lower bounds of τ ,
respectively, the tight bounds of L(sdI(FD)

dd ) can be expressed:
⎧
⎪⎨

⎪⎩

L
(
sdI

(FD)
dd

)
= exp

[
−(1 + 2

α )πλdR
2
dδ(α, ε)

]

L
(
sdI

(FD)
dd

)
= exp

[
−2πλdR

2
dδ(α, ε)

] (14)

The Proof of (14) is given by Appendix D. By substituting (14)
into S(FC)

d , the tight bounds of FD mode DLs’ STP can be
expressed:
{
S(FC)
d = exp

[
−(1 + 2

α )πλdR
2
dδ(α, ε)− εRα

d /μ
]

S(FC)
d = exp

[
−2πλdR

2
dδ(α, ε)− εRα

d /μ
] (15)

B. CLs and Co-Spectrum DLs Are Allowed to be Activated
Simultaneously

1) CLs in Both FD and HD Modes: In this case, the CLs’
STP under either FD or HD mode can be formulated by
⎧
⎪⎨

⎪⎩

S(FD)
c =

∫ R

0

[
L
(
scI

(FD)
dc

)
L (scIcc) e

−scσ
2
f(rc)

]
drc

S(HD)
c =

∫ R

0

[
L
(
scI

(HD)
dc

)
L (scIcc) e

−scσ
2
f(rc)

]
drc

(16)
whereL(scI(FD)

dc ) andL(scI(HD)
dc )denote the Laplace transform

(evaluated at sc) of random variable I
(FD)
dc and I

(HD)
dc , respec-

tively, as given by
⎧
⎪⎨

⎪⎩

L
(
scI

(FD)
dc

)
= exp

[
−2πλd

∫∞
0 g(sc, x, Rd, ϕ)xdx

]

L
(
scI

(HD)
dc

)
= exp

[
−πλdr

2
c(

Pd

Pc
)

2
α δ(α, ε)

] (17)

Similar toL(sdI(FD)
dd ),L(scI(FD)

dc ) can also be derived, as shown
in Appendix B. Furthermore, similar to L(scIcc), we can also
derive L(scI(FD)

dc ), as elaborated on in Appendix A.

By combining L(scI(HD)
dc ) and S(HC)

c while setting the ther-
mal noise power to zero, the closed-form of HD mode CLs’ STP
can be expressed

S(HD)
c =

1 − e
−λcπR

2[1+
λd
λc

(
Pd
Pc

) 2
α
δ(α,ε)+2ρ(α,ε)]

1 + λd

λc

(
Pd

Pc

) 2
α

δ(α, ε) + 2ρ(α, ε)
, (18)

Similar to L(sdI(FD)
dd ), the tight bounds of L(scI(FD)

dc ) can be
given by
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

L
(
scI

(FD)
dc

)
= exp

[

−
(
1 + 2

α

)
πλdr

2
c

(
Pd

Pc

) 2
α

δ(α, ε)

]

L
(
scI

(FD)
dc

)
= exp

[

−2πλdr
2
c

(
Pd

Pc

)2/α
δ(α, ε)

]

(19)
By substituting (19) intoS(FD)

c while setting the thermal noise
power to zero, the tight bounds of the CLs’ STP in FD mode can
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be expressed:
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S(FD)
c =

1 − e−λcπR
2[1+(1+ 2

α )
λd
λc

(
Pd
Pc )

2
α δ(α,ε)+2ρ(α,ε)]

1 + (1 + 2
α )

λd

λc
(Pd

Pc
)

2
α δ(α, ε) + 2ρ(α, ε)

S(FD)
c =

1 − e−λcπR
2[1+2

λd
λc

(
Pd
Pc )

2
α δ(α,ε)+2ρ(α,ε)]

1 + 2 λd

λc
(Pd

Pc
)

2
α δ(α, ε) + 2ρ(α, ε)

(20)

2) DLs in Both FD and HD Modes: In this case, the FD DLs’
STP (S(FD)

d ) and HD DLs’ STP (S(HD)
d ) can be expressed:

⎧
⎪⎨

⎪⎩

S(FD)
d = L

(
sdI

(FD)
dd

)
L (sdIcd) e

−sd(σ
2+IRSI)

S(HD)
d = L

(
sdI

(HD)
dd

)
L (sdIcd) e

−sdσ
2

(21)

where sd = εRα
d /Pd. Similar toL(scIcc), the Laplace transform

(evaluated at sd) of random variable Icd can be calculated:

L (sdIcd) = exp

[

−πλcR
2
d

(
Pc

Pd

) 2
α

δ(α, ε)

]

(22)

By substituting both L(sdI(HD)
dd ) in (12) and L(sdIcd) in (22)

into S(HD)
d , while setting the thermal noise power to zero, the

closed-form of HD mode DLs’ STP can be derived:

S(HD)
d = exp

[

−πλcR
2
d

(
Pc

Pd

) 2
α

δ(α, ε)− πλdR
2
dδ(α, ε)

]

(23)
By substituting both (14) and (22) into S(FD)

d while setting
the thermal noise power to zero, the tight bounds of FD mode
DLs’ STP can be attained:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S(FD)
d = exp

[

−πλcR
2
d

(
Pc

Pd

) 2
α

δ(α, ε)− εRα
d /μ

]

· exp
[

−
(

1 +
2
α

)

πλdR
2
dδ(α, ε)

]

S(FD)
d = exp

[

−πλcR
2
d

(
Pc

Pd

) 2
α

δ(α, ε)− εRα
d /μ

]

· exp
[
−2πλdR

2
dδ(α, ε)

]

(24)

V. THE AVERAGE COVERAGE PROBABILITY FOR BOTH CLS

AND DLS

Relying on STP, which determines whether a single user’s
data transmission is successful or not, the performance of the
whole underlaying CN can be evaluated. To study the statistical
characteristics of all users, we may employ the ACP of both
CLs and DLs for evaluating the quality of a randomly chosen
CL/DL that reaches its predetermined SINR target. The ACP
can be calculated by using E(S) = POP · S, where POP and S
denote the OP and STP of the chosen CU/DU, respectively.

Let us consider the following three scenarios, as illustrated in
Fig. 2:
� Scenario I: a time slot is exclusively occupied by ACUs;
� Scenario II: a time slot is exclusively occupied by ADUs;
� Scenario III: a time slot is shared by both ACUs and co-

spectrum ADUs.

Fig. 2. The scenarios corresponding to the time slot occupied by CL, FD DL
and HD-DL, respectively, where we use “CU T,” “FD-DU T” and “HD-DU T”
to specify the transmitting phases of CU, FD-DU and HD-DU, respectively.

Unlike the first two scenarios, if CUs and their co-spectrum
DUs are allowed to keep activation simultaneously, things will
change: FD-ADUs can spend half the time of HD-ADUs to
achieve the same amount of data exchange as the latter. Although
ADUs (either FD-ADUs or HD-ADUs) will always impose an
interfere on their co-spectrum ACUs whenever they are both
activated, FD-ADUs can always save half the time slot to create a
non-interfering6 environment for ACUs. In contrast, HD-ADUs
will continue to impose interference on ACUs throughout the
time slot.

To better analyze the performance gain of FD-ADUs brought
about by “compressing activation time to half of HD-ADUs,”
we may employ OP for evaluating CLs/DLs’ STPs. In the
following, we assume that N = Nc +Nd users are allowed to
share the same spectrum, where Nc and Nd denote the number
of ACUs and ADUs, respectively. Following the PPP model,
the expected number of ACUs and ADUs inside a radius-R
cell can be expressed by E(Nc) = λcπR

2 and E(Nd) = λdπR
2,

respectively. Furthermore, relying on the definition of OP, the
probabilities that the CUs (or DUs) are not occupying a given
time slot can be calculated:

⎧
⎪⎪⎨

⎪⎪⎩

P̌c = (1 − Pc)
Nc

P̌f = (1 − Pf )
Nd

P̌h = (1 − Ph)
Nd

(25)

Following the above-mentioned analysis, we can give out the
probabilities that the CUs, FD-DUs and HD-DUs keep activation
within a given time slot as P̂c = 1 − P̌c, P̂f = 1 − P̌f and P̂h =
1 − P̌h, respectively. In particular, by considering FNs, the ACPs
for CLs/DLs can be expressed:

⎧
⎪⎨

⎪⎩

Sf
c = P̂f ·

[
S(FD)
c

]Nc

+ P̌f ·
[
S(ND)
c

]Nc

Sf
d = P̂c ·

[
S(FD)
d

]Nd

+ P̌f ·
[
S(FC)
d

]Nd
(26)

Similarly, by considering HNs, we can also give out the ACPs
for CLs/DLs:

⎧
⎪⎨

⎪⎩

Sh
c = P̂h ·

[
S(HD)
c

]Nc

+ P̌h ·
[
S(ND)
c

]Nc

Sh
d = P̂c ·

[
S(HD)
d

]Nd

+ P̌c ·
[
S(HC)
d

]Nd
(27)

6We mean the “D2D-induced” interference.
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VI. SUM THROUGHPUT AND ITS BREAK POINT FOR

D2D-AIDED UNDERLAYING CNS

One of the purposes for enabling D2D in CNs is to improve the
sum throughput of the whole network. It should be emphasized
that while D2D technology brings increased network through-
put, the activating DUs will always cause certain interference to
close-range co-spectrum CUs. In this subsection, we will eval-
uate the sum throughput of both FNs and HNs. To analyze the
impact of workload density on sum throughput, the maximum
sum throughput of both FNs and HNs parameterized by OP will
be evaluated. Relying on the above analysis, we can select the
optimal mode by comparing the performance of FNs and HNs.

A. Sum Throughput for Both FNs and HNs

1) Nearly Closed-Form of ACPs in FNs: To derive the sum
throughput of FNs/HNs, we may employ the nearly closed-
form expressions of Sf

c and Sf
d that was given by (26). Let

us define Pc = ηPf , where η is a given constant that deter-
mines η1 = λd/λc = (λ̄dPad)/(λ̄cPac) = (2λ̄dPf )/(λ̄cPc) =
(2/η)(λ̄d/λ̄c), which is also a constant. By observing the tight
bounds of S(FC)

d , S(FD)
c and S(FD)

d that were defined in (15),
(20) and (24), respectively, we need to define two additional
constants, i.e., ς1 and ς2, whose values are both in [1 + 2/α, 2].

Following the above-mentioned definitions, the nearly closed-
form expressions of S(FC)

d , S(FD)
c and S(FD)

d can be derived:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

S(FC)
d = exp

[
−2λ̄dς2πR

2
dδ(α, ε)Pf − εRα

d /μ
]

S(FD)
c ≈ 1 − e−λ̄cηπR

2Pf

1 + ς1η1Pδ(α, ε) + 2ρ(α, ε)

S(FD)
d = exp

[
−2λ̄d(η1P )−1δ(α, ε)πR2

dPf − εRα
d /μ

]

· exp
[
−2λ̄dς2πR

2
dδ(α, ε)Pf

]

(28)
where P = (Pd/Pc)

2/α. Furthermore, S(ND)
c can be expressed:

S(ND)
c ≈ 1 − e−λ̄cηπR

2Pf

1 + 2ρ(α, ε)
(29)

By employing the Taylor expansion of ez with Peyano Re-
mainder ez = 1 + 1

1!z +
1
2!z

2 + 1
3!z

3 +O(z3), we may approx-

imate S(FD)
c , S(FD)

d , S(FC)
d and S(ND)

c , respectively, as (by
taking the first two items in each expansion):

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S(FD)
c ≈ 1κ1Pf

S(FD)
d ≈ 3 [1 − (κ2 + κ3)Pf ]

S(FC)
d ≈ 3 (1 − κ3Pf )

S(ND)
c ≈ 2κ1Pf

(30)

where 1 = 1/[1 + ς1η1Pδ(α, ε) + 2ρ(α, ε)], 2 =
1/[1 + 2ρ(α, ε)] and 3 = exp[−εRα

d /μ], κ1 = λ̄cηπR
2,

κ2 = 2λ̄d(η1P )−1δ(α, ε)πR2
d and κ3 = 2λ̄dς2πR

2
dδ(α, ε).

By substituting (30) into (26) and tidying them up, the nearly
closed-form of ACPs for CLs/DLs in FNs can be expressed:
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

˜Sf
c ≈ κNc

1

[
Nc

1 +
(
Nc

2 −Nc
1

)
(1 − Pf )

Nd

]
· PNc

f

˜Sf
d ≈ Nd

3 [1 − (κ2 + κ3)Pf ]
Nd −Nd

3 [1 − ηPf ]
Nc

·
{
[1 − (κ2 + κ3)Pf ]

Nd − [1 − κ3Pf ]
Nd

}

(31)
2) Nearly Closed-Form of ACPs in HNs: The closed-form of

S(HD)
c , S(HD)

d and S(HC)
d can be given by:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

S(HD)
c ≈ 1 − e−λ̄cηπR

2Pf

1 + η1Pδ(α, ε) + 2ρ(α, ε)

S(HD)
d = exp

[
−2λ̄d(η1P )−1δ(α, ε)πR2

dPf

]

· exp
[
−2λ̄dπR

2
dδ(α, ε)Pf

]

S(HC)
d = exp

[
−2λ̄dπR

2
dδ(α, ε)Pf

]

(32)

By keeping the first two items of the Taylor expansion of each
expression, the nearly closed-form of S(HD)

c , S(HD)
d and S(HC)

d

can be given by:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

S(HD)
c ≈ 4κ1Pf

S(HD)
d ≈ 1 − (κ2 + κ4)Pf

S(HC)
d ≈ 1 − κ4Pf

(33)

where 4 = 1/[1 + η1Pδ(α, ε) + 2ρ(α, ε)] and κ4 =
2λ̄dπR

2
dδ(α, ε).

By substituting (33) and S(ND)
c into (27) and tidying them

up,7 the nearly closed-form of ACPs for CLs/DLs in HNs can
be expressed:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

S̃h
c ≈ κNc

4

[
Nc

1 +
(
Nc

2 −Nc
4

)
(1 − Pf )

Nd

]
· PNc

f

S̃h
d ≈ [1 − (κ2 + κ4)Pf ]

Nd − [1 − ηPf ]
Nc

·
{
[1 − (κ2 + κ4)Pf ]

Nd − [1 − κ4Pf ]
Nd

}

(34)
3) Sum Throughput of FNs and HNs: By defining the sum

throughput of a D2D-aided underlaying CN as T = λSlog(1 +
ε), where λ denotes the node density, S represents the STP of
a typical link and ε stands for the SINR, the sum throughput of
FNs/HNs can respectively be expressed:

Tf = (λcSf
c + 2λdSf

d )log(1 + ε)

≈ 5Pf
˜Sf
c +6Pf

˜Sf
d (35)

and

Th = (λcSh
c + λdSh

d )log(1 + ε)

≈ 5Pf S̃h
c +6Pf S̃h

d (36)

where 5 = 2λ̄dη
−1
1 log(1 + ε) and 6 = 4λ̄dlog(1 + ε).

7Please refer to (29) for the expression of S(ND)
c . Note that S(ND)

c has the
same definition and expression in both FNs and HNs.
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B. Maximum Sum Throughput of FNs/HNs

Note that an increased OP implies a severer interference that
imposed on the existing ACUs/ADUs due to the increased AU
densities, if the spectrum allocation among users is not perfectly
orthogonal (i.e., there exists non-zero inter-user interference).
In this case, the sum throughput of D2D-aided underlaying CNs
cannot be unlimitedly improved by simply (infinitely) increasing
the OP.

By investigating the impact of (including Pc, Ph and Pf ) on
sum throughput of the underlaying CNs, we should derive the
expression of the maximum sum throughput (MST) for both FNs
and HNs. Let us first give out the following assumptions:
� the cellular radius is kept fixed;
� the average distance between D2D pairs is a constant;
� a constant transmit power, i.e., Pc and Pd for CUs and

DUs, respectively, is considered;
� a steady user density, i.e., λ̄c and λ̄d for CUs and DUs,

respectively, is considered.
Following the above assumptions, the sum throughput of FNs

will be overwhelmingly determined by the factor Pf . In order
to derive the MST of FNs/HNs, let us take partial derivative to
Tf and Th with respect to Pf :

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∂Tf
∂Pf

≈ 5
˜Sf
c +6

˜Sf
d + Pf

(

5
∂
˜Sf
c

∂Pf
+6

∂
˜Sf
d

∂Pf

)

∂Th
∂Pf

≈ 5S̃h
c +6S̃h

d + Pf

(

5
∂S̃h

c

∂Pf
+6

∂S̃h
d

∂Pf

) (37)

By setting ∂Tf
∂Pf

= 0 and ∂Th
∂Pf

= 0, we get a complicated one-
element-of-high-order equation, whose solutions correspond to
the maximum sum throughput. Since both equations are contin-
uous functions, Newton-Raphson method can be employed for
solving them. The optimal OP (i.e., P f

opt or Ph
opt) that leads to

the MST of FNs/HNs can thus be identified.
The detailed equation-solving process is illustrated in Table II,

in which we used ∂Tf/∂Pf = 0 as an example to show the
solution process of this equation. In fact, the solution process of
the above equation can be understood as an extreme point search
process relying on Newton-Raphson method in terms of Pf .
Both the optimal OP and MST of FNs/HNs can be derived by
employing the above-mentioned method.

C. Optimal D2D Mode Selection

To maximize the sum throughput of the D2D-aided underlay-
ing CNs, the cost function (i.e., the optimization problem) can
be formulated as:

max
(Pf ,η,ζ1,ζ2)

(Tf , Th)

s.t. 0 ≤ Pf ≤ 1
η

(38)

Note that the upper and lower bounds of ζ1 and ζ2 can be given
by (1 + 2/α) ≤ ζ1, ζ2 ≤ 2, and η satisfies η ≥ 1. By taking a
fixed value for each parameter, including λ̄c, λ̄d, P , α, ε, μ, ζ1,

TABLE II
EQUATION-SOLVING PROCESS RELYING ON NEWTON-RAPHSON METHOD

ζ2, η, and Pf ), we can compare the values of Tf and Th under a
fair condition.

VII. NUMERIC ANALYSIS

In this section, the performance of the proposed D2D-aided
underlaying CNs in terms of ACP and sum throughput will be
evaluated. Duplex mode selection between FD and HD will
then be performed according to the above-mentioned results.
By comparing the performance of FNs and HNs, the optimal
duplex mode under appropriate configurations can be attained.

In the following, the impact of OP on both ACP and sum
throughput will be investigated for reflecting the affordable
traffic volume in FNs/HNs. Meanwhile, the influence of a variety
of critical parameters, including the RSI, the SINR threshold and
the number of AUs, will also be took into account. Furthermore,
in light of the fact that the explicit values of both ACP and the
sum throughput corresponding to S(FC)

d , S(FD)
d and S(FD)

c are
hard to derive, the tight bounds instead of analytical results will
be employed for approximately evaluating the performance of
the proposed systems.

A. Simulation Setup

We choose an environment with area 1000 × 1000 m2 for per-
forming simulations, within which BSs, CUs and DUs are dis-
tributed according to homogeneous PPP models (with densities
of 3 × 10−5m−2, 1 × 10−4m−2 and 3 × 10−4m−2, respectively).
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TABLE III
SIMULATION PARAMETERS OF THE PROPOSED ANALYSIS

Fig. 3. The ACP-curves for both CL and DL as function of OP with variant μ
values when Rd = 30m in FNs/HNs, where we use “UB” and “LB” to specify
the upper and lower bounds, respectively.

The licensed uplink band that was supposed to be exclusively
allocated to CUs is now allowed to be reused by DUs. Without
loss of generality, each link is assumed to be an i.i.d. Rayleigh
fading channel. Furthermore, the path-loss exponent α is set to
be 4 (i.e., corresponding to the typical urban environment). The
allowed maximum CU-to-BS distance is supposed to be 100 m,
while the average distance between D2D pairs is assumed to be
30 m. In this case, all the CUs within this experimental area are
assumed to have the same transmitting power, say 24 dBm, while
that of all the DUs are assumed to be 20 dBm. In addition, the
APs of CUs and DUs are assumed to be Pc and Ph, respectively,
both of which are constants. Finally, by setting η = 2, it makes
Pf = Pc/2 = Ph/2 be satisfied. The parameter settings of the
proposed simulations are elaborated on in Table III.

B. Performance Comparison Between FNs and HNs in Terms
of OP and RSI

In this subsection, an individual sub-channel is assumed to
be reused by one ACU and one ADU. A moderate value of the
SINR threshold ε, say 5, is chosen. Note that the average RSI
power of FD-DUs can be expressed as IRSI = Pd/μ, where μ
denotes the SIC coefficient. In the following, we will use the
SIC coefficient (μ) instead of IRSI to denote the RSI power.
As shown in Fig. 3-Fig. 5, the performance of FNs/HNs as a
function of both OP and μ can be evaluated and compared.

Fig. 4. The ACP-curves for both CL and DL as function of OP with variant μ
values when Rd = 50m in FNs/HNs, where we use “UB” and “LB” to specify
the upper and lower bounds, respectively.

In Fig. 3, the ACP-curves for both CL and DL as function of
OP are described, with variant μ in FNs/HNs considered. On
the one hand, the ACP of CL in both FNs and HNs (denoted by
FN-CL and HN-CL, respectively) are monotonically increasing
functions of OP (i.e., slowly raised and converged to a ceiling as
OP increases). In particular, the upper bound of CL in the FNs
(FN-CL-UB) is shown to have the same trend as the lower bound
of DL in the FNs (FN-CL-LB). However, the RSI is shown to
have almost no effect on the ACP’s upper and lower bounds of
FN-CL. We may explain it as follows: the RSI can be understood
as a leakage of the transmit signal that was directly coupled into
the received signal in an FD-DU, in which the simultaneous
transmission and reception occur. In this case, only FD-DLs
suffer from the impact of RSI. Furthermore, by comparing (26)
with (27), the FN-CL is shown to outperform the HN-CL in
terms of ACP due to the smaller OP obtained in the former,
although the latter has an advantage on STP. However, in the
presence of a severe RSI and a heavier inter-DU-interference,
the ACP of DL in the FNs (FN-DL) are shown to be lower
than that of DL in the HNs (HN-DL). On the other hand, as OP
increases, the ACPs of both FN-DL and HN-DL are shown to
reduce rapidly, implying that the DL’ ACP is affected by OP
more than CL. Furthermore, the RSI is shown to be capable of
affecting the ACP of DL, or in other words, a higher value of μ
implies a lower value of ACP of DL. Evidently, HN-DL always
outperforms HN-CL in terms of ACP, as shown in Fig. 3. We can
explain it as follows: Under different statistical configurations
of distances, the average distance between D2D pairs in a given
cell is assumed to 30 m, while the average CU-to-BS distance is
50 m, where the latter induces a severer path-loss. If the average
distance of the D2D pairs is set to be 50 m, the ACP-curves
can be re-plotted, as shown in Fig. 4. Compared with Fig. 3, we
get higher ACP of CL in Fig. 4. Anyway, as long as OP is high
enough (e.g., higher than 0.5), the ACP of CL will always be
higher than that of DL.

In Fig. 5, the curves of the sum throughput for both FNs and
HNs as functions of OP is illustrated, with the impact of variantμ
values considered. The curves of the maximum sum throughput
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Fig. 5. The sum throughput for both FNs and HNs as a function of OP with
variant μ values, where we use “UB” and “LB” to specify the upper and lower
bounds, respectively.

(MST) are also plotted by identifying the optimal OP for both the
upper and lower bounds of FNs (marked as FN-UB-MST and
FN-LB-MST, respectively) corresponding to each μ value. In
particular, these two MST curves (from up to down) correspond
to μ values from 100 dB to 65 dB. As OP increases from zero, it
is shown that the sum throughput of both FNs and HNs increase
gradually. Beyond the break points (i.e., correspond to the MST
points), the sum throughput will creep down slowly while the
OP continually increases. We may explain it as follows: the
traffic of both the CUs and DUs are far from saturation when
the OP is small, thus making an increasing sum throughput at
first. However, the increasing probability of a slot shared by
both ACUs and ADUs will then lead to a severer interference
that will erode the sum throughput. Therefore, the break points
beyond which the sum throughput will creep down must exit.
Furthermore, the sum throughput of FNs is greatly affected by
the RSI due to the fact that the sum throughput dwindles as μ
decreases. Moreover, if focusing on the MST of FNs, the MST
of FNs (FN-MST) is shown to be improved as μ increases from
65 dB to 100 dB. However, beyond 80 dB, almost no gain in the
MST of the FN can be obtained by further increasing μ. From
this perspective, it is meaningless to try to reduce the SI to zero.
In addition, there also exits a break-even point between FNs and
HNs: when OP is large enough to break this point, HNs will
outperform FNs in terms of ACP.

To more effectively optimize the sum throughput, the MST
of FNs corresponding to variant μ values are analyzed, as
illustrated in Fig. 6. By identifying the optimal OP, the MST
of HNs (marked as HN-MST) is also plotted in this figure as a
benchmark. It is shown that both the upper and lower bounds of
the MST in the FNs are concave functions of μ, i.e., they will
increase rapidly as μ increases, and then slowly pace down and
tend to be flat. Furthermore, the break-even point is shown to
be located at μ = 80 dB, where the MST of FN-LB is higher
than that of the HNs (marked as HN in the figure). In addition,
the optimal OP values of the tight bounds of FNs (marked
as FN-UB-OP and FN-LB-OP, respectively) are shown to be

Fig. 6. The curves of the maximum sum throughput as function of OP with
variant μ values in both FNs and HNs, where we use “UB” and “LB” to specify
the upper and lower bounds, respectively.

relatively stable along with the MST raising beyond the location
of μ ≥ 65.

To summarize, as OP increases, the interference growth rate
of FNs is about twice the rate of interference growth of HNs,
implying that the sum throughput of FNs will be less than that
of HNs in the presence of large OPs. Nevertheless, while RSI
is small enough (e.g., μ ≥ 80 dB), FNs may outperform HNs
by employing an appropriately low OP. In contrast, the sum
throughput of FNs will be lower than that of HNs in the high-OP
scenarios due to the non-neglected interference imposed by DTs.

C. Performance Comparison Between FNs and HNs as a
Function of Both OP and SINR Threshold

In this subsection, we assume that an individual sub-channel
is shared by one ACU and one ADU. The SIC coefficient μ in
FD mode is set to be 75 dB.8 The performance of FNs/HNs as
a function of both OP and SINR threshold (ε) will be analyzed
in Fig. 7-Fig. 9.

In Fig. 7, the ACP-curves for both CL and DL as functions of
OP with variant ε values in FNs/HNs are illustrated. As shown in
this figure, the DLs will contribute more to the whole networks
if OP is small, while CLs will dominate the performance if OP
is large. Furthermore, as OP increases, the ACP of the CLs in
FNs/HNs is shown to increase and tend to be gentler, while
that of DLs is shown to linearly decrease, implying that the
break-even points of the sum throughput, which can be derived
based on the ACP of both CL and DL, exist in both FNs and HNs.
Moreover, the ACP of both CL and DL are shown to suffer from
an erosion as ε increases. Nevertheless, DL‘s ACP experiences
faster decrease than CL’s. In particular, the ACP values with
higher SINR threshold are shown to decline with a higher speed.
In addition, the ACP of CLs outperforms that of DLs in FNs,

8Actually, this is not a demanding and difficult goal, please refer to [19] for
details.
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Fig. 7. The ACP-curves for both CL and DL as functions of OP with variant
ε values in FNs/HNs, where we use “UB” and “LB” to specify the upper and
lower bounds, respectively.

Fig. 8. The curves of sum throughput for both FNs and HNs as functions of
OP with variant ε values, where we use “UB” and “LB” to specify the upper and
lower bounds, respectively.

while it performs worse in HNs. This phenomenon is a good
example of the performance gains brought by employing FNs.

In Fig. 8, the curves of the sum throughput for both FNs and
HNs as functions of OP with variant ε values are illustrated,
where the curves of the MST as well as the corresponding
optimal OP for HNs (marked as HN-MST) together with the tight
bounds of FNs corresponding to an ε value are also delineated. In
particular, these three MST curves (from left to right) correspond
to ε values from 20 dB to 1 dB. It is shown that the sum
throughput of both FNs and HNs increase as ε increases if OP
is not beyond their break-even points (e.g., OP is lower than
0.2) because the ACPs of both CLs and DLs in HNs/FNs are
increasing, as shown in Fig. 7. However, if beyond their break
points, the sum throughput of both FNs and HNs will decrease
as ε increases following the decreases of ACP. Furthermore, the
MST of both FNs and HNs are shown to be concave functions
of ε, where HNs outperforms FNs in terms of MST while

Fig. 9. The curves of the MST in terms of the optimal OP of both FNs and
HNs with the corresponding to ε, where we use “UB” and “LB” to specify the
upper and lower bounds, respectively.

ε ≥ 12 dB. By employing the optimal OP, the MST of both FNs
and HNs also have breakpoints in terms of ε, which implies
that a well-chosen ε value is helpful to enhance the attainable
best performance of both FNs and HNs. In summary, either a
too-high or too-low ε value will erode the performance of the
underlaying CNs, thus a proper ε value as well as an optimal OP
value should be employed to optimize the sum throughput.

To more effectively optimize the sum throughput, the MST
as well as the corresponding OP and ε value is analyzed, as
illustrated in Fig. 9. The MST of both FNs and HNs is shown
to be concave functions of ε. In particular, the FNs’ MST is
shown to decline faster than the HNs, implying that the HNs has
a better MST performance while ε ≥ 12 dB. Furthermore, the
corresponding optimal OP values of both FNs and HNs (marked
as HN-OP) are shown to decrease rapidly at first as the SINR
threshold increases, followed by slowly pace down and tend to
be flat. In addition, HNs can afford a higher traffic workload,
because the corresponding optimal OP of HNs is always higher
than that of the FNs. Without considering the impact of SI, the
corresponding optimal OP of HNs is always higher than that
of the FNs, implying that HNs can afford more workload. In
summary, although FNs can substantially outperform HNs in
terms of the optimal MST, the former always fails to gain a
benefit over the latter in terms of the affordable traffic workload.

D. Performance Comparison Between FN and HN in Terms of
Both OP and the Activated Users

In this subsection, the number of ACUs and ADUs that
sharing a sub-channel is assumed to be constant. Without loss of
generality, we denote the number of the co-spectrum activated
users by AUN. In particular, the SIC coefficient and the SINR
threshold (i.e., μ and ε) are set to be moderate values 75 dB and
5 dB, respectively. The performance of the FNs/HNs in terms of
OP and AUN is illustrated in Fig. 10-Fig. 12.

In Fig. 10, the ACP of both CLs and DLs as functions of OP
with different AUN are analyzed. Compared with Fig. 3 and
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Fig. 10. The ACP-curves for both CL and DL as functions of OP with variant
AUN in FNs/HNs, where we use “UB” and “LB” to specify the upper and lower
bounds, respectively.

Fig. 11. The curves of sum throughput for both CL and DL as functions of
OP with variant AUN in FNs/HNs, where we use “UB” and “LB” to specify the
upper and lower bounds, respectively.

Fig. 7, an obvious performance loss is induced in CLs as AUN
increases. In particular, the DLs shows the fastest decline rate
among these three figures. Evidently, AUN will constitute the
most critical parameter of the ACP performance of both CLs and
DLs, because a severe interference will be imposed on CLs/DLs
while more AU are accessed.

In Fig. 11, the curves of the sum throughput for both FNs and
HNs as functions of OP with different AUN are illustrated, where
the curves of the MST and the corresponding optimal OP for
the upper and lower bounds of FNs/HNs with appropriate AUN
are figured out. These three MST curves (from top to bottom)
correspond to AUN values from 1 to 5. The sum throughput of
both FNs and HNs are shown to substantially decline as AUN
increases. Furthermore, if AUN is beyond 2, neither FNs nor
HNs can afford a high data rate (e.g., OP ≥ 0.5) due to the
fact that the sum throughput will tend to zero as OP increases.
Compared with Fig. 5 and Fig. 8, the increasing of AUN is shown

Fig. 12. The curves of the MST for both CL and DL as functions of OP with
variant AUN in FNs/HNs, where we use “UB” and “LB” to specify the upper
and lower bounds, respectively.

to be most unaffordable in both FNs and HNs under larger OP,
since a small (but non-zero) sum throughput can be maintained
as μ and ε increase, while almost zero sum throughput will be
attained if AUN is beyond 2. In addition, the MST of both FNs
and DNs are almost linearly decreasing as AUN increases, thus
affording more AUN in a low-data-rate scenario in a cell of
D2D-aided underlaying CNs. Anyway, less AUN can exist in the
high-data-rate scenarios. In summary, the fewer the co-spectrum
AUN, the greater the sum throughput that can be obtained, and
vice versa.

To more effectively optimizing the sum throughput, the curves
of the MST as well as the corresponding optimal OP for both FNs
and HNs with a given AUN are analyzed, as illustrated in Fig. 12.
It is shown that both the MST and the corresponding optimal OP
decrease as AUN increases. Although HNs outperforms FNs in
terms of MST when AUN is beyond 3, the affordable traffic
volume has already declined to a very low value (since OP
becomes less than 0.1). Thus we should share a sub-channel
to as few AUs as possible for maximizing the sum throughput
of the whole networks.

VIII. CONCLUSION

In this paper, the optimal mode selection (i.e., between FD
and HD modes) in underlaying cellular networks was studied
by taking the impact of the users’ workload into account. The
performance gains brought about by employing an appropriate
duplex mode was substantially investigated. As the benchmarks,
the closed-form expressions for a variety of critical parameters of
metric under a given workload, including the average coverage
probability, the sum throughput and the maximum sum through-
put of FD/HD-D2D-aided underlaying cellular networks, etc,
were derived and analyzed. It was shown that the FD mode
is capable of improving the performance of the D2D-aided
underlaying cellular networks in terms of sum throughput in the
low-traffic-volume regime, while the HD mode won technical
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advantage over the former in a high-traffic-volume regime. Fur-
thermore, it is impossible for us to improve the sum throughput
of D2D-aided underlaying cellular networks by simply increas-
ing the users’ traffic load indefinitely, in other words, there must
be an optimal user workload to maximize the sum throughput
of the entire system. By adaptively adjusting a variety of critical
parameters, such as the traffic workload, the SINR threshold,
the residual self-interference and the number of co-spectrum
activated users, etc, the maximum sum throughput with optimal
workload allocation can be attained.

APPENDIX A

The STP of CLs can be formulated:

S(ND)
c = P

(
Pchc0bd

−α
c0b

Icc + σ2
> ε

)

= P

[

hc0b >
εrαc
Pc

(Icc + σ2)

]

(39)

where rc = dc0b. It is shown in (39) that the STP probability
depends on a number of variables, including hc0b, rc, Pc and
Icc. Conditioning on g = {rc, Icc}, for a given transmit power
Pc, (39) can be rewritten as

S(ND)
c = Eg

(
PND
g

)
(40)

where the conditional probability PND
g is given by:

PND
g = P

[

hc0b >
εrαc
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(Icc + σ2)

]

| g

(a)
=
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e−xdx

= e−sc(Icc+σ2) (41)

with sc = εrαc /Pc. Since hc0b � exp(1) holds, we can easily
derive the expression in the step (a) following the the properties
of exponential distribution. By substituting (41) into (40) and
de-conditioning by g, both STP of CLs can be derived as:
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[
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{
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[
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2
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[
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−scσ
2
f(rc)

]
drc (42)

where in step (b), L(scIcc) denotes the Laplace transform (eval-
uated at sc) of random variable Icc. Moreover, in step (c), f(rc)
stands for the probability density function of a randomly chosen
CL.

APPENDIX B

Based on equations E[
∏

Φ f(x)] = exp{−λ
∫

R2 [1 −
f(x)]dx} and
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transforms of Icc can be given by
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where u = xα/(εrαc ) and ρ(α, ε) = ε
(1− 2

α )2 (2F1)(1, 1 − 2
α ; 2 −

2
α ;−ε). Note that the integral region in the above equation is
(rc,∞), because users are assumed to always choose the nearest
BS as their access point (i.e., to guarantee the maximum received
signal strength). In this case, the distance between the interfering
BS and the target user is always greater than the distance rc.

APPENDIX C

The Laplace transforms of I(FD)
dd can be given by
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APPENDIX D

Based on the FKG inequality [37], the lower bound of
L(sdI(FD)

dd ) can be formulated by
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Based on the Cauchy-Schwarz inequality, the upper bound of
L(sdI(FD)

dd ) can be derived:
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