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Abstract—Wireless full-duplexing enables multi-hop wireless
networks to increase network performance, such as the end-
to-end throughput. However, the combination of wireless full-
duplexing and multi-hop communication produces a secondary
transmission collision problem due to the increase of transmission
opportunities. This paper proposes directional asynchronous full-
duplex medium access control (DAFD-MAC) to avoid interference
on primary and secondary nodes. DAFD-MAC suppresses the
secondary transmission collision problem by sending a data frame
with directional antennas and also a Network Allocation Vector
(NAV) frame while receiving the data frame. The simulation
results show that the proposed DAFD-MAC outperforms carrier
sense multiple access/collision avoidance (CSMA/CA), full-duplex

As we discuss in detail in Section IlI, the secondary trans-
mission interferes with the primary transmission, which causes
a data collision. We define the data collision as a secondary
transmission collision problem. In this paper, to solve the
secondary transmission collision problem, we propose direc-
tional asynchronous full-duplex MAC (DAFD-MAC), which
utilizes directional communication. However, it is known that
the use of directional communication induces the deafness
problem [7]. Because of the deafness problem, neighboring
nodes around the primary and secondary transmissions are
not able to detect these transmissions. In DAFD-MAC, a
destination node of the secondary transmission transmits a

MAC (FD-MAC), and multi-hop full-duplex MAC (MFD-MAC). Network Allocation Vector (NAV) frame in the opposite di-

rection of the source node of the secondary transmission.
The NAV frame is transmitted by directional antennas with
full-duplexing. The natification by the NAV frame decreases
the secondary transmission collision. We evaluated DAFD-
IJ\/IAC by computer simulation. The evaluation results show
S L . . hat the proposed DAFD-MAC achieves higher throughput
g?'%:g’lié Br?eisvli)srisltilss rse?qL\:\ilrlggsp\;ﬁ?gé:;grrfélt?ﬁgg”ggm nd decreases the collision ratio compared to the conventional
munication enables the construction of a wireless networlinéestk/?:/scz; ngl-i/rl Asgzn[;ti-z r;mljtur)rl]iltzi%%essfﬁtilc_)glju?gxal\\;lc')&céance
with multiple relay nodes needing small transmission power ' ’ P P

even though a single-hop network needs significantly IargéMFD'MAC) [6].
transmission power [1]. The rest of the paper is organized as follows. In Section I,

, o . we set the background of the present study by reviewing recent
. For many years, wireless communications were achievedygies related to multi-hop communication, full-duplex com-
in a half-duplex manner, in which a sender node was unablg,njcation, and the secondary transmission collision problem.
to receive data in the same band while sending data. Howeven section 111, we propose DAFD-MAC to avoid the secondary
the recent progress of hardware and software technologiggnsmission collision problem. In Section IV, we evaluate our

provides wireless devices, especially digital signal processorgyoposed DAFD-MAC by computer simulation. Finally, we
with more processing power. These devices enable wireles$nclude our work in Section V.

full-duplex communication with digital cancellation as well as
analog cancellation of the incoming sending signhals through I
receiving antennas [2]-[5]. Since most medium access con- '
trol (MAC) protocols assume half-duplex communication, theA. Wireless Full-duplex and Multi-hop Communication
intrinsic difference of the transmission poses a challenge to
develop full-duplex (FD) MAC protocaols.

I. INTRODUCTION

Today, wireless communication is indispensable to ou

RELATED WORK

Full-duplex communication enables transmission and re-
ception on the same frequency channel at the same time
Some MAC protocols have been proposed between alftl: [S]. This particular characteristic of simultaneous com-
access point (AP) and nodes in wireless LANSs, i.e., withinmunication allows effective use of wireless resources in the

focuses on FD-MAC for a multi-hop wireless network. duplex communicating because the transmitting signal is too
strong to receive a signal from another node. However, the

In basic MAC protocols for full-duplex wireless commu- development of self-interference cancellation has made full-
nication, a primary sender node, which acquires the channe&uplex communicating possible [2]—[5], [8], [9]. For example,
first (i.e., initiates the transmission), specifies one node fronChoi et al. [2], Everett et al. [3], Sahai et al. [4] and Jain et al.
its neighboring nodes as a secondary transmission node, affe] succeeded in canceling a received signal by using a field-
then the secondary transmission node starts the transmissipnogrammable gate array (FPGA) on a WARP V2 platform
according to the primary sender’s transmission [5], [6]. [10].



[4], [5] also proposed a wireless full-duplexing MAC pro-
tocol referred to as FD-MAC. FD-MAC assumes only single-
hop communication between an AP and a client node. We de
fine single-hop full-duplexing as bidirectional full-duplexing.
Figure 1(a) illustrates bidirectional full-duplexing. In this fig- . . -
ure, one full-duplex transmission at most is happening between (5) First case (b) Second case (c) Third case

the AP and node A.
. . . Fig. 2. Three cases of the secondary transmission collision problem
FD-MAC has two candidates for timing adjustment: syn-

chronous [4] and asynchronous [5]. The synchronous methogh, o, e destination node of a secondary transmission receives
requires clock synchronization. In this paper, we focus on asy

chronous timing adjustment because clock synchronization fna CTS frame transmitted by the primary transmission node, the

. ; : . %estination node of the secondary transmission cannot transmit
all nodes in a multi-hop network is a daunting task. a CTS frame

When applying wireless full-duplexing to a wireless multi- - p;rectional antennas can also be used to reduce interference
hop network, the MAC protocol, which is different from FD- y girecting a beam form toward a desired direction [7], [12]-
MAC, requires a mechanism to select a full-duplex commu11g) The use of directional antennas enables a receiver node
nicating pair in a multi-hop network. The wireless full-duplex 14 ay6id interference coming from unwanted directions [7].
and multi-hop network is able to have not only bidirectional Thege antennas also reduce the overlapping area between a pri-
full-duplexing but also relay full-duplexing. Figure 1(b) shows 41y transmission and a secondary transmission. Directional
the r_elay full-duplexing. Th|_s full-duplex situation is possible \;ac (DMAC) is one of the representative MAC protocols
for simultaneous transmissions between node D and E, as gfiat enable transmission while avoiding interference by using
example_ of b_|d|rgct|0nal fuII-dupIexmg. Another possible full- yirectional antennas [7], [16]. However, DMAC has a deafness
duplex situation is when node B receives a frame from node Ayroplem due to the directional antennas [7]. This problem
while transmitting a frame to node C, as an example of relay,ccyrs when a transmission node fails to communicate with its

full-duplexing. intended receiver, because the receiver's directional antenna is
pointed in a different direction [7], [17].

B. Secondary Transmission Collision Problem [6] proposed MFD-MAC, which applies wireless full-

The application of wireless full-duplexing to wireless duplexing to a wireless multi-hop network. MFD-MAC has a
multi-hop communication is not simple because of the secmechanism in which a primary transmission node specifies a
ondary transmission collision problem. Figure 2 shows thregecondary transmission node that likely has a frame to trans-
cases of the secondary transmission collision problem. The firspit. However, MFD-MAC does not consider the secondary
case, shown in Figure 2(a), occurs when receiver nodes exifiansmission collision problem.
in an overlapping area between a primary transmission and a [18] proposed a synchronous MAC protocol with full-
secondary transmission belonging to the same full—duplexmg{umexmg and directional antennas. However, the MAC pro-
&5col must be synchronized across whole networks before the

receiver nodes exist in an overlapping area between a Sefqeg can start transmission. Achieving clock synchronization
ondary transmission and a primary transmission, both of whicl, . i hodes in a multi-hop network is a daunting task. Ad-

belong to another full-duplexing process. Figure 2(c) shows thjionally, [18] does not consider the secondary transmission
third case, which occurs when nodes exist in an overlappingiision problem.

area between a secondary transmission and another secondary
transmission, both of which belong to another full-duplexing lIl. DAFED-MAC

process.
From the discussion in Section Il, we design the DAFD-

Generally speaking, we use Request To Send/Clear To Sefdiac protocol. The primary goal of our MAC protocol design

(RTS/CTS) frames to avoid collision in a multi-hop commu- js syppression of the secondary transmission collision problem
nication [11]. However, RTS/CTS frames are not sufficient togq improvement of the end-to-end throughput.

avoid the secondary collision in wireless full-duplex and multi-

hop communication. This is assuming that both the primaryy concept of DAFD-MAC

transmission node and the secondary transmission node send o ] .
RTS/CTS frames to defer the transmission by the neighbor DAFD-MAC has two characteristics. The first characteris-
nodes. The transmission of RTS/CTS sometimes sets the NAYC is interference avoidance between a primary transmission

to neighbor nodes that will not cause a collision. For example@nd a secondary transmission by using directional antennas.
Figure 3 shows an example of wireless full-duplexing with

directional antennas. We defiSgs; as a primary transmission
node, S,,,q as a secondary transmission nodg;,q as a
° ° Q destination node of the secondary transmission, N,
Ns,..,» and Np, , as neighboring nodes &5, S2nq, and
() Bidirectional full- (b) Relay full-duplexing Dand, respectively. The solid lines show primary and secondary

duplexing transmissions, and the dashed lines show transmission flows.

In Figure 3, relay full-duplexing happens among the pri-

Fig. 1. Bidirectional full-duplexing and relay full-duplexing S Y
mary transmission node, s, the secondary transmission node



Sond, and the destination node of the secondary transmission
Ds,q. NodeSs,q receives a data frame from no8e,; while
transmitting a frame to nodBs,,q.

Figure 3(a) shows an example of the secondary trans-
mission collision problem due to the use of omni-directional
antennas. NodeS;; andS,,q use omni-directional antennas
to transmit data frames, and the transmissions are a primary
transmission and a secondary transmission, respectively. The
receiver nodd,, 4 experiences interference from the primary
and secondary transmissions and cannot receive any frames.

Figure 3(b) shows an example of avoidance of the sec-
ondary transmission collision problem by using directional
antennas. NodeS;s; and So,q Use the directional antennas
to send data frames. Therefore, it is possible for receiver
node D,,q to receive the secondary transmission, because
nodeD,,q does not experience interference from the primary
transmission.

4)

node transmits a DSNAV frame. It should be noted
that the start timing of a primary transmission, a
secondary transmission, and the DSNAV transmission
is the same.

At the end of the transmission of the SNAV frame,
the primary and secondary transmissions begin. The
primary and secondary transmission nodes avoid in-
terference by directing a beam forms toward the
destination. The destination node of the secondary
transmission starts the transmission of the DSNAV
frame. We use directional antennas with a beam angle
of 4?” rad for the transmission of the DSNAV frame.
The directional antennas are focused in the opposite
direction of the secondary transmission node to avoid
interference with the secondary transmission. Details
of the beam angle are described in Section IlI-C.
All nodes use location information for the directional
communication. DAFD-MAC assumes that all nodes

The second characteristic of DAFD-MAC is the 5-way
handshake. The 5-way handshake prevents the deafness prob-
lem [17] by sending NAV frames to neighboring nodes of
a primary and a secondary transmission. One example of 5)
neighboring nodes iNg,_,, Ng, ., and Np, , in Figure 3.

The 5-way handshake uses five special frames: Request To

know the location information of their surrounding
nodes by using existing techniques such as angle
of arrival (AOA) localization and global positioning
system data (GPS) [13], [19].

To prevent collisions, a pair of communication nodes
exchange ACK frames with each other at the same
time by using directional antennas.

Send (RTS), Request and Clear To Send (RCTS), Set Network
Allocation Vector (SNAV), Directional Set NAV (DSNAV),
and ACK frames, all of which have different roles. We describeB- 5-way Handshake

the details of the 5-way handshake in Section IlI-B.
The operation of DAFD-MAC is as follows:

1)

2)

3)

(a) Secondary transmission colli-
sion problem

Fig. 3. Collision avoidance with directional antennas: (a) collision problem,
(b) avoidance using directional antennas

The 5-way handshake consists of five control frames: RTS,
RCTS, SNAV, DSNAV, and ACK.

uses The RTS frame is trans_mitt_ed by a primary transmi;sion
h- node and includes Fhe_ destination a}ddrgss and the end time of
boring nodes. The node, which wins the contention,the primary transmission. The destination addre_ss _also repre-
transmits an RTS frame. We refer to this node as &€MS the source addregs of a secondary transmission. Th_e end
primary transmission node. time is useq for caI(_:uIatmg the NAV duration. The neighboring
The destination node of the RTS frame obtain per0des, which received the RTS frame, set up the NAV, and
mission for secondary transmission and transmits aﬁleferthelrtransmlssmn. The primary transmission node, which
RCTS frame. We refer to the node as a secondar#ransm'tteq th'e RTS frame, waits until receiving the R_CTS
transmission node. The RCTS frame includes two'r@me, which is the response of the RTS frame. The primary

destination addresses: the primary transmission nodgansmission node does not start a primary transmission if the
and the secondary tra.nsmission node. primary transmission node does not receive the RCTS frame

The primary transmission node, which receives theduring the assigned time period.

RCTS frame, transmits the SNAV frame. The desti-  The RCTS frame, which is transmitted by the secondary
nation node of a secondary transmission waits untitransmission node, includes the two destination addresses of
the end of the transmission of the SNAV frame. After the primary and secondary transmissions and the end time of
the transmission of the SNAV frame, the destinationtne full-duplexing communication. The secondary transmission
node compares the end times of the primary transmission
and the secondary transmission and selects the later time as
the end time of the full-duplexing. The RCTS frame has
three roles. The first role is the response to the RTS frame
transmitted by the primary transmission node. The second
role is notification to the node selected as the destination of
the secondary transmission. The third role is deferment of
the transmission of neighboring nodes around the secondary
transmission node.

A node, which has a frame to transmit,
CSMAJ/CA to resolve the contention against neig

The SNAV frame is transmitted by the primary transmis-
sion node and includes the end time of the full-duplexing. The
end time of the full-duplexing uses the same end time in the
RCTS frame. The SNAV frame defers the transmission of the
neighboring nodes around the primary transmission node. To

(b) Proposed method
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Beam angle when transmitting the DSNAV frame

defer the transmission of the neighboring nodes, the primary
transmission node needs to be notified of the end time of the
full-duplexing. Fig. 5.
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The DSI_\IAV_ frame is transmitted by the node speciﬁedas the minimum angle of. We substitute equation (4) for
by the destination address of the RCTS frame and 'ndUdeéquation (1) and obtain
e

the end time of the full-duplexing. The end time is the sam
end time in the RCTS frame. The DSNAV frame defers the
transmission of neighboring nodes around the destination node

47
0=—
3

of the secondary transmission. To avoid interference with th@s the maximum beam angle.

secondary transmission, the destination node of the secondary

transmission transmits the DSNAV frame toward the oppositd). Operation Example of DAFD-MAC

direction of the source node of the secondary transmission.

Figure 5 shows an example of DAFD-MAC operation.

The ACK frame is transmitted by the destination nodes ofSist IS @ primary transmission nodei;,q is a secondary
the primary and the secondary transmissions. The ACK framf@nsmission node;.q is a destination of a secondary trans-

is for notification of the end of the full-duplexing.

mission, and the nodes that possibly can communicate with

Sists Sona @ndDag,g areNg, ., Ng, ., andNp,_ ., respectively.
The operation is presented in the following.

C. Beam Angle of Transmitting the DSNAV Frame X
As mentioned in Section IlI-A, DSNAV is transmitted )

with 4?“ rad as the beam angle of the directional antennas.

If we use%r rad for the beam angle, the transmission of the

nodes that exist in the communication range of the secondary

transmission can be deferred, except for the communication

range of the secondary transmission node.

Figure 4 shows the beam angle while transmitting the 5
DSNAV frame. We define beam angleas )

0 =21 —2¢ 1)
where¢ is the angle of the isosceles triangle in Figure 4. We
assume

0<d<r (2)
where the communication range of the secondary transmission
node isr, and the distance between the secondary transmission
nodeS.,4 and the destination of the secondary transmission
Doy,q is d. In addition, ¢ is derived as

T . d
¢ = 5~ arcszn(w)

where the length of the base dsand the length of two sides
is r in the isosceles triangle in Figure 4. From equations (2)
and (3), we obtain

() 3)

™
<o < —.
<¢<3

wl 3

4)
Whend = r, we obtain

(4)

wlx

RTS frame transmission

The primary transmission nodgg; transmits an RTS
frame to defer the transmission of its neighbor nodes
with omni-directional antennas. The nodes receiving
an RTS frame, such aNg,, and D,q4, set up the
NAV. As shown in Figure 5, the end of the NAV
duration corresponds to the end time of the SNAV
frame transmission.

RCTS frame transmission

The secondary transmission nodg,q, which is
specified by the RTS frame, obtains permission for a
secondary transmission. No8e, 4 receives the RTS
frame and waits for the Short Interframe Space (SIFS)
time, and then it starts the RCTS frame transmission
with the omni-directional antennas. The neighbor
nodeNg, ,, which received the RCTS frame, is set
to the NAV duration. As shown in Figure 5, the end
time of the secondary transmission is later than the
end time of the primary transmission. Nod&;,
sets up the NAV duration, which is calculated with
the end time of the secondary transmission.

SNAV frame transmission

NodeS;;, which received the RCTS frame, transmits
the SNAV frame with omni-directional antennas after
waiting for the SIFS time. The neighboring node
Ng,.,,» which received the SNAV frame, sets up the
NAV duration, which is calculated with the end time
of the secondary transmission.

Primary transmission, secondary transmission, and
DSNAV frame transmission

Nodes Sist, Sang, and Dq,q Start transmissions at
the same time. Node&qs, which transmitted the
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A. Simulation Environment

SNAV frame, waits for the SIFS time, and starts 0.35 . . . .

the primary transmission to Nod8,,q with the S
directional antennas. Nod&,,,q, which received the 0.3 Y vy

SNAV frame, waits for the SIFS time and starts _, Y

the secondary transmission to nofs,q with the é’ 0.25 ¢ X 1
directional antennas. Nod®s,4, which received the = _ g ®
RCTS frame, waits for the duration of transmitting 5 92| v ____%—"_fff%ffiitnﬁﬁ-'—'i1'%:*—"% ------- Kerrmeosfeem
the SNAV frame+- 2SIFS time. After the wait, node £ . A

Ds,g starts the transmission of the DSNAV frame g '

to the neighboring nodeNp, , with the directional = 7

antennas of beam angf¢ rad. = g CSMA/CA —x—
ACK frame transmission 0.05 MEBMQ% ff?fff :
After the secondary transmission, nofg,q and DAFD-MAC (Proposed) v
nodeD,,q wait for the SIFS time. After passing the 0 ' ' ' '

SIFS time, the pair of communication nodes exchange 0 04 0.8 1.2 1.6 2
ACK frames with each other. Generated Traffic [Mbps]

Fig. 6. End-to-end throughput vs. generated traffic
IV. EVALUATION
The common simulation parameters are as follows. The
physical rate is 2 [Mbps], the radio range is 250 [m], the frame

We conduct a computer simulation to evaluate DAFD-Size is 1,500 [bytes], the area size is 1,500 [x]L,500 [m],

MAC. We compare the end-to-end throughput and Co||isi0nthe number of nodes is 100, the number of flows is 5, and the
ratio with the following four MAC protocols: simulation time is 300 [sec]. We use Dynamic Source Routing

1)

2)

3)

4)

(DSR), which is an on-demand routing protocol that makes
CSMAJ/CA (4-way handshake) use of source routing, as the routing protocol [20].
In CSMA/CA, nodes exchange RTS/CTS frames be- )
fore a data transmission to prevent collisions. DueB. Throughput vs. Generated Traffic

to the benefit of exchanging RTS/CTS frames, the  \ve evaluate end-to-end throughput by changing the gen-

collision ratio is the lowest compared to the others.grated traffic. The aggregate end-to-end throughput versus the
Therefore, CSMA/CA is the baseline for performance generated traffic is shown in Figure 6. Figure 6 shows the

without full-duplex communication. following:

FD-MAC

FD-MAC [5] uses full-duplex communication. How- 1) The throughput of the proposed DAFD-MAC
ever, FD-MAC is restricted to bidirectional full- achieves the highest throughput among the others.
duplexing, that is, primary and secondary transmis- The reason it has the highest throughput is as fol-
sion nodes having frames whose destination is each lows: DAFD-MAC has full-duplex communication
other. We use FD-MAC as the baseline for comparing compared to that of CSMA/CA. While FD-MAC
relay full-duplexing to bidirectional full-duplexing. only supports bidirectional full-duplexing, DAFD-
MFD-MAC MAC supports not only bidirectional full-duplexing
MFD-MAC [6] has a mechanism in which a primary but also relay full-duplexing. DAFD-MAC suppresses
node specifies a secondary transmission node that the secondary transmission collision problem even
likely has a frame to transmit. The mechanism is though MFD-MAC does not.

aimed toward the maximum use of opportunities for 2)  The throughput of CSMA/CA is the lowest among
full-duplexing; however, it suffers from the secondary all the others. This is because CSMA/CA does not
transmission collision problem mentioned in Section support full-duplexing.

I1-B. Because of the secondary transmission problem,

the collision ratio of the MFD-MAC is the largest C. Collision Rate vs. Generated Traffic
among all the others. We use MFD-MAC as the base-
line for evaluating performance without suppression,
of the secondary transmission collision problem.
DAFD-MAC

DAFD-MAC is the proposed approach shown in
Section Ill. DAFD-MAC avoids the secondary trans-
mission collision problem and the deafness problem 1) The collision ratio of the proposed DAFD-MAC is

To verify the suppression of the secondary collision prob-
m in DAFD-MAC, we also evaluate the collision ratio by
changing the generated traffic. The aggregate collision ratio
versus the generated traffic is shown in Figure 7. Figure 7
shows the following:

by using the directional antennas and the 5-way hand- lower than that of FD-MAC and MFD-MAC. This
shake. We use the beam angle when transmissions is because DAFD-MAC succeeds in suppressing the
and receptions of data and ACK frames ar€; atad. secondary transmission collision problem by using
Note the beam angle is a reference angle and may not the directional antennas and the 5-way handshake.
be the optimal angle. This angle should be determined 2) The collision ratio of CSMA/CA is the lowest among
by taking into account the influence of interference all the others. This is because it has the lowest col-

[15]. lision ratio for the following reason:. in CSMA/CA,



Collision Ratio

Fi

g.

: : : (3]

@ @, @ [ Y P — ® P °
. O SR R S A
(6]
0.3 k 1
¥
0.2 1 [71
v N AV
01 - CSMA/CA —x—
S FD-MAC -
- MFD-MAC @ [8]
0 v » DAFD-MAC (Proposed) v
0 0.4 0.8 1.2 1.6 2 9]
Generated Traffic [Mbps]
Collision ratio vs. generated traffic
[10]

every node belonging to a wireless network initiates(!]
its transmission after exchanging RTS/CTS frames,
and the exchange of RTS/CTS frames prevents colli-
sions in half-duplex communication. [12]

3) The collision ratio of MFD-MAC is the highest

among all the others. This is because MFD-MAC
does not have any mechanisms to suppress the sec-
ondary transmission collision problem, as shown in[13]
Section 1I-B.

4) The collision ratio of FD-MAC is lower than that

of MFD-MAC. This is because FD-MAC has fewer [14]
full-duplex opportunities, and so the collision ratio of
FD-MAC is lower than that of MFD-MAC. FD-MAC

only supports bidirectional full-duplexing, and MFD-
MAC supports not only bidirectional full-duplexing [°!
but also relay full-duplexing.

[16]
V. CONCLUSION

In this paper, we proposed the DAFD-MAC protocol

that avoids the secondary transmission collision problem byi7]
using directional antennas. The secondary collision problem

occurs when combining wireless full-duplexing with multi-hop
communication. We evaluated the proposed DAFD-MAC by

[18]

computer simulation. The evaluation results show that DAFD-
MAC achieves higher throughput than do CSMA/CA, FD-

MAC, and MFD-MAC.

(1]

(2]

(3]

(4]

[19]
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