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Abstract

Abstract—In this paper, we investigate the performance analysis of full-duplex random access
in distributed networks. Recently, full-duplex communication is focused on the 5G cellular and
wireless networks. Full-duplex communication is able to efficiently use the bandwidth by
transmitting a signal simultaneously on the same frequency band. The technical progress on
the analog and digital interference cancellation makes full-duplex communication feasible in
wireless networks and it can be increased in system throughput compared to the existing half-
duplex system. Especially, we considered the proximity environment using the full-duplex
communication such as the device-to-device communication. We can analyze the performance
gain for full-duplex random access in the aspect of MAC protocol. In addition, we considered
the stochastic approach for the large scale system to obtain the practical calculation. Simulation
results of the ON/OFF system model show that the full-duplex random access in distributed
network can improve the system throughput by up to 10 % performance gain. In addition, the
results of stochastic model represented about 3-times performance improvement in the general
case. We can anticipate the enhanced system performance in random access process by using

the full-duplex communication in a proximity distributed system.

Keywords: Distributed network, random access, full-duplex, device-to-device
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I. INTRODUCTION

The demand for wireless data traffic has increased in recent years with the growth of smart
phone, wireless devices, and new applications. According to a recent report by Cisco [1],
mobile data traffic is increasing 25-times by 2016. As a result, the overload of data traffic is
increasing in wireless network. In order to improve the bandwidth efficiency in growth of
increasing data traffic and provide the high quality of service on the wireless network, a number
of researches have been progressed in all aspects of communication systems. We are focus on
both techniques in terms of full-duplex (FD) and device-to-device (D2D) communication.

FD enables a wireless device to transmit and receive data simultaneously in the same
frequency band. It is a promising technology for 5G communication systems as it potentially
increases system capacity in the aspect of physical layer. In FD, the received signal at a device
is interfered by its transmitted signal at the same device. Such the self-interference is much
higher than power of the received signal. Thus, the main challenge in realizing FD is how to
cancel self-interference. Various RF, analog, and digital cancellation techniques are proposed
for implementation of FD communication. The mechanism for self-interference cancellation
(SIC) using multiple antenna technique was proposed in [2]. However, a practical FD
transceiver was implemented by adding two other techniques to the multiple antenna one to
use the digital interference and RF cancellation and SIC gain of 70 dB was obtained through
combination of these techniques in [3]. Recently, a single antenna for simultaneous
transmission and reception is implemented for novel analog and digital cancellation techniques
that cancel the self-interference to the receiver noise floor, and ensure that there is no decrease
to the received signal in [4]. Besides, medium access control (MAC) protocol was proposed in
[5], which is designed for centralized network. Two devices transmit their data simultaneously

on the common channel. The proposed protocol utilize a busy tone on the channel to prevent
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the hidden terminal problem for centralized network. Furthermore, FD protocol based on
carrier sense multiple access with collision guidance (CSMA/CA) was proposed for distributed
networks [6].

In addition, there have been researched for D2D communication in an effort to increase
efficiency of the data traffic. D2D communication enables the exchange of data traffic directly
between mobile devices without base stations or the core network. D2D communication
supports new usage models based on the proximity of devices such as social networking
applications, peer-to-peer content sharing, and public safety communications in out of coverage.
Additionally, D2D communication cooperates with each other to dramatically increase
network capacity through reusing the same spectrum or using the unlicensed spectrum. D2D
communication also presents additional benefits for increased area spectral efficiency,
including improved cellular coverage, reduced end-to-end latency and reduced power
consumption [7].

In the general case, FD is expected to increase double the capacity at the point-to-point
communication and FD is capable of double the performance by the capacity region if the
resource scheduling become ideal in the distributed networks [8]. Unlike the two-node point-
to-point communication, the capacity of the three-node relay communication will be less than
the sum of the two individual transmission rates due to inter-node interference from the source
device to the destination device. However, if there are a lot of device within a cell such as the
large scale network, FD is able to anticipate the more performance improvement. Especially,
devices transmit a signal each other in such random access situation because FD method
relatively less can be reduced. If the HD attempt to transmit a signal each other, two devices
may fail to access the channel and transmission due to a collision. Therefore, we attempt
performance analysis of FD in terms of the large scale network, which is able to combine with

the D2D communication because FD and D2D communication are capable of increasing the



system capacity for data traffic in the same cell. In addition, FD communication is suitable for
low power communication system because it has to cancel the received signal from its
transmission signal. D2D communication is also used to low power system in the proximity
network. A lots of the existing researches have been conducted with respect to half-duplex (HD)
and it have been mainly considered in the centralized network model. So that, a number of
researches are required for the FD in a proximity distributed system. We assumed the D2D
devices using the low-power communication and using the FD technique in proximity
environment. It is anticipated of the contribution in the advantages of FD and D2D
communication. Therefore, we are focusing on the FD communication in proximity distributed
system such as D2D communication.

In this paper, we analyze the performance comparison of random access process for FD
and HD communication in the ON/OFF system model. We assumed that there are devices
operating in FD or HD mode in the communication system, which is a time-slotted system.
Each device grabs the channel with a certain probability in a distributed manner without
centralized controller. We define that random access process is divided by the channel grabbing
and transmission process. In the existing HD method, a device transmits a signal to other
devices within the capable transmission coverage after the channel grabbing process. However,
FD communication can have the various communication topology according to formation of
links among devices. Each topology can occur with certain probability. We consider various
communication topologies in transmission process after the channel grabbing to calculate the
system throughput. On the basis of this result, we conducted the system simulation through
stochastic approach throughout the cell. As a result, we obtained the results that using the FD
is suitable for proximity system and it is expected for the random access performance
improvement of about 3-times compared to the existing HD communication in the general

network model.



The remainder of this paper is organized as follows. Section Il explain the basic concept
for FD and D2D communication. Sections 111 describes the system model for a FD random
access in distributed networks and stochastic approach. Sections IV analyzes the performance
of the random access using the FD communication with the conditional probability. Section V
contains the simulation results for random access performance. Conclusions and future works

are given in Section V1.



1. BASIC CONCEPT OF RELATED WORK

A. Full-duplex communication

Wireless communication systems are generally using frequency division duplex or time
division duplex to separate the devices as multiple access scheme. In frequency division duplex,
all devices use different frequency bands for signal transmission to divide the received signal
from transmission signal of other devices. Time division duplex systems separate each device
to different time slots to support multiple devices. Unlike HD, FD communication enables a
device to transmit and receive a signal simultaneously on the same frequency as shown in
Figure 1. Also, it can double the capacity of wireless systems. However, the implementation
of FD has some challenges although it can improve the spectral efficiency. One of the main
issues of FD communication is self-interference cancellation (SIC). A device transmits and
receives simultaneously in the same frequency band by own transmission signal. Self-
interference usually makes that it impossible for the receiver to detect the desired signal
because the power of self-interference is larger than its received signal from other devices due

to propagation attenuation.

Self Self
Interference Interference
Cancellation Cancellation

® Self interference

Figure 1. Self-interference cancellation in full-duplex communication



However, the progress on the analog and digital interference cancellation techniques makes
FD communication feasible for 5G cellular and wireless networks. Accordingly, a lot of
researches have been studied in the physical layer and RF front end design for FD system.
There are some technique such as antenna cancellation, RF cancellation and digital cancellation
to implement the FD.

Antenna cancellation is using two transmit and one receive antennas. In [3], the two
transmit antennas are placed on distances d and d + A/2 from the receive antenna according
to wavelength A, as shown in Figure 2. Kee4ing distance of the two transmit antennas by half
a wavelength causes their signals to add and cancel other signal. The receive antenna receive a
weaker signal from a null position. RF interference cancellation implement self-interference
cancellation in the analog domain by using a noise cancellation circuit. The transmit signal is
supplied as a noise reference in the circuit and it can subtracts noise from the received signal
after adjusting for phase and amplitude. Digital cancellation uses received digital samples after
the analog-to-digital conversion in the receive path. The transmitted samples are stored in a
local storage. The received samples are correlated with transmitted samples to determine the
beginning of the transmitted signal and phase in the received samples. The transmitted samples

can subtract from the received samples to cancel the transmitted signal from the received signal.

Antenna Cancellation
TX1 RX TX2
P d R P d+A1/2 R
Txsignal | RF Interference | F Digital
Cancellation E i Cancellation

Figure 2. Block diagram of existing full-duplex design with three cancellation techniques.



Recently, a single antenna for simultaneous transmission and reception is implemented for
novel analog and digital cancellation techniques that cancel the self-interference. In order to
achieve FD, a radio has to completely cancel the self-interference from its own transmission to
the received signal. For example, WiFi system is considered to use the average transmit power
at 20dBm and the noise floor is around -90dBm. The self-interference has to be canceled by
20dBm-(-90dBm)=110dB to reduce it to the same level as the noise floor. If the self-
interference is not completely canceled, any residual self-interference acts as noise to the
received signal and reduces SNR because of the increasing interference. For example, if the
received signal’s SNR without FD is 25dB but is reduced to 5dB due to 20dB residual self-
interference. It is significantly worse than using the HD link with 25dB SNR and it is better to
using the FD in this case. Therefore, the amount of self-interference cancellation can influence
to overall system throughput.

In the aspect of MAC protocol, the protocol of FD was designed for centralized network
in [5], two nodes transmit their packet simultaneously or if one of them does not have any
packet from the other node, it sends a busy-tone on the channel in order to prevent the hidden
terminal problem designed for centralized networks as well, the MAC protocol is based on
three methods: (1) shared random back-off, (2) header snooping and (3) virtual contention
resolution. Furthermore, MAC protocol for distributed networks was proposed in [6]. The
proposed protocol is based on carrier sense multiple access with collision guidance
(CSMAJ/CA). This protocol called the CONTRA FLOW is the distributed MAC protocol that
has been proposed. In this protocol, once node A captures the channel according to the
CSMA/CA back-off mechanism, it starts transmitting its packet to node B and waits for the
primary timer until the expiration. As soon as node B opens the header, it starts forwarding the
packet to node C through an uncontended transmission. The MAC protocol design of both

distributed network and infrastructure modes of WLAN is considered for new interference and



contention during FD communication.

Node 1 Primarv TX ACK
t ' t Simultaneous
l ACKs
AP Secondary TX Busytone ACK
Hidden Terminal
Suppression

o2 | [

Carrier Free Carrier Busy

Figure 3. Full-duplex MAC protect primary and secondary transmission from hidden terminal
losses.

B. Device-to-device communication

D2D is a future communication technology. D2D communication allows a device to
directly communicate other devices without the base station or infrastructure. As shown in
Figure 4, D2D communication has a number of advantages compared to the conventional
communication system such as the cellular and centralized network. First of all, D2D
communication can reduce the transmission power because it is based on the proximity service.
Also, D2D communication can reduce the latency because it can communicate directly with
the neighboring devices each other. The other advantage of D2D communication is offloading
the cellular traffic, so that it can disperse the concentrated data traffic. Furthermore, D2D
communication increases spectral efficiency by using the spatial reuse within a cell and can
extend the cell coverage through the relay station in [9]. D2D communication can be divided
into three part such as device discovery, link setup, and communication process and there are
licensed and unlicensed band communication. In this paper, we are focusing on the distributed

system such as the ad-hoc network. Among the lots of D2D communication, FlashLinQ is



suitable for the distributed system operating without the central controller. We investigated the

process of device discovery, paging, and communication in FlashLinQ system.

User

.':|
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Figure 4. Device-to-device communication

2.1 Device discovery

The device discovery protocol of FlashLinQ is based on a synchronous network system and
use the existing infrastructure as common external timing source such as the GPS information.
FlashLinQ allocate 20ms per one second in every time slot to increase the power efficiency of
discovery and paging process as shown in Figures 5. Information of each device is transmitted
in the form of a single tone which is the PDRID (Peer Discovery Resource ID). In this process,
all the devices periodically search the adjacent devices by participating in discovery period in
the allocated time slot. Resources allocated for the entire device discovery process is divided
into a large number of PDRID and each device have to choose whether to use any PDRID. A
discovery slot is divided into a number of mini-slots. An 8 second interval is one discovery

repetition period and consists of N; mini-slots. In addition, the frequency band of 5MHz is



divided into Ny single tone using OFDMA [10]. Thus, the discovery resource is divided into
N; X N PDRID. In FlashLinQ, each device select the smallest reception power of PDRID to
use its own device discovery, which is referred to as a greedy selection. Devices cannot hear
the information of other devices that are transmitted at different frequencies at the same timing
while one device transmit the signal in their PDRID determined. In order to solve the HD
problem and fading impact in certain channel, Latin square hoppling pattern that alternated
transmission and reception is utilized. Device using the red color resource cannot receive the
device using the blue and yellow color resource. However, it can receive the signal in the same

time at different frequency if each device use the hopping pattern.

< 8 seconds

v

4+ 1 second ——

Control Discovery 1 Traffic === Control Discovery 1 Traffic === Control Discovery 1

wio L [ T T e T T T T e

Mini-slot

A
v

1 Discovery Repetition

Figure 5. Device discovery in timing structure

The HD and frequency selective fading problem is solved by transmitting the signal that use
Latin square pattern in frequency and time domain, which changes the resource per 8 second.

As shown in Figure 5, it represent the time hopping to consider the simple case. If each device
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repeat 64 times for 8 seconds, all the PDRID ca be received in the vicinity of its device after

514 seconds.

2.2 Paging and data communication

Paging is the process to connect devices to transmit information when the device check the
proximity through the device discovery. A transmitter request the link setup signal to receiver
and response the ACK signal. The transmitter and receiver exchange user identity and other
authentication information to connect a link. In this process, each link can obtain the
Connection Identifier (CID) that is locally unique and is used in connection scheduling to

distinguish a number of the links [11].

Connectio Rate
n Schedulin Data segment ACK
i
i Pil cQ
1
i ot [
1
1
C
[0
>
o
o
L
TX- RX-

Figure 6. Connection Scheduling

Data communication procedure is the process of sending and receiving a signal process
between connected devices. FlashLinQ system proposed the distinguished scheduling method

based on SIR (Signal-to-Interference Ratio) for efficient spatial reuse. The connection

11 -



scheduling utilize the assigned to CID in the previous step. It has the priority depending on
where located. Each tone is orthogonal and priority ordering is assigning the highest priority to
the top-left tone and the lowest to the bottom-right. For example, CID 7 has higher priority
than CID 3 in Figure 6. These CID tones is periodically changed to maintain the fairness. If the
priority of the link is given to L, the link determines whether its own communication for the
link given the higher priority than L under the constraint that does not excessively interfere
with the higher link. These methods is called yielding. The estimated SIR is used when each
Tx-Rx pair decides whether to perform Tx-yielding or Rx-yielding. Tx-yielding is that a certain
link to establish the link as it creates too much interference to other links which have higher
priority than itself. On the other hand, Rx-yielding means that the link gives up the
communication because of interference from other links. These methods based on SIR

measurements is superior to the performance of the RTS/CTS 802.11 [11].
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I11. SYSTEM MODEL

A. Channel model
We assume independent and identically distributed (11D) Rayleigh fading. In addition,
there is a path loss depend on a distance. When the power of transmitted signal on bandwidth

is P;, the received signal power at a distance r is
P=Ih .

where h is the Rayleigh fading and mean is 1 and «a is the path loss exponent. In addition,
other devices transmitting at the same time are treated as interferer except for desired link.
When a device transmit a signal with power P,, the amount of residual self-interference
power kP,, where k is the self-interference cancellation factor. As the transmit power increases,
the residual self-interference increases. When the channel between two devices is an 11D fast
fading channel with a path loss depend on distance, the SINR of typical receiver can be

expressed as

P.hr=«

SINR = ———
o? + 1,

where

I, = z Phr% + kP,
iED

P, is the transmit power and r is the distance between the two devices. The interference
power at the typical receiver I, isthe sum of the received power from all the interferer. The

noise power is assumed to be additive and constant with value o?2.
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O Not channel access
© Reception device — Desired signal

@ Transmission device ----% |Interference signal

Figure 7. Channel model for random access in distributed networks

We considered the communication system applying to the channel model as shown in
Figure 7. In a cell, devices are distributed randomly by the density and cell area, where each
device determine channel access and transmission with the certain probability. We assume that
each device select a device of the closest distance from its own device and communicate with

each other because we consider the simple scenario to solve the FD random access.

B. ON/OFF system model

In this section, we consider there are n devices using FD or HD mode in the wireless
network system. We assume each device transmits a signal to access the shared channel. The
communication system is assumed to be time-slotted system with distributed random access.
In a time-slot, HD mode cannot transmit and receive at the same time while FD mode can
transmit and receive simultaneously on the same frequency in a time-slot. We assume all the
devices have the same probability p to access the channel and are within the same transmission

coverage not to consider external interference [12]. Random access process can be divided to

- 14 -



channel grabbing and transmission process.

A B
H—

(a) Bidirectional topology

\ 4

—~—| [~—=| .
—~—] |~ 2
Y
—~—|  [~—=]
—~—| |~ 7

(c) One way topology (d) One way topology (duplication)

Figure 8. Transmission topologies for two active devices

A device using FD mode can transmit and receive a signal but it cannot transmit or receive
two signals at the same time. Therefore, we can consider four transmission topologies
according to formation of links between transmitters and receivers. If two devices are enabled
to active mode after the channel grabbing, transmission scheme of active devices is divided as
shown in Figure 8. In addition, we do not consider more than two active devices because the
collision occurs for more than two active devices. First communication scheme (a) is
bidirectional topology that is typical two-way communication. Both A and B grab the channel
successfully with certain access probability p, which send a signal with transmission
probability each other. Bidirectional topology can double the system capacity compared to HD
communication. Second communication scheme (b) is relay topology, where it can send a
signal through relay device R from source S to destination D. Both S and R successfully grab

the channel with certain access probability p, where S sends the transmission signal to R and R
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sends the transmission signal to D. In relay topology, R operates in FD mode. In such a case,
the link for random access is only formed between the S and R. D cannot perform link formation
because there are two received signals simultaneously in a time-slot. S can interfere to D within
the same transmission coverage while sending a transmission signal to R. The remaining
scheme (c) is one way transmission topology that it can transmit a signal from A; to B;. In such
a case, A; successfully grabs the channel with certain access probability p, which sends a
signal for random access to B;. In one way transmission topology, each link cannot be formed
because B; receives simultaneously two transmission signal from A;. A; can interfere to the
other receiver while sending a transmission signal to receiver. Duplication scheme (d) cannot

perform random access in the same manner.
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IV.FULL-DUPLEX RANDOM ACCESS

A. Random access probability

In this section, we analyze the performance of FD random access for the system
throughputs. To calculate the performance with FD random access, we define the system
throughput where each device sends a packet to other devices after channel grabbing in a time-
slot and a link is successfully formed between a transmitter and receiver through transmission
signal. In FD communication, two devices access the channel to send a transmission signal.
We consider the conditional probability to calculate the transmission scheme probability and

the successful probability of each transmission scheme is defined as py;, Preiay: Pone, and
Paup - N bidirectional topology (a), pp; is the probability, where two devices send a
transmission signal with a probability of ﬁ each other after channel grabbing except for own

device, where the remaining devices within transmission coverage do not attempt transmission
for channel access. The relay topology p,eiqy Sends a signal by S and R using the channel

access probability p. After the channel grabbing, S and R have each transmission probability
of ﬁ and g because R have to send a transmission signal except for S and R. The one

way topology p.ne Sends atransmission signal by two devices A; after grabbing the channel.

Each device can send a signal with different transmission probability. The one device has the

transmission probability of Z—:j except for own transmitter and another transmitter and another

device has the transmission probability of Z—:j except for transmitter and one receiver. In this

case, links for random access are not formed due to collision because receiver gets two
transmission signals at the same time. Finally, there is duplicate topology p.,,,. The two active

devices send a transmission signal to one receiver B after the channel grabbing. The
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transmission probability of each device can be obtained to the probability of Z—:i A

transmission scheme is calculated by conditional probability after two devices become active
mode through successful channel access. According to these transmission schemes, we can

obtain the probability of FD random access when two devices become actives as follows.

Ppi = (721) p*(1 —p)"? ﬁ €y

2:-(n—2
Pretay = (;l) pz(l - p)n—z ﬁ (2)
Pone = (;l) pz(l - p)n—Z G (n)_ (11)12 ) 3)
— 2)2
pdup = (;) pz(l - p)n—z % (4)

Note that the sum of transmission probability of ppi, Preiays Pones aNd pgyp IS
(3)p*(1 —p)™2 since all the cases with two active transmitters have to belong to one of four
cases. We have to consider both paths in the bidirectional topology (a) and one direction path
in relay topology (b) to evaluate the transmission probability. Therefore, the success probability
of two active devices is considered t0 py; + Preiay Dy the successful link formation. In
addition, the system throughput can be defined to (5) that is considered to HD and FD system
throughput by the success probability of two active devices. We considered the normalized
system throughput because we assumed that each device is filled with transmitting data packet

in buffer and communicate at a certain data rate. If there are devices in the same transmission
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coverage, random access probability can be defined to the system throughput within the

coverage according to these assumptions.

2 2-(n—2)
(n—1)2+ (n—1)2} ®)

throughput = (711) p(1—p)" 1+ (721) p2(1 — p)n=2 {

We assume system throughput corresponds to the number of successful transmission
packet. If the devices are operated to the HD mode, the transmission probability is 1 and system
throughput of the HD mode can be calculated to channel grabbing probability (’f)pl(l —
p)"~1 because a device can access the shared channel. In the same manner, the system
throughput of FD mode can be computed using channel grabbing and transmission probability.
Therefore, the sum of HD and FD throughput can be represented by the total system throughput
(5). We considered the proximity environment within a transmission coverage in the previous
section. In order to evaluate the system throughput, we can calculate the value of p in
accordance with the n. Note that the total system throughput is a function of p and n. For p

given n, it can be calculated using the partial derivative of (5).

%(throughput) =—n(1-p)"3((n—Dp—-1)=0 (6)

%(FD_gain) =-np(1-p)">mp—-2)=0 (7

If each devices exist in the proximity environment and affect to interference to other

devices, we can obtain the equation 9p% + 1 = 10p using (6) when there are 10 devices. It is

calculated p = g,when n > 2. We are able to select about 0.1 value of the channel access
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probability and it can be the optimal channel access probability with respect to the 10 devices.
Also, the performance gain of FD is calculated by (7) when there are 10 devices. Therefore,
the performance gain is about 0.2 value of access probability. At this time, the random access
performance of FD can be maximized. In addition, we can solve the maximum system
throughput through the channel access probability and number of devices and we have to

consider that each optimal value in accordance with the communication environment.

B. Stochastic model approach

The network model consists of a number of devices by distributed manner according to
homogeneous poisson point process (PPP) & of density A [13]. The distance of desired link
between transmitter and receiver is r. We assume that each device communicates with the
closest devices each other. All interferers are located father than the closest distance r. The
typical device has a transmission coverage R that is possible coverage enduring interference
from other devices. The probability density function (pdf) of r can be derived using the simple

fact that the null probability of a poisson process in an area A is exp(—AA).

P[R > r] = P[No interferer closer than r]

— e—)ﬂtrz (7)

Therefore, the cdf is P[R < 7] = E.(r) = 1 — e~*™"“and the pdf can be found as

dE(r) _

. e~ A 2y (8)

fr(r) =

We assume that all the interferers does not exist in coverage of radious r and a typical

receiver consider range R by SINR threshold.
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The following theorem gives the success probability of the FD wireless network modeled

by the marked PPP:

Theorem 1. The success probability for a typical devices using the bidirectional FD random

access in the general distributed network model is

ps = exp(—lptF(Tr“, a, r)) exp(—ApTF(Tr“, a, r))

where
® K(Sl rl RI a)
F ) rR = 1 - —> d
(s, @ R) fo( 14+ sr—¢ rer
. 2n 1
with K(S’ IR, 0() - fo (1+s(r2+R2+2chos<p)‘“/2) d(p.

Proof: The success probability is expressed by

ps =E[P(y; >T)P(y, >T)|R =71]

= f P(h>Ir®T)fr(r) drf P(h > IreT)fr(r)dr

- f L, (4T fr, ()dr f L, (y7T) fo (r)dr

The Laplace transform L;(s) is calculated by the value s. the success probability can be
considered by using the nearest devices distribution fz (7). The Interference | consist of the

external and self-interference. It can be expressed as

[= Zmimo-a + hyyR(s(0))™%)

ied
The Laplace transform of the interference follows as
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ied

L;(s)=E <‘_' e—S(hiR(i)_“+hs(i)R(s(i))_a))

(1 1 1
- L11+srR@1+ sR(s(1))

2 exp <—/17t/1f00(1 — v(x)))
0

= exp <—/17r/1 joo (1 — %) r dr)
0

where m follows from the probability generating functional of the PPP with v(x) =

1 1 . .
TroR0 RGO As a result, the success probability is

ps = L1, (uer*T)Ly, (uyr®T)
= exp(—/lptF(Tr“, Q, r)) exp(—/ler(Tr“, Q, r))
which completes the proof.

The fact that the success probability are a product of two terms follows from the

independence of the point process ®. The success probability is not in closed-form due to the

integral form of F(Tr?%, a,r).
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V. SIMULATION RESULTS

In this section, we evaluate the performance of FD random access and system simulation.
We simulated the ON/OFF system model and stochastic model. The ON/OFF system model is
considered to the special case of stochastic model because it is not affected to interference from
other devices within the same coverage. The devices are randomly located in a 100 by 100 m
to consider the proximity environment. We assumed the Rayleigh fading channel according to
the random channel condition and system bandwidth is 5SMHz considering the FlashLinQ
system for data communication. Also, we considered the system simulation for the proximity
environments using the low-power transmission to obtain the practical results. Other simulation

parameters in Table 1 are described considering 3GPP cellular system [14].

Table 1. Simulation parameters

Parameter Values
Cell range 100 * 100 [m]
System bandwidth 5 MHz
Transmit power 15 dBm
Noise power -174 dBm/Hz
System bandwidth 5 MHz
Noise figure 9 dB
Tx antenna gain 10 dBi
Rx antenna gain 10 dBi
Implementation loss 2 dB
Channel state 5 MHz
Noise figure Rayleigh fading channel
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A. Performance evaluation in ON/OFF system model

We consider the two cases which are applied the FD and the existing HD random access

in a transmission coverage. We simulated the random access results that are obtained by

conditional probability according to transmission topologies. The system throughput is

simulated according to channel access probability and the number of devices. Through the

evaluation, we can show the performance gain that is defined as system throughput gain when

the FD mode is considered in distributed random access. If a link is not formed due to collision

with transmission signal by other devices, it is not considered to random access performance.

We consider the successful transmission signal between transmitter and receiver.

Number of devices, n = 10
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Figure 9. System throughput for number of devices and access probability in FD and HD

communication

As shown in Figure 8, the system throughput of FD is larger than the HD and we know

that FD throughput is the sum of the HD and system throughput gain. Using the FD in random

access can be improved about 10% at the channel access probability p=0.1. As calculated in

the previous section, we can figure out the FD system throughput is maximized at p=0.1. Also,
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this optimal channel access probability can be used to find the maximum system throughput
gain according to the number of devices. When there are 10 devices, the optimal channel access
probability is at 0.2. Therefore, we can find the maximum system throughput and system
throughput gain to increase the spectral efficiency. However, the system throughput gain is
gradually reduced in relation to increasing the number of devices because the transmission

probability have the small value for a number of devices.

Channel access probability, p = 0.1
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Figure 10. System throughput for the number of devices using the FD random access

Figure 10 shows the system throughput for the number of devices using the FD and HD
random access. According to the optimal channel access probability, the system throughput
have a different values. The channel access probability p=0.1 is used to obtain the maximum
system throughput. Figure 10 shows the maximum system throughput is around the 10 devices
and system throughput is decreasing according to increasing the number of devices because

the each transmission schemes appear as small probability. We simulated the FD performance
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according to number of devices and access probability. Furthermore, we confirmed that the
relationship between the number of devices and channel access probability. We can use other
conditions according to the system environment to optimize the system throughput as shown

in Figure 11.

system throughput

i

I

il
pr

ﬁllml/il
|

1 1 1
) ’ 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

number of devices access probability access probability

Figure 11. Relationship between number of devices and access probability

B. System capacity

In the previous section, we considered the ON/OFF system model that is applied for a
special case and it is simple model that all the devices were influenced from other devices
within a cell. In order to consider the practical environments, we simulated the system capacity
of full- and HD random access by applying to the stochastic approach. We assumed that a
typical device received a signal from the device of closest distance. All the devices except for
the device of closest distance are considered to interference within the same cell. Each device
access the channel with the certain probability p and send a signal by using the determined
transmit power. However, if the devices transmit signals at the same time for grabbing the

channel, it is considered to be collision. After the links have been successfully connected, each
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device calculate the SINR from the other interference and desired link except for the collision.
Through these process, we simulated the SINR distribution and system capacity which is

calculated by successful pairs in accordance with above SINR threshold for the overall cell.

SINR, D distribution, p=05 d=001 th=0, plexp=4
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Figure 12. SINR distribution and system capacity for FD and HD

Figure 12 represented the general system model that using the FD communication in the
proximity environment. We assumed that there are 50 devices in cell area of 100 x 100 m
considering the access probability and collision. Each device transmit a signal using the full-
and HD mode each other. In that instance, we simulated the results according to above
conditions and confirmed about 3-times performance improvement than HD mode by system

capacity on the right of the Figure 12.
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Figure 13. Performance evaluation according to density

In Figure 13, it shows the result of distribution and system capacity in terms of density. As
we conducted a simulation according to the above conditions, about 500 devices are exist in
the area and about 200 devices success to access the channel with the certain probability. We
calculated the system capacity by successful pairs and the result represented about 1.2-times
performance improvement compared the existing HD mode. Density is influence to the number
of devices within the same area. So, the result for increasing density is similar with the
performance of HD because the external interference is much larger than desired power. The

external interference is affect to SINR calculation as dominant components.
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Figure 14. Performance evaluation according to access probability

Similarly, the access probability is affect to the number of devices for successful pairs. In
Figure 14, the small access probability make a small number of devices to access the common
channel. When we conducted a simulation according to the above terms, there are about 100
devices in the area and about 20 devices success to access the channel with the certain
probability 0.25. We calculated the system capacity by above the SINR threshold and obtained
the about the 5-times performance improvement. The access probability is affect to the number
of devices for channel grabbing. We confirmed that the FD communication operated efficiently
in the proximity environment because it is influence to the external interference through the
results. FD communication have to cancel the self-interference from the own signal. However,
if the number of devices increase according to the large access probability, the external
interference affect dominantly on the SINR in dense environment. Through above results, FD
communication is suitable in the sparse and proximity environment than dense and macro area

network system.
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Figure 15. Performance evaluation according to path loss exponent

As shown in Figure 15, the simulation result represent the impact on the path loss exponent.
Path loss exponent change the amount of loss when a device transmit a signal to other devices.
We conducted a simulation in terms of the path loss exponent 3 in the same condition. The
about 100 devices is exist in the same area and about 30 devices is formed to successful pairs
with the certain probability. This result is compared to the Figure 12 that simulated under the
same condition except for the path loss exponent. Decreasing path loss exponent mean that
transmission range become the wide coverage because a loss for the distance is exponentially
decreasing. Therefore, the path loss exponent determine transmission range of each device as

well as change the number of devices within the coverage.
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VI. CONCLUSION

This paper considers a FD random access with time-slotted system in distributed networks.
We investigate the different topology according to FD transmission of active devices. It can be
newly considered for FD transmission, unlike HD one. Firstly, we considered that the ON/OFF
system model to obtain the performance gain of FD random access in the special case. We
calculated the normalized system throughput depending on channel access probability and
number of devices. Secondly, we considered the stochastic approach for the distributed
proximity network and can obtain the practical result through these approach. We confirmed
that the system throughput of FD random access is improved about 10% in the ON/OFF system
model compared to the existing HD communication. Furthermore, we applied to the stochastic
approach in order to obtain the practical results and the simulation result represented the 3-
times in general proximity environment. Therefore, FD communication can be a solution to

improve the bandwidth efficiency in future communication networks.
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