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Abstract. The throughput of Device-to-device (D2D) enabled under-
laying cellular networks is analyzed, with either full duplex (FD) or
conventional half duplex (HD) transmission mode considered in D2D
links. Despite of the severe interference imposed on the cellular users
(CUs) by the FD based D2D (FD-D2D) links, the FD-D2D mode always
exhibits its superiority in terms of the network throughput due to its
reduced large-scale fading as well as low transmit-power essences. Numer-
ical results show that the proposed FD-D2D mechanism is capable of
substantially improving the network throughput.
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1 Introduction

With the rapid development of wireless communication techniques, the existed
cellular networks become more and more insufficient for supporting the cus-
tomers’ exponentially growing data traffic demands [1,2]. In order to successfully
relieve the heavy burden of base stations (BSs), Device-to-Device (D2D) commu-
nication technique allowing proximity users to communicate directly with each
other without relying on the intervention of BS has exhibited several promising
advantages in terms of cell throughput [3], spectral efficiency [4], users’ end-to-
end latency [5], radio coverage [6], power consumption [7] and traffic offload-
ing capabilities [8], etc. Unlike the traditional BS-centric communications, D2D
mode possess the characteristics of shorter radio-propagation distance and lower
transmit power, thus leading to a higher signal-to-interference-plus-noise ratio
(SINR) at the receiver. Up to now, D2D technique has attracted a wide attention
in both academia and industry [9,10].

Unlike the conventional half duplex (HD) mode, which has been widely
adopted in the existed D2D studies [8,11], the full duplex (FD) mode is capable
of supporting concurrent transmission and reception in a single time/frequency
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channel so as to (in theory) improving the attainable spectral efficiency by a
factor of two [12-15]. However, FD mode suffers from a performance degrada-
tion due to the impact of self-interference (SI) [16], which can be substantially
reduced by employing the state-of-the-art SI cancellation techniques [13].

All the above-mentioned issues have motivated us to investigate the com-
bination of D2D communications and FD techniques [11]. However, there still
exist several challenges to address in D2D systems. For example, interference
management constitutes a major concern of D2D-enabled cellular networks. To
implement the practical D2D-based systems, the D2D links can either be allo-
cated a dedicated resource (i.e. be orthogonal to the cellular bandwidth) [17]
or be allowed to reuse the cellular’s resources [18]. Relative to the former, the
same spectrum is shared between the cellular and the D2D systems in the lat-
ter scenario, leading to a more efficient resource utilization but also a much
more severe interference problem (e.g. cellular-to-D2D interference, D2D-to-D2D
interference, etc.). As compared with the HD mode, the FD based D2D (FD-
D2D) mode will lead to more serious interference problem. Specifically, the D2D-
induced interference may even deteriorate the throughput of the geographically
closed D2D pairs.

In light of the fact that the D2D mode is essentially service-oriented and a
D2D link is created when and only when a service demand emerges between
a pair of D2D-enabled users, the mute duration of the D2D links can still be
regarded as the interference-free period of the conventional cellular users (CUs).
In this case, it would be critical to complete a given D2D service as quick as pos-
sible in order to minimize the impact of D2D-imposed interference. Therefore, an
efficient and straightforward way to improve the throughput of CUs might resort
to the capability of suppressing the duration of D2D-induced interference. As
compared to the HD mode, FD mode is (in theory) capable of doubling the data
transmission rate of a given D2D link, corresponding to cut the D2D-imposed
interference period by half. For a given block of data to be shared between D2D
pairs, FD-D2D is found to be helpful to substantially expedite the completion of
D2D services. Although the average interference strength imposed on the CUs
by FD-D2D users becomes higher than that induced by the transmissions of
HD-mode D2D pairs, the accumulated performance losses observed in the CUs
due to the FD-D2D induced interference are still lower than that induced by the
latter, because the average transmission time of a given data needed in the latter
is almost two times of that of the former. From this point of view, it would be
beneficial to improving the throughput of the D2D-aided cellular networks by
adopting FD mode rather than HD mode.

In this paper, we investigate the technique of FD-D2D under the scenario
of spatially distributed multiple cells by analyzing the network throughput. The
main contributions of this paper are reflected as follows. Based on the the-
ory of stochastic geometry, a theoretical framework is established for modelling
and analyzing either the cellular/D2D links’ data rate and the throughput of
the whole network by considering both the FD and HD modes. We analyze
the throughput gain brought about by enabling FD-D2D in cellular networks.
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Despite of a higher interference than the HD mode may be imposed by employ-
ing FD-D2D, the latter still exhibits its superiority in terms of the network
throughput due to its short-distance-communication essence and lower power
consumption, provided that the SI power can be suppressed to a low enough
level'.

The remainder of this paper is organized as follows. In Sect.2, the system
mode for D2D-aided underlaying cellular networks is described. The theoretical
analysis for the transmission rates in both the FD and the HD modes will be
presented in Sect. 3, followed by numerical results given by Sect. 4. Finally, Sect. 5
concludes this paper.

Notation: STP 4y denotes the successful transmission probability of a link,
L{e} denotes the Laplace transforms of a random variable, P{e} represents
the probability of a event, E{e} denotes the expectation, and Rye} denotes the
throughput of a link.

2 Uplink System Model for FD-D2D Based Underlaying
Cellular Networks

In this paper, we consider a cellular system comprising multiple BSs and mobile
user equipments (UEs). Without loss of generality, we assume that the BSs are
spatially distributed inside a given geographical area according to a homoge-
neous Poisson point process (PPP) @, of intensity A,. Furthermore, both the
conventional CUs and the DUs can be served by the system, in which the CUs
and DUs are also assumed to be geographically scattered according to indepen-
dent homogeneous PPPs &, and @4, with intensities of A, and A4, respectively.
We assume that each DU has an opportunity to find a matched DU close to it to
constitute a D2D pair, in which the average length of the established D2D links
is represented by Dy. In addition, a constant transmit power is assumed in each
user, with P, and P; denoting the transmit power of CUs and DUs, respectively.

We consider an FD-D2D based underlaid HD cellular network, in which the
conventional cellular links are assumed to be operated in HD mode, whereas
the D2D links are operated at the FD mode. Furthermore, the uplink recourses
are employed for facilitating the D2D communications. Without loss of general-
ity, the general (large-scale) power law propagation model and the (small-scale)
Rayleigh fading channels are adopted in both the cellular/D2D links and the
interference links. In addition, we assume that all the above-mentioned links in
our model are independent and identically distributed (i.i.d.) random variables
with h;; ~ exp(1),4,j € {Pp, D, Pa}-

In the following, we assume that an orthogonal resource can be assigned to
each CU for effectively mitigating the intra-cell interference. The receive SINR
of both the conventional cellular links and the D2D links can be expressed as

! According to [13], SI-cancellation capability of up to 110dB can be attained by
employing proper spatial suppression, analog- and digital-domain cancellations.
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Pjcs; denotes the residual SI observed in the FD devices after performing SI
cancellation, and c¢g; denotes the SI cancellation coefficient (a larger coefficient
corresponds to a higher SI cancellation capability). Furthermore, 0 denotes the
Additive-White Gaussian Noise (AWGN) covariance.

Note that the average length of D2D links (corresponding to the transmitter-
receiver distance) is shorter than that of the cellular and/or interference links.
Furthermore, the average interference strength imposed on BSs by the active
FD-mode DUs is much higher than that imposed by the HD-mode DUs. It
would thus be reasonable to assume that the former is two times of the latter.
In other words, the interference induced by an FD-D2D pair comes from both
the transmitter and the receiver, resulting in a two-fold interference strength
compared to that induced by the HD-mode D2D pair, in which case only one
out of the D2D peers is allowed to transmit in each time.

We further define the successful transmission probability (STP) as the prob-
ability that the quality of a randomly chosen link successfully reaches its prede-
termined target SINR threshold €. The STP of a typical cellular or D2D link can
thus be define as
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and N
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respectively.

3 Throughput for FD-D2D Based Underlaying Cellular
Networks

In this section, the throughput for D2D based underlaying cellular networks will
be analyzed. The SI cancellation is assumed to be already performed (but the
residual ST power is always non-zero). The theory of stochastic geometry can be
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employed for modelling and analyzing the throughput of the proposed system
by considering both the FD and HD modes.

According to the tractable analysis of PPP in [19], each CU will always
preferentially communicate with the BS having the highest RSS (i.e. the geo-
graphically closest BS), leading to the probability density function (PDF) of the
random CU-BS distances r as

fr(r) = e 2N (5)

3.1 STP of a Typical Cellular Links

From the Slivnyaks theorem [20], the statistical property of a typical node located
at a specific position holds true for any generic node located at any generic
location. Without loss of generality, we assume that the CU of interest is located
at the origin of the plane and receives signals from the closest BS. The STP of
a typical cellular link in a general FD-D2D underlaying cellular network can be

derived as -
f_ er® ert
5TP: /0 Liee ( P ) Ltae ( P ) (6)
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where Ly (s) and Lj, (s) denote the Laplace transforms (evaluated at s) of
random variables I.. and I, respectively, as defined by
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respectively, the function o F(a, b; ¢; 2) denotes the hypergeometric function, and
sin(mx)

and

sinc(z) =
e

3.2 STP of a Typical FD-D2D Links

In the proposed FD-D2D based underlaying cellular networks, a given FD-D2D
link also suffers from interference induced by various sources, including the con-
ventional CUs, the neighboring FD-D2D pairs and the residual SI at the FD
devices, etc. The STP of a typical FD-D2D link in a general FD-D2D underlay-
ing cellular network is given by

D« Do o _csDgo?
STP! = Lr, <€d> Li, (5 d) e—€csiDy ¢ oy , (9)

Py Py
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where L, (s) and Ly,, (s) denote the Laplace transforms (evaluated at s) of
random variables 1.4 and I;4, respectively, as defined by
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and

respectively.

3.3 Throughput Analysis for the FD-D2D Based Underlaying
Cellular Networks

From information theory [21], the average throughput of a typical CU/DU can
be defined as

R = E[log(1 + SINR)] = / PEINR >¢) . (12)
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The throughput of a typical cellular link and FD-D2D link can thus be derived

as
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respectively.

Note that the impact of thermal noise will no longer dominate the perfor-
mance degradation of the D2D-aided networks, which should be interference lim-
ited. In this case, it would be reasonable to assume that ¢2 — 0, thus enabling
the throughput of the FD-D2D underlaying cellular networks to be simplified as

RS = MR + 2)\4R], (15)
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For purposes of performance comparison, we also derive the throughput under
HD mode, as given by

R" = \yRI + N4R%, (18)
where
* 1 1
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and
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respectively. Evidently, the superiority of FD-mode over HD-mode is mainly
reflected in the potential factor-2 throughput gain. However, this gain is not
attainable in practical designs mainly due to the impact of residual SI as well
as the other non-linear distortions [13]. Since the HD mode may occasionally
outperform the FD mode in terms of attainable throughput if the residual SI

power in the FD devices is high, the latter maintains its advantages only if the
SI power can be sufficiently suppressed.

<1 rD2c%
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4 Numerical Results

In this section, we evaluate the spectral efficiency gain offered by underlaying
cellular networks, which combines the benefits of both the FD mode and D2D
communications. The uplink band is shared between the conventional CUs and
the D2D links, with i.i.d. Rayleigh fading considered. Furthermore, the path-loss
exponent is set to o = 4 (i.e. corresponding to the typical urban environment).

In the following simulations, an area of 4000 x 4000 m? square serving 5 BSs
and 30 D2D links (deployed according to independent PPP) is considered. Fur-
thermore, an orthogonal resource allocation among CUs is assumed. In addition,
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the average length of D2D links is assumed to be 50m, with the transmit pow-
ers of CUs and DUs assumed to be 30dBm and 20dBm, respectively. Finally,
the noise power spectrum density is assumed to be —174 dBm/Hz. The detailed
parameter settings are shown in Table 1.

As shown in Fig.1, the numerical results can well validate the theoretical
analysis. In the presence of low SI-cancellation capability (i.e. a relatively higher
power of residual SI is imposed on the FD devices), the HD mode based D2D
outperforms the FD-D2D mode in terms of the spectral efficiency. However,
the FD-D2D mode exhibits its superiority over its FD counterpart if the SI-
cancellation capability becomes higher than 85 dB.
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Fig. 1. Performance comparison of HD-D2D and FD-D2D in terms of throughput by
considering variant SI cancelation.

Figure 2 illustrates the performance comparison between HD-D2D and FD-
D2D modes in terms of spectral efficiency under various number of D2D links.
Evidently, the spectral efficiency can be improved as the number of D2D link
increases. However, the approach of improving the spectral efficiency by infinitely
increasing the number of D2D links is shown to be un-sustainable. As illus-
trated in Fig.3, when we shrink the simulation area from 4000 x 4000 m? to
1000 x 1000 m? (i.e. corresponding to magnifying the density of DUs), the spec-
tral efficiency may be eroded by further increasing the D2D numbers once it
approaches a critical threshold. We may explain it as follows: In scenarios with
sparse D2D distributions, activating more D2D pairs implies contributing more
throughput via D2D links. In scenarios with dense D2D distributions, on the
other hand, the whole system becomes interference-overloaded, in which case
the performance improvement brought about by increasing D2D pairs cannot
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Fig. 2. Performance comparison of HD-D2D and FD-D2D in terms of throughput under
different D2D-density settings (sparse scenario is considered).
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Fig. 3. Performance comparison of HD-D2D and FD-D2D in terms of throughput under
different D2D-density settings (dense scenario is considered).

counter-balance the throughput losses induced by the severe interference imposed
by D2D links. Furthermore, a further observation in Fig. 2 indicates that the per-
formance gap between the FD-D2D and the HD-D2D modes becomes larger as
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the number of D2D pairs increases (i.e. the superiority of the FD-D2D mode is
enhanced). Anyway, as long as the DU density is below the tolerable threshold,
increasing the number of D2D pairs (i.e. corresponding to decreasing the distance
between peer DUs) will always enables a better FD mode communication.

Table 1. Default key parameters in the simulation

Parameter | Physical Mean Value

P. Power of CU 30dBm

Py Power of DUs 20dBm

@ Path loss coefficient 4

Dy The average distance between a pair of D2D peers | 50 m

o2 Power level of thermal noise —174dBm/Hz
Simulation area 4000 m x 4000 m

Ny Number of BS 5

Ny Number of D2D link 30

k Cellular Link Protecting Radius Coefficient 0.5-0.7

Csi SI cancellation coefficient 100dB

5 Conclusions

In this paper, benefits brought about by implementing FD-D2D aided cellular
networks in terms of spectral efficiency was analyzed, showing that the FD-D2D
communication is capable of improving the sum-rate of the network due to its
speciality of short link distance and lower transmit power, despite of a much
more severe interference than the HD-D2D mode imposed on it. Furthermore, it
was shown that the attainable performance gain in terms of throughput cannot
be infinitely increased by simply increasing the number of D2D links, because
the CUs may become interference overloaded, in which case the performance
gain brought by increasing the number of D2D links cannot counter-balance the
throughput loss induced by the severe interference.

Acknowledgement. This work was supported by the key project of the National Nat-
ural Science Foundation of China (No. 61431001), the open research fund of National
Mobile Communications Research Laboratory, Southeast University (No. 2017D02),
Key Laboratory of Cognitive Radio and Information Processing, Ministry of Education
(Guilin University of Electronic Technology), and the Foundation of Beijing Engineer-
ing and Technology Center for Convergence Networks and Ubiquitous Services. The
corresponding author is Dr. Zhongshan Zhang.



204

Y. Shang et al.

References

10.

11.

12.

13.

14.

15.

16.

. Zhang, Z., Long, K., Wang, J.: Self-organization paradigms and optimization

approaches for cognitive radio technologies: a survey. IEEE Wirel. Commun. Mag.
20(2), 36-42 (2013)

Zhang, Z., Long, K., Wang, J., Dressler, F.: On swarm intelligence inspired self-
organized networking: its bionic mechanisms, designing principles and optimization
approaches. IEEE Commun. Surv. Tuts. 16(1), 513-537 (2014). First Quarter
Liu, Z., Peng, T., Peng, B., Wang, W.: Sum-capacity of d2d and cellular hybrid
networks over cooperation and non-cooperation. In: 2012 7th International ICST
Conference on Communications and Networking in China (CHINACOM), pp. 707—
711. IEEE (2012)

Abu Al Haija, A., Vu, M.: Spectral efficiency and outage performance for hybrid
d2d-infrastructure uplink cooperation. IEEE Trans. Wirel. Commun. 14(3), 1183—
1198 (2015)

Lianghai, J., Klein, A., Kuruvatti, N., Schotten, H.D.: System capacity optimiza-
tion algorithm for d2d underlay operation. In: 2014 IEEE International Conference
on Communications Workshops (ICC), pp. 85-90. IEEE (2014)

Liu, J., Zhang, S., Nishiyama, H., Kato, N., Guo, J.: A stochastic geometry analysis
of d2d overlaying multi-channel downlink cellular networks. In: INFOCOM (2015)
Fodor, G., Dahlman, E., Mildh, G., Parkvall, S., Reider, N., Miklos, G., Turanyi, Z.:
Design aspects of network assisted device-to-device communications. IEEE Com-
mun. Mag. 50(3), 170-177 (2012)

Lei, L., Kuang, Y., Shen, X., Lin, C., Zhong, Z.: Resource control in network
assisted device-to-device communications: solutions and challenges. IEEE Com-
mun. Mag. 52(6), 108-117 (2014)

. Asadi, A., Wang, Q., Mancuso, V.: A survey on device-to-device communication

in cellular networks. IEEE Commun. Surv. Tuts. 16(4), 1801-1819 (2014). Fourth
quarter

ElSawy, H., Hossain, E., Alouini, M.-S.: Analytical modeling of mode selection and
power control for underlay d2d communication in cellular networks. IEEE Trans.
Comm. 62(11), 4147-4161 (2014)

Feng, D., Lu, L., Yuan-Wu, Y., Li, G., Li, S., Feng, G.: Deviceto-device communi-
cations in cellular networks. IEEE Commun. Mag. 52(4), 49-55 (2014)

Zhang, Z., Chai, X., Long, K., Vasilakos, A.V., Hanzo, L.: Full duplex techniques
for 5G networks: self-interference cancellation, protocol design, and relay selection.
IEEE Commun. Mag. 53(5), 128-137 (2015)

Zhang, Z., Long, K., Vasilakos, A.V., Hanzo, L.: Full-duplex wireless communi-
cations: challenges, solutions and future research directions. Proc. IEEE 104(7),
1369-1409 (2016)

Goyal, S., Liu, P., Panwar, S.S., Difazio, R., Yang, R., Bala, E., et al.: Full duplex
cellular systems: will doubling interference prevent doubling capacity? IEEE Com-
mun. Mag. 53(5), 121-127 (2015)

Zhang, H., Tabassum, H., Hossain, E., Kim, D.I.: Medium access control design
for full duplex wireless systems: challenges and approaches. IEEE Commun. Mag.
53(5), 112-120 (2015)

Wang, L., Tian, F., Svensson, T., Feng, D., Song, M., Li, S.: Exploiting full duplex
for device-to-device communications in heterogeneous networks. IEEE Commun.
Mag. 53(5), 146-152 (2015)



17.

18.

19.

20.

21.

Throughput Analysis 205

Zhou, B., Hu, H., Huang, S.-Q., Chen, H.-H.: Intracluster device-to-device relay
algorithm with optimal resource utilization. IEEE Trans. Veh. Technol. 62(5),
2315-2326 (2013)

Feng, D., Lu, L., Yuan-Wu, Y., Li, G.Y., Feng, G., Li, S.: Device-to-device com-
munications underlaying cellular networks. IEEE Trans. Comm. 61(8), 3541-3551
(2013)

Andrews, J.G., Baccelli, F., Ganti, R.K.: A tractable approach to coverage and
rate in cellular networks. IEEE Trans. Commun. 59(11), 3122-3134 (2011, 2016)
Chiu, S.N., Stoyan, D., Kendall, W.S., Mecke, J.: Stochastic Geometry and Its
Applications. Wiley, New York (2013)

Cover, T.M., Thomas, J.A.: Elements of Information Theory. Wiley, New York
(1991, 2016)



	Throughput Analysis for Full-Duplex Based Device-to-Device Communications
	1 Introduction
	2 Uplink System Model for FD-D2D Based Underlaying Cellular Networks
	3 Throughput for FD-D2D Based Underlaying Cellular Networks
	3.1 STP of a Typical Cellular Links
	3.2 STP of a Typical FD-D2D Links
	3.3 Throughput Analysis for the FD-D2D Based Underlaying Cellular Networks

	4 Numerical Results
	5 Conclusions
	References


