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Abstract—Wireless full-duplexing enables a transmission and information gathered for successive frames, each node selects
a reception on the same frequency channel at the same time, a full-duplex link, avoids collisions among other full-duplexing
and has the potential to improve the end-to-end throughput of o4es  and increases full-duplex opportunities. We evaluate
wireless multi-hop networks. In the present paper, we propose a ’ : . . .
media access control (MAC) protocol for wireless full-duplex and RFD-MAC through a compute_r simulation, and the evaluation
multi-hop networks called Relay Full-Duplex MAC (RFD-MAC).  results reveal that RFD-MAC improves end-to-end throughput
The RFD-MAC is an asynchronous full-duplex MAC protocol, compared to the Carrier Sense Multiple Access with Collision

which consists of a primary transmission and a secondary Avoidance (CSMA/CA), FD-MAC [9] and MFD-MAC [16].
transmission. The RFD-MAC increases the full-duplex links by

overhearing frames, which include 1-bit information concerning Il. RELATED RESEARCH
the existence of a successive frame, and selecting a secondary L L.
transmission node using the gathered information. The gathered ~ Full-duplex communication enables transmission and recep-

information is also used to avoid a collision between the primary tion on the same frequency channel at the same time [4], [5].
and Sngnglc’i%’ ':;aAnCSmiSSion- Simulfti%ré;esigso/revegl Stgst tf}e This particular characteristic of simultaneous communication
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MFD-MAC, respectively. X o ; 8 g
radio because the transmitting signal is too strong to receive a
|. INTRODUCTION signal from another node. However, the development of self-
For many years, wireless communication has been pérerference cancellation has enabled full-duplex communica-
formed through half-duplexing because the signal receivédn [2]-[5], [8], [9]. For example, received signals have been
from one’s own node is stronger than that received from agdccessfully cancelled using FPGA on a WARP V2 platform
other node. However, recent progress in several technologi@$;[5], [10].
such as analog circuits [1], digital circuits, and interference Wireless full-duplexing enables wireless multi-hop networks
cancellation [2]-[10], has made wireless full-duplexing possie improve end-to-end throughput because each node can
ble [7]-[12]. receive a frame from a previous-hop node while transmitting
The present paper focuses on the application of wirelegagrame to a next-hop node. In order to realize wireless full-
full-duplexing to multi-hop networks [13]-[15]. Wireless full-duplex and multi-hop networks, there are two MAC protocol
duplexing has the potential to improve the end-to-end throughsues to be addressed.
put of wireless multi-hop networks because a relay node carFirst, the MAC requires timing adjustment. Wireless full-
transmit a frame while receiving another frame from anothduplexing must cancel self-interference in order to receive
node. However, existing Full-Duplex Media Access Contra frame from another node. In order to maximize the per-
(FD-MAC) protocols do not support multi-hop networksformance of the self-interference cancellation, a sender node
Although multi-hop networks can have relay full-duplexingnust precisely estimate the signal strength of self-interference
among three nodes, the existing FD-MAC supports only bidind the received signal from another node. Precise estima-
rectional full-duplexing between two nodes. Bidirectional fulltion requires timing adjustment between uplink and downlink
duplexing and relay full-duplexing are described in detail itransmission, which suppresses the fluctuation of the signal
Section Il strength. The FD-MAC has two candidate methods for timing
In view of this, the present paper proposes a full-dupleadjustment: synchronous [8] or asynchronous [9]. The present
media access control protocol for wireless full-duplex anplaper uses the asynchronous method for timing adjustment. In
multi-hop networks called Relay Full-Duplex MAC (RFD-the asynchronous method, the destination node of the frame
MAC). RFD-MAC adds 1-bit information to each framestarts to transmit a frame as a secondary transmission when
header. This bit indicates whether the sender node of the frathe header of the primary transmission includes the address of
has a successive frame in its buffer. Each node overhears ttie destination node.
frames, which includes the same information and determinesSecond, the MAC must decide which node performs a
whether neighbor nodes have a successive frame. In using phienary transmission or a secondary transmission. The existing
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Fig. 1. Bidirectional full-duplexing and relay full-duplexing

TABLE |
CHARACTERISTIC OFVARIOUS MACs L
single-hop multi-hop —— PrimaryTransmission Area
synchronous [8] [17] = == Secondary Transmission Area
asynchronous| [9] proposed MAC, [16], [18]

Fig. 2. Collision between a primary transmission and a secondary transmis-
sion

FD-MAC protocols [8], [9] are designed for the bidirectional

full-duplexing in Figure 1(a). Bidirectional full-duplexing has

~ables bidirectional full-duplexing and relay full-duplexing.

only a bidirectional link such as AP and node A shown B e RED-MAC protocol is designed based on a synchronous

Figure 1(a). The wireless full-duplex and muiti-hop netWor‘gnethod [9], which is composed of a primary transmission and

can handle not only bidirectional full-duplexing but also reIaX secondary transmission. The RFD-MAC protocol enables

fuII—dupIex!ng. A full-duplex S|tuat|c_)n, referred to as rel_ayrelay full-duplexing and avoids a collision between a primary
full-duplexing, occurs for the case in which node B receiv ansmission and a secondary transmission

a frame from node C while transmitting a frame to node RFD-MAC adds 1-bit information to each frame. The 1-bit
A in Figure 1(b). In order to make maximum use of bo“ﬂwformation indicates whether the node that sent the frame has

bidirectional full-duplexing and relay full-duplexing, .th‘? MAC successive frame. Whenever a node overhears a transmission
protocol must properly select a secondary transmission no Bm its surrounding nodes, the node records the 1-bit infor-

For example, in Figure 1(b), node B has two candidates f ation into a surrounding node table. The surrounding node

a stecor;darly t:ansmlsasmtr;] rlo(;de: nOdfi A andf C.If t:'he Mft le is described in detail in Section IlI-A. When a node starts
protocol selects a node that does not have a frame, then Tiya primary transmission, the node also selects the secondary

duplexing does not occur. transmission node and attaches the address of the secondary

The MAC protocol must. aI;o take into account a CO”'.S'Oﬂansmission node. The selection algorithm is described in
between a primary transmission and a secondary transmlssw&a“ in Section 1lI-B. The secondary transmission node,

Figure 2 illustrates a collision between a primary transmissigvrhich received the header of the primary transmission, starts

and a s_ec_ondary transmission. In Figure 2, P denotes a PriMAYs condary transmission.
transmission node, and S denotes a secondary transmission

node. Moreover, R denotes the destination node of nodes P @ndSurrounding Node Table

S. The solid line depicts the transmission range of the primaryrep-MAC uses two types of frame: a primary transmission
transmission node, and the dotted line depicts the transmissig@{ine and a secondary transmission frame. RFD-MAC uses
range of the secondary transmission node. Whenever a degfis same frame header format of IEEE 802.11. However, the
nation node of a primary transmission node is located withigjiowing two fields are used for different purpose: ‘Address
the transmission range of a secondary transmission nodey' &nd ‘More Data’. Figure 3 shows a IEEE 802.11 MAC
collision occurs at the destination node. . frame header [19]. The primary transmission node places the
We classify the existing full-duplexing MAC in Table I. As gesignated secondary transmission node address into ‘Address
mentioned previously, FD-MAC [8], [9] supports only single3'. Both the primary transmission frame and the secondary
hop networks. Multi-hop Full-Duplex MAC (MFD-MAC) ap- transmission frame use the ‘More Data’ field for the 1-bit
plies wireless full-duplexing to a wireless multi-hop networlformation related to a successive frame. In the ‘More Data’
[16]. The MFD-MAC selects the secondary transmission no@@d, 1 indicates that the source node of the frame has a
by monitoring traffic on adjacent nodes. However, MFDgccessive frame, and 0 indicates that the source node does
MAC does not take into account collisions between primaggt have a successive frame.
and secondary transmissions. [17], [18] propose full-duplexinggach node overhears primary transmission frames and sec-
MAC protocols using directional antennas. For example, [18hdary transmission frames from neighbor nodes and builds
achieved a throughput that was three times higher than thataOfsurrounding node table. Table Il shows the surrounding
half-duplexing . However, the wireless full-duplexing deviceggde table. The surrounding node table has the following
considered herein do not assume directional antennas. Inst@aflymns: Node Address, Has Frame, and Next Hop. The Node
the present study assumes the same full-duplexing deviceaggiress column contains the source address of the overheard
in [2], [3], [7]-9], [12]. frame. The Has Frame column contains the value in the ‘More
IIl. RELAY FULL-DUPLEX MAC Data’ _subfield in the over_hea_rd frame. The Next Hop column
contains 1 when the destination address of the overhead frame

Based on the discussion in Section Il, we propose thg- o :
X iS’its own address and 0 when the destination address is some
Relay Full-Duplex MAC (RFD-MAC) protocol, which en-
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Fig. 3. IEEE 802.11 header
other address. RFD-MAC prioritizes the node that has a frame and belongs

In addition, each node updates the surrounding node tabdethe same flow. There are two types of nodes in the same
when the node succeeds in transmitting a frame. If the recifpw: an upstream node and a downstream node. If both the
ient of the frame is not the final destination in the networkipstream node and the downstream node have a frame, the
layer, the sender node of the frame updates the Has Fradog/nstream node has higher priority because frames jam the
column of the corresponding recipient node to 1. The recipieffow if the downstream node does not transmit any frames.
not being the final destination indicates that the recipient notfeneither the upstream node nor the downstream node have
will hold the frame until the node transmits the frame. a frame, RFD-MAC prioritizes the upstream node because
the upstream node might have received a frame from a node
upstream of the upstream node. The surrounding node table

As mentioned in Section I, whenever the destination no%nnot know the reception from the upstream node of the
of a primary transmission (or the destination node of a segpstream node. If more than one candidate node has the

ondary transmission) is located within the transmission ranggme priority, then RFD-MAC randomly selects among the
of a secondary transmission (or the transmission range of a p#ndidate nodes.

mary transmission), a collision occurs at the destination node. ]

In particular, a collision occurs when a primary transmissidh- Example of Operation of RFD-MAC

node selects a secondary transmission node on another flow. Irigure 5 shows the time sequence of RFD-MAC, and an
order to avoid such collisions, the primary transmission no@&xample of operation of RFD-MAC is as follows:

selects a secondary transmission node from the same flows) A node, that has a frame to transmit uses CSMA/CA to
Generally speaking, a routing protocol in wireless multi-hop  resolve the contention. The node that wins the contention

networks selects a route with the least hOp The same flow transmits a frame as a primary transmission. We define
and the least hop ensure that the destinations of the primary  this node as the primary transmission node.

B. Selection of a Secondary Transmission

and secondary transmissions are different. 2) The primary transmission node selects another node des-
Figure 4 shows examples of collision and no collision  gnated to transmit a frame as a secondary transmission

between nodes. In Figure 4, the solid line depicts the transmis-  node. The selection algorithm is described in Section

sion range of the primary transmission node and the dotted line  |||-B. We define the selected node as the secondary

depicts the transmission range of the secondary transmission transmission node.

node. Figure 4(a) shows a collision between destination nodeg) The secondary transmission node starts if the secondary
B and E. In Figure 4(a), node A, which is a primary trans-  transmission node has a frame. The other nodes set the
mission node, and node D, which is a secondary transmission network allocation vector (NAV) and defer transmission.

node, belong to different flows. Figure 4(b) shows the situation4) whenever the primary transmission node or the sec-
in which there is no collision between destination nodes B and ondary transmission node finishes the transmission of
C. In Figure 4(b), node A, which is a primary transmission  the frame before finishing the reception of the frame,
node, and node B, which is a secondary transmission node, ° AR

belong to the same flow.

The primary transmission node uses the surrounding node
table, which is described in Section IlI-A, for the selection of
a secondary node. The priority of the selection is as follow:

1) The next-hop node that has a frame

2) The previous-hop node that has a frame

3) The previous-hop node that does not have a frame
4) The next-hop node that does not have a frame

TABLE I
EXAMPLE OF A SURROUNDING NODE TABLE
l Node Address[ Has Frame[ Next Hop l —— Primary Transmission Area —— PrimaryTransmission Area
A 1 1 — — = Secondary Transmission Area — == Secondary Transmission Area
c 1 0 () Collision (b) No Collision

Fig. 4. Collision and no collision between nodes



the node transmits a busytone until the reception endsghich the nodes are randomly distributed inside the area. The
The busytone ensures that surrounding nodes do not startnber of simulation trials is 10. We use Dynamic Source
the next transmission until the current transmission h&outing (DSR) [20] as the routing protocol.

finished. i
inished Throughput vs. Sending Rate

5) The primary and secondary transmission nodes exchanPge
ACK frames at the same time with full-duplexing after We evaluated the end-to-end throughput by varying the
ending the primary and secondary transmissions. sending rate. The aggregate end-to-end throughput versus the
sending rate is shown in Figure 6(&)qf flows = 3) and 6(b)
IV. PERFORMANCE EVALUATION (¢ of flows = 7). The vertical and horizontal axes denote the
A. Simulation Environment throughput and traffic generation rate, respectively.

We conduct a computer simulation to evaluate the RF
MAC. We compare the obtained end-to-end throughput al
full-duplexing ratio (FD ratio) with the following three MAC
protocols:

1)

p-'n Figure 6, the proposed RFD-MAC achieves the highest
m{oughput overall. Compared with the CSMA/CA, FD-MAC
and MFD-MAC, RFD-MAC improves up to 68%, 49% and
56% of end-to-end throughput, respectively. The reasons for
CSMA/CA this are as follows. Unlike CSMA/CA, RFD-MAC uses full-
. . duplexing. FD-MAC supports only bidirectional full-duplexing

CSMA/CA 1S a contgntlon-based MAC pro_tocol. Thewhereas RFD-MAC supports both bidirectional and relay full-
CSMAJCA is a baseline for performance without fUII_duplexing. The RFD-MAC suppresses collisions between pri-

duplexing. mary and secondary transmissions by selecting the secondary
2) FD-MAC transmission node from the same flow, whereas MFD-MAC
FD-MAC [9] uses full-duplex communication. However,does not take into account such coIIisic;ns.
FD-MAC is restricted to bidirectional full-duplexing. We
use FD-MAC as a baseline for comparing relay fullC. Full-duplexing Ratio vs. Sending Rate
duplexing to bidirectional full-duplexing. In order to verify that RFD-MAC increases full-duplexing
3) MFD-MAC opportunities, we evaluated the full-duplexing ratio by varying
MFD-MAC [16] has a mechanism in which the primarythe sending rate. Figure 7(a) ¢f flows = 3) and 7(b) {{ of
node specifies a secondary transmission node thatfji§ys = 7) show the aggregate full-duplex ratio versus the
likely to have a frame to transmit. Although this mechasending rate. The vertical and horizontal axes denote the full-
nism is designed to make maximum use of opportunitiggplex ratio and the traffic generation rate, respectively.
for full-duplexing, it suffers from collisions among dif- The full-duplex ratio of the proposed RFD-MAC is the
ferent flows, as mentioned in Section II. As a result ddighest overall. Compared with the FD-MAC and MFD-MAC,
these collisions, the collision ratio of the MFD-MAC @.25 ‘ ‘ ‘ ‘
will be the largest among the MACs considered herein. = T T VY vy
We used MFD-MAC as a baseline for performance eval- £ 02
uation without suppressing collisions between primary IS 7 R AEECEEHR
and secondary transmissions. %0 157 MM*M & > i
4) RFD-MAC £ oa " CsmacA —— |
. a0 FD-MAC -
RFD-MAC is the proposed MAC protocol as shown 2 . MED-MAG e
in Section Ill. RFD-MAC supports bidirectional full- ”§0-05 i¥ RFD-MAC (Proposed) v
duplexing and relay full-duplexing while avoiding col- g 0" ‘ ‘ ‘ ‘ ‘
lisions between primary and secondary transmissions. v 0 04 08 12 16 2 24
The common simulation parameters are as follows. The Sending Rate [Mbps]
physical rate is 2 (Mbps). The radio range is 250 (m). The (@) t of flows = 3
frame size is 1,500 (bytes). The area size is 2,000Xr2)000 .25 ‘ ‘
(m). The number of nodes is 100. The number of source- é e A A
destination pairs (flows) is 3 or 7, and the simulation time 502 e v Hﬂ;r;}‘_“
is 300 (s). The topology is a random network topology in %Lo 15 I g I
3 v ,
®Send e T 1[AcC) Eon|7 wriye" cswaca |
Receive} atg H l_|_ 2 Pt : o
Ry @ Woos | & RFD-MAC ('\P/lg?)ol\gé(% :
] ioiin 5 ] N
@Send 3 [T degr] | e g Oi0 04 08 12 16 2 24
Receive | data LACK ' ) ' ' '

Sending Rate [Mbps]

Fig. 5. RFD-MAC time sequence (b) £ of flows =7
Fig. 6. End-to-end Throughput
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[10]
Full-duplex ratio

RFD-MAC improves up to 815% and 22% of full-duplex ratio,[ll
respectively. The reasons for this are as follows. CSMA/CA is
a half-duplex protocol, which results in a full-duplex ratio 0f12]
0. FD-MAC supports only bidirectional full-duplexing. RFD-
MAC supports both bidirectional and relay full-duplexing and
yields a higher full-duplex ratio than FD-MAC. The MFD-[13
MAC improves full-duplexing opportunities by monitoring
the adjacent nodes traffic, although the mechanism is not as
effective as the information exchange of the RFD-MAC withy 4
respect to finding full-duplexing opportunities. In addition, the
full duplex ratio of RFD-MAC does not depend on the traffic.
In Figure 7, RFD-MAC achieves a high full-duplex ratio Wherﬁl5]
the sending rate is low, although other MACs achieve a low
full-duplex ratio.

V. CONCLUSION [16]

In the present paper, we proposed a full-duplex MAC
protocol for the RFD-MAC multi-hop network. We evaluate 17]
the proposed RFD-MAC through a computer simulation. The
evaluation results reveal that the proposed RFD-MAC achieves
a higher throughput than CSMA/CA, FD-MAC, or MFD-

MAC. [18]
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