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Abstract—Recent years have witnessed a proliferation of
battery-powered mobile devices, e.g., smartphones, tablets, sen-
sors, and laptops, leading to a significant demand for high
capacity wireless communication with high energy efficiency.
Among the technologies capable of such efficiency is full-duplex
wireless communication, based on the simultaneous uplink and
downlink data transmission with limited frequency resources.
Previous studies on full-duplex wireless mostly focused on dou-
bling the network capacity, whereas in this paper we discuss
how full-duplex wireless can also increase the energy efficiency.
We propose low-power communication by wireless full-duplexing
(LPFD), taking advantage of the fact that in full-duplex the dura-
tion of communication is half that of half-duplex communication.
In LPFD, by using the sleep state in which the transceiver in the
wireless communication terminal is turned off, the power con-
sumption of the wireless communication terminal is reduced, and
the energy efficiency is improved.

Index Terms—Full-duplex, wireless network, energy efficiency,
bit-per-Joule.

I. INTRODUCTION

W IRELESS full-duplex communication is becoming a
reality with the development of interference cancel-

lation [1]–[7]. Wireless full-duplex communication enables
simultaneous transmission and reception in the same frequency
band, whereas in current wireless half-duplex communication
a transmitter node cannot at the same time receive signals
from the other node. This is because a radio wave attenuates
strongly over distance, and therefore the signal transmitted by
a node would be received by the node itself as being much
stronger than the signal received from the other node, thus
producing the interference. In contrast, the combination of
analog and digital interference cancellation techniques enables
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the wireless full-duplex communication, and hence doubles
the frequency utilization efficiency [1]. Applying wireless
full-duplex communication to infrastructure networks [7]–[15]
and ad-hoc networks [16]–[19] improves the network
throughput.

This paper focuses on the power consumption of wire-
less full-duplex communication. Low power consumption of
wireless full-duplex communication was investigated in [20],
where the full-duplex power saving mode (FDPSM) was intro-
duced. This technique reduces the power consumption by
turning the media on and off according to a beacon cycle
similar to IEEE 802.11 power saving mode (PSM). However,
the power consumption of FDPSM is just lower than that
of full-duplex communication, but higher than existing half-
duplex IEEE 802.11 PSM [21]. Additionally, FDPSM cannot
achieve a high throughput because the number of transmissions
is limited to one in each beacon cycle.

In this paper, we improve the FDPSM by focusing on
the fact that wireless full-duplex communication can reduce
the power consumption owing to the combination of uplink
and downlink communication at the same time. The occupa-
tion time of the full-duplex communication frequency band
can be reduced to half that of the wireless half-duplex
communication. Additionally, it is possible to share the cir-
cuits that consume power by simultaneously performing the
uplink and downlink communications. The power consumption
model in wireless full-duplex communication is introduced
in Section II.

From the perspective of power consumption, we pro-
pose low power wireless communication with full-duplexing
and control packets (LPFD-PKT) and low power wireless
communication with full-duplexing and frequency bitmap
(LPFD-FBM). LPFD-PKT reduces the power consumption
by scheduling bi-directional full-duplex, two-directional full-
duplex, and half-duplex communication using buffer infor-
mation and inter-user interference information at an access
point and at each user terminal. LPFD-FBM reduces the
packet exchange overhead of LPFD-PKT by using a frequency
bitmap. In addition, scheduling scheme in LPFD-PKT and
LPFD-FBM enables user terminals to communicate multiple
packets in a beacon cycle.

Several methods for exchanging information by using
orthogonal frequency divisional multiplexing (OFDM) subcar-
riers have been proposed [15], [22]–[26]. The LPFD-FBM uses
a frequency bitmap which is an extension of Back2F [22]; this
scheme employs subcarriers of OFDM to reduce the random
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Fig. 1. Wireless Network.

backoff time by exchanging with other terminals. Because the
access point and user terminals in Back2F are assumed to
move the transmitting and receiving circuit simultaneously,
it is possible to instantaneously exchange the terminal that
has the shortest random backoff. Chen et al. [15] is the
first paper which applies the information exchange by OFDM
subcarriers to wireless full-duplexing, and proposes the prob-
abilistic MAC protocol for maximizing the expected network
throughput. Back2F and [15] represent the period of random
backoff with subcarriers. In contrast, the frequency bitmap
in this paper is used for various purposes, such as collec-
tion of buffer information, measurement and collection of
interference between user terminals, confirmation response,
and so on.

The remainder of this paper is organized as follows:
Section II introduces the proposed system model; Section III
describes LPFD-PKT, which exchanges information via pack-
ets; Section IV presents LPFD-FDM, which reduces the
information exchange overhead of LPFD-PKT; Section V
develops the analytical models of LPFD; Section VI discusses
the evaluation of the proposed methods; finally, Section VII
shows the discussion and Section VIII concludes the paper.

II. SYSTEM MODEL

A. Wireless Full-Duplex

This paper assumes a star topology wireless network con-
sisting of one access point (AP) and N user terminals (UTs)
equipped with a wireless full-duplex function. Fig. 1 illus-
trates the network assumed in this paper. The access point and
each user terminal communicate by wireless half-duplex com-
munication (Fig. 1a), wireless bi-directional full-duplex com-
munication (Fig. 1b), and wireless two-directional full-duplex
communication (Fig. 1c).

In wireless half-duplex communication, shown in Fig. 1a,
the access point transmits one frame to the user terminal,
or the user terminal transmits one frame to the access point
in a communication period. Wireless half-duplex communica-
tion is currently used in normal wireless local area networks
(WLANs).

Fig. 2. Model of Half-duplex Communication Circuitss.

In wireless bi-directional full-duplex communication, shown
in Fig. 1b, the access point and the user terminal transmit data
to each other simultaneously, and both must have a frame for
each other.

In wireless two-directional full-duplex communication,
shown in Fig. 1c, the access point and two user terminals
exchange two frames. One user terminal transmits a frame, and
the other user terminal receives a frame. The transmitting user
terminal must have a frame for the access point and the access
point must have a frame for the receiving user terminal. In
wireless two-directional full-duplex communication, an inter-
user interference problem occurs when the transmitting user
terminal interferes with the receiving user terminal, which then
cannot receive the frame from the access point.

B. Transceiver Circuits of Wireless Half-Duplex
Communication

Fig. 2 shows a model of the communication circuits
of an existing wireless half-duplex communication terminal.
Wireless half-duplex transceiver circuits consist of a main
device body, a control circuit, a digital transmission circuit, an
analog transmission circuit, a digital reception circuit, an ana-
log reception circuit, and a single transmission and reception
antenna.

The main device body represents a personal computer or
a smartphone that exchanges packets with the control circuit.
The control circuit handles the medium access control (MAC)
protocol and the ON/OFF switching of the other circuits. The
control circuit consumes PCONTROL,ON [mW] when it is ON,
and consumes PCONTROL,OFF [mW] when it is OFF.

The digital transmission circuit performs the modulation,
and the analog transmission circuit converts the digital signal
into an analog signal using a digital-to-analog (DA) converter,
amplifies the analog signal, and then transmits a radio wave
through the antenna. In this paper, the combination of the dig-
ital transmission circuit and the analog transmission circuit is
designated as the transmission circuit. The transmission circuit
consumes PTX,ON [mW] when it is ON, and consumes PTX,OFF

[mW] when it is OFF.
The analog reception circuit amplifies the received signal,

and converts the analog signal into a digital signal with an
analog-to-digital (AD) converter. The digital reception circuit
then performs the demodulation. In this paper, the combi-
nation of the digital reception circuit and analog reception
circuit is designated as the reception circuit. The reception
circuit consumes PRX,ON [mW] when it is ON, and consumes
PRX,OFF [mW] when it is OFF.
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TABLE I
RELATIONSHIP BETWEEN THE WIRELESS HALF-DUPLEX

COMMUNICATION TERMINAL STATE AND CIRCUITS

Fig. 3. Model of Full-duplex Communication Circuits.

Table I shows the relationship between the states of wire-
less half-duplex communication terminal and circuits. In the
power consumption model, the control circuit, the transmission
circuit, and the reception circuit are OFF when the wireless
half-duplex communication terminal is in sleep state; the con-
trol circuit and transmission circuit are ON when the terminal
transmits data; the control circuit and the reception circuit are
ON when the terminal receives data.

We can derive the power consumption of the whole
transceiver circuits from the relationship between the states
of the wireless half-duplex communication terminal and cir-
cuits. The power consumption of the whole transceiver circuits
for each state (fHD(s)|s ∈ {sleep, tx, rx}) is given by:

fHD(sleep) = PCONTROL,OFF + PTX,OFF + PRX,OFF

fHD(tx) = PCONTROL,ON + PTX,ON + PRX,OFF

fHD(rx) = PCONTROL,ON + PTX,OFF + PRX,ON.

C. Transceiver Circuits of Wireless Full-Duplex
Communication

Fig. 3 shows a model of the communication circuits of
a wireless full-duplex communication terminal. It includes
digital and analog cancellation circuits, not present in the
half-duplex communication terminals, that have the purpose of
canceling the self-interference. In this paper, the combination
of the digital and analog cancellation circuits is designated as
the cancellation circuit, and consumes PCANCEL,ON [mW] when
it is ON, and consume PCANCEL,OFF [mW] when it is OFF.

Fig. 3 shows an example of a full-duplex communication
terminal, which has two antennas for transmission and recep-
tion, respectively. However, there also exists full-duplex com-
munication terminals having only one antenna. For example,
in [1], the transmission and reception circuits share a single
antenna by using a circulator for full-duplex communication.

Table II shows the relationship between the states of the
wireless full-duplex communication terminal and circuits. The
difference from the half-duplex communication is that a can-
cellation circuit is added to the system and a full-duplex

TABLE II
RELATIONSHIP BETWEEN THE STATE OF THE WIRELESS FULL-DUPLEX

COMMUNICATION TERMINAL AND CIRCUITS

communication state is added to the states. The cancellation
circuit is ON only when the terminal is in the full-duplex com-
munication state. In this state, all the terminal circuits are also
ON, i.e., the control circuit, the transmission and reception
circuits, and the cancellation circuit.

We can derive the power consumption of the whole
transceiver circuits from the relationship between the states of
the wireless full-duplex communication terminal and circuits.
The power consumption of the whole transceiver circuits in
each state (fFD(s)|s ∈ {sleep, tx, rx, fd}) is given by:

fFD(sleep) = PCONTROL,OFF + PTX,OFF + PRX,OFF + PCANCEL,OFF

fFD(tx) = PCONTROL,ON + PTX,ON + PRX,OFF + PCANCEL,OFF

fFD(rx) = PCONTROL,ON + PTX,OFF + PRX,ON + PCANCEL,OFF

fFD(fd) = PCONTROL,ON + PTX,ON + PRX,ON + PCANCEL,ON.

D. Bit-Per-Joule

This paper uses bit-per-Joule (BPJ) [bits/J] as an index
of energy consumption efficiency in frame transmission and
reception. BPJ is the amount of data transmitted per unit
energy consumption. The higher the BPJ, the larger the amount
of data that can be transmitted with the same energy consump-
tion. The value of BPJ is the same as the bits per second per
Watt [bps/W].

In the model of the wireless full-duplex communication
shown in Section II-C, the average power consumption of
terminals is P̄ =

∑
s∈S fFD(s)ts∑

s∈S ts
, where S(= {sleep, tx, rx, fd})

denotes all states, and ts represents the time spent in the state s.
The average throughput is R̄ = Cttx+Ctrx+2Ctfd∑

s∈S ts
= C(ttx+trx+2tfd)∑

s∈S ts
.

Thus, we can express the value of BPJ [bits/J] as,

BPJ = R̄

P̄
= C(ttx + trx + 2tfd)

∑
s∈S fFD(s)ts

.

III. LOW POWER WIRELESS COMMUNICATION WITH

FULL-DUPLEXING AND CONTROL PACKETS

Based on the power model of Section II, we design a
low power wireless communication with full-duplexing and
control packets (LPFD-PKT) that realizes low power wire-
less communication using wireless full-duplex communica-
tion. In LPFD-PKT, the access point assigns each frame to
bi-directional full-duplex, two-directional full-duplex, or half-
duplex communication. The access point uses information
about the buffered packets in the access point and user termi-
nals, and inter-user interference to assign the communication
schedule.
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A. Energy Efficiency of Communication Method

The LPFD-PKT design focuses on the fact that bi-
directional full-duplex communication achieves the high-
est energy efficiency of all communication methods, i.e.,
bi-directional full-duplex, two-directional full-duplex, and
half-duplex communication. BPJBFD, BPJTFD, and BPJHD
are defined as the BPJ of bi-directional full-duplex,
two-directional full-duplex, and half-duplex communication,
respectively. In this section, we assume symmetric traffic that
both of the access point and a user terminal have Cτ [bits]
data to transmit at some point in time for simplicity. Note
that asymmetric traffic will be considered in the simulation of
Section VI-G.

First, in bi-directional full-duplex communication, the
access point and user terminal transmit Cτ [bits] data, respec-
tively, in the same time duration τ . During τ , the user
terminal consumes the power corresponding to full-duplex
communication, and its BPJ is given by:

BPJBFD = 2× Cτ

fFD(fd)τ

= 2C

PCONTROL, ON + PTX, ON + PRX, ON + PCANCEL, ON

.

(1)

In two-directional full-duplex communication, the access
point and user terminal transmit Cτ [bits] data, respectively,
in the same time duration τ . Note that two user terminals par-
ticipate in two-directional full-duplex communication. During
the transmission duration τ , one user terminal consumes power
for transmission and the other consumes power for reception.
The BPJ of two-directional full-duplex communication is

BPJTFD = Cτ + Cτ

fFD(tx)τ + fFD(rx)τ

= 2C

2P CONTROL, ON + PTX, ON + PRX, ON

. (2)

In half-duplex communication, the access point and user
terminal transmit Cτ [bits] data each in time division. The
duration of half-duplex communication becomes therefore 2τ .
The user terminal consumes power for transmission and recep-
tion in the respective duration τ . The BPJ of half-duplex
communication is

BPJHD = C × 2τ

fFD(tx)τ + fFD(rx)τ

= 2C

2PCONTROL, ON + PTX, ON + PRX, ON

. (3)

By combining (2) and (3), we find BPJTFD = BPJHD.
Additionally, we can assume PCONTROL, ON > PCANCEL, ON

in general. By combining (1) and (2), and assuming
PCONTROL, ON > PCANCEL, ON, we obtain

BPJBFD > BPJTFD = BPJHD.

B. Operation of LPFD-PKT

LPFD-PKT comprises 4 phases as follows:
1) Beacon frame exchange phase

Fig. 4. Wireless Network: One Access Point and 5 User Terminals.

2) Buffered packet notification and inter-user interference
measurement phase

3) Transmission schedule assignment phase
4) Data transmission and acknowledgment phase.
Each user terminal exchanges authentication information

when connecting to the access point, and, at the same time,
receives the number of user terminals connected to the access
point (N) and the node ID (Node-ID). Node-ID is an inte-
ger number from 0 to N and is used for uniquely identifying
the access point and user terminal in the network. Node-ID 0
denotes the access point.

Fig. 4 shows an example of wireless network consists of
one access point and five user terminals. In Fig. 4, inter-user
interference is present between user terminals 1 and 2, between
user terminals 1 and 4, and between user terminals 2 and 3.
Fig. 5 shows an example of the frame sequence of the LPFD-
PKT for the topology of Fig. 4. In Fig. 4 and Fig. 5, we
assume that the access point has a packet to user terminal 1,
a packet to user terminal 2, and a packet to user terminal 4;
user terminal 1 has two packets to send to the access point;
user terminal 3 has a packet to send to the access point when
the beacon frame is exchanged.

The “beacon frame exchange phase” occurs periodically
every tbeacon, where tbeacon is the beacon interval length. The
access point periodically transmits the beacon frame, indi-
cating the number of user terminals connected to the access
point (N). User terminals that receive a beacon frame syn-
chronize their clocks with the access point. In the “buffered
packet notification and inter-user interference measurement
phase,” each user terminal transmits a buffer information
(BI) frame and sends the number of buffered packets to the
access point. At the same time, user terminals measure the
inter-user interference. Details regarding the “buffered packet
notification and inter-user interference measurement phase”
are described in Section III-C. In the “transmission sched-
ule assignment phase,” the access point assigns each frame
to bi-directional full-duplex, two-directional full-duplex, and
half-duplex communication, relying on a user interference
information request (UIR) frame and a user interference infor-
mation (UII) frame. More details regarding the “transmission
schedule assignment phase” are described in Section III-D.
In the “data transmission and acknowledgment phase,” the
access point informs the schedule of transmission by send-
ing the schedule (SCHED) frame that will be followed
by the user terminals to transmit and receive data frames.
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Fig. 5. Low Power Wireless Communication with Full-duplexing and Control Packets (LPFD-PKT).

Upon reception, the access point and user terminals exchange
an acknowledgment (ACK) frame. Further details on the
“data transmission and acknowledgment phase” are described
in Section III-E.

The proposed LPFD-PKT and LPFD-FBM can be made
compatible with existing carrier sense multiple access
with collision avoidance (CSMA/CA) compliant half-duplex
devices by using the same mechanism as the existing IEEE
802.11 PSM. In the proposed method and IEEE 802.11 PSM,
the access point acquires a carrier with a beacon frame by
using CSMA/CA mechanism and updates network allocation
vector (NAV) of other nodes with sequential control frames.
The way that the access point acquires a carrier with the
beacon frame can coexist with the half-duplex user terminal
operating with CSMA/CA.

C. Buffered Packet Notification and Inter-User Interference
Measurement Phase

User terminals send notification of their buffered packets
and measure inter-user interference to obtain information to be
used in the transmission schedule assignment phase, described
in Section III-D. Because bi-directional full-duplex communi-
cation can enhance the energy efficiency of user terminals, the
access point schedules a transmission to create bi-directional

full-duplex communication by obtaining the buffered packet
in user terminals. Additionally, the access point schedules
two-directional full-duplex communication to avoid inter-user
interference by gathering information regarding inter-user
interference. Inter-user interference would waste the power
consumed by the user terminal for downlink reception during
two-directional full-duplex.

Each user terminal switches from sleep state to awake state
at every beacon interval, receives the beacon frame from the
access point, and transmits the BI frame in the order assigned
to the Node-ID after reception of the beacon frame. The BI
frame includes the Node-ID of the BI frame source and num-
ber of data frames held by the user terminal in the buffer.
In the example of Fig. 5, it is assumed that user terminal
1 notifies that it has two frames for the access point, and
user terminal 3 notifies that it has one frame for the access
point, respectively. Instead, user terminals 2, 4, and 5 switch
to sleep state during the duration of their BI frame transmis-
sion because they do not have buffered data for the access
point.

All user terminals remain in awake state for the duration of
the BI frame transmission from other user terminals in order
to receive the BI frame from them. In the example shown in
Fig. 5, user terminal 2 receives BI frames from user terminals 1
and 3, and determines that inter-user interference has occurred
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Algorithm 1: LPFD Transmission Scheduling
Input: U, D

1 // Arrays of uplink and downlink packets to send
Output: Q

2 // Communication Schedule Array
3 Q← ∅, QBFD ← ∅, QTFD ← ∅, QHD ← ∅
4 foreach u ∈ U do
5 foreach d ∈ D do
6 if u.src is equal to d.dst then
7 push (u, d) to QBFD

8 // Assign bi-directional full-duplex
communication

9 U← U\u, D← D\d

10 if D �= φ then
11 Request inter-user interference information to d.dst

s.t. d ∈ D
12 Records inter-user interference information.

13 foreach u ∈ U do
14 foreach d ∈ D do
15 if Transmission of the uplink packet “u” dose not

interfere “d.dst” then
16 push (u, d) to QTFD

17 // Assign two-directional full-duplex
communication

18 U← U\u, D← D\d
19 push (u, φ) to QHD

20 // Assign uplink half-duplex communication
21 U← U\u
22 foreach d ∈ D do
23 push (φ, d) to QHD

24 // Assign downlink half-duplex communication
25 D← D\d
26 Q← QBFD + QTFD + QHD

27 return

between itself and user terminals 1 and 3. User terminal 4
determines that inter-user interference occurred between itself
and user terminal 1, because it received the BI frame from user
terminal 1. User terminals 1, 3, and 5 determine that they were
not influenced by any inter-user interference because they did
not receive a BI frame.

D. Transmission Schedule Assignment Phase

In the “transmission schedule assignment phase,” the access
point schedules the transmission using the received BI frames.
In order to enhance the energy efficiency and maintain a high
throughput, the access point assigns the transmission in this
order:

1) bi-directional full-duplex communication
2) two-directional full-duplex communication
3) half-duplex communication.
Algorithm 1 shows the proposed transmission scheduling

algorithm, whose variables are as follows. The variable U

represents an array of uplink packets to send, and the vari-
able D represents an array of downlink packets to send.
The variables U and D store packets in the order of Node-
ID. The variable u (∈ U) represents an uplink packet to send;
and the variable d (∈ D) represents a downlink packet to send.
The variable u.src is the Node-ID of the source user terminal
of the uplink packet (u). The variable d.dst is the Node-ID of
the destination user terminal of the downlink packet (d). The
variable Q is the assigned transmission schedule.

Details of the transmission scheduling are described as
follows. First, the access point assigns the bi-directional full-
duplex in lines 4–9 of Algorithm 1. If downlink packets
remain, the access point requests their destination user termi-
nals to send the inter-interference information in lines 10–12.
Second, the access point schedules the two-directional full-
duplex in lines 15–18, based on the inter-user interference
information. Third, the access point assigns the uplink half-
duplex communication in lines 19–21. Finally, the access point
allocates the downlink half-duplex communication in lines
23–25.

The access point allocates the transmission order by using
the Node-ID. Each node has a Node-ID which is assigned
by the access point when the user terminal associates with
the network. The access point allocates the communication
following the order of the user terminal with lowest Node-ID
for each communication types, i.e., bi-directional full-duplex,
two-directional full-duplex, half-duplex communication.

In the example of Fig. 5, the access point first assigns
the bi-directional communication and detects the uplink and
downlink pair. The access point has a data frame for the user
terminal 1, and the user terminal 1 has two data frames for
the access point. Thus, the access point assigns bi-directional
full-duplex communication between the access point and user
terminal 1 for the first cycle.

Second, the access point assigns two-directional full-duplex
communication. The access point collects information regard-
ing inter-user interference via UIR and UII frames in order
to determine the uplink and downlink combinations of two-
directional full-duplex communication. The UIR frame con-
tains the Node-IDs of user terminals that are expected
to participate in two-directional full-duplex communication.
Node-IDs in the UIR frame are arranged in the order of
UII frame transmission. A user terminal whose Node-ID is
included in the UIR frame returns the UII frame to the access
point according to the Node-ID order in the UII frame. The
UII frame includes the Node-IDs of all user terminals where
inter-user interference occurs with the terminal that transmit-
ted the UII frame. Inter-user interference is measured by the
BI frame mentioned in Section III-C.

In the example of Fig. 5, user terminals 2 and 4 are candi-
dates for two-directional full-duplex communication receiver,
and the access point requests them to transmit the UII frame
by sending the UIR frame. User terminals 2 and 4 transmit
the UII frame after receiving the UIR frame. User terminal 2
notifies the access point that inter-user interference occurred
with user terminals 1 and 3, and user terminal 3 notifies the
access point that inter-user interference occurred with user
terminal 1.
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The access point determines the uplink and downlink com-
bination of two-directional full-duplex communication based
on the inter-user interference information. At that time, the
access point generates the uplink and downlink combina-
tion of two-directional full-duplex communication, such that
inter-user interference does not occur. In this example, the
access point knows that user terminal 1 and 3 both have
one remaining data frame to transmit after bi-directional full-
duplex communication. Additionally, the access point buffers
one data frame for user terminal 2 and another frame for
user terminal 4. The access point assigns a two-directional
full-duplex communication (uplink source is user terminal 3;
and downlink destination is user terminal 4) to the second
transmission cycle.

Finally, the access point schedules half-duplex commu-
nication, where the remaining data frames not subject to
bi-directional or two-directional full-duplex communication
are transmitted. In the example shown in Fig. 5, during the
third transmission cycle, user terminal 1 transmits a data frame
to the access point; and during the fourth transmission cycle,
the access point transmits data to user terminal 2.

E. Data Transmission and Acknowledgment Phase

In the data transmission and acknowledgment phase, all
user terminals first switch from sleep state to awake state in
order to receive the SCHED frame from the access point.
The access point transmits the SCHED frame and notifies
all user terminals of the data frame transmission order. The
SCHED frame contains information regarding the cycle in
which each user terminal will transmit the uplink and down-
link. The access point and the user terminals transmit and
receive the data frame and the ACK frame according to
the schedule described in the SCHED frame. User terminal
switches back to sleep state when it does not transmit or
receive data, or ACK frames, in order to reduce the energy
consumption.

In the example shown in Fig. 5, the first cycle of commu-
nication is bi-directional full-duplex communication between
the access point and user terminal 1. The second communi-
cation cycle is two-directional full-duplex communication in
which user terminal 3 transmits data to the access point and
the access point transmits data to user terminal 4. In the third
communication cycle, half-duplex communication from user
terminal 1 is performed. Finally, in the fourth communica-
tion cycle, half-duplex communication to user terminal 2 is
performed.

IV. LOW POWER WIRELESS COMMUNICATION WITH

FULL-DUPLEXING AND FREQUENCY BITMAP

In the LPFD-PKT described in Section III, the gathering
of information on buffered packets, inter-user interference,
and ACK frames, becomes an overhead. Particularly, the
number of frames for gathering the inter-user interference
information increases exponentially with the number of user
terminals. Low power wireless communication with full-
duplexing and frequency bitmap (LPFD-FBM) has also four
phases as the LPFD-PKT, e.g., beacon frame exchange phase,

Fig. 6. Frequency Bitmap.

buffered packet notification and inter-user interference mea-
surement phase, transmission schedule assignment phase,
data transmission and acknowledgment phase. However, in
contrast to LPFD-PKT, LPFD-FBM reduces the overhead
by using a combination of full-duplex communication and
frequency bitmap. Specifically, LPFD-FBM uses 5 types
of frequency bitmap, namely: buffer information frequency
bitmap (BI-FBM) that reduces the overhead of gathering
the buffered packet information; user interference information
request frequency bitmap (UIR-FBM) and user interference
information frequency bitmap (UII-FBM) that reduce the
overhead of gathering the inter-user interference informa-
tion; schedule frequency bitmap (SCHED-FBM) that reduces
the overhead of the transmission schedule notification by
the access point to user terminals; and acknowledgment
frequency bitmap (ACK-FBM), to reduce the acknowledgment
overhead.

A. Frequency Bitmap

A frequency bitmap is a technology that allows multiple
terminals to simultaneously and bi-directionally transmit infor-
mation by combining the presence and absence of OFDM
signal subcarriers and wireless full-duplex communication.
Fig. 6 shows an example of a frequency bitmap. The frequency
bitmap has a frequency domain part and a time domain part.
The frequency domain part of the frequency bitmap is divided
by the OFDM signal subcarriers. The time domain part is
divided by the OFDM symbols. One subcarrier in one OFDM
symbol is represented by one bit. Each user terminal receives
the Node-ID, which is assigned to the user terminal when the
user terminal associates with the network.

A user terminal or the access point receives duplicated
frequency bitmap signals when multiple nodes transmit a
frequency bitmap simultaneously. This duplication is similar
to an OR operation. By using the frequency bitmap charac-
teristics, the access point and the user terminals can receive
information from many nodes simultaneously. Additionally,
wireless full-duplex communication enables simultaneous
transmission and reception, allowing many nodes to exchange
information simultaneously and bi-directionally.
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Fig. 7. Low Power Wireless Communication with Full-duplexing and Frequency Bitmap (LPFD-FBM).

Fig. 7 illustrates an example of an LPFD-FBM time
sequence in a topology composed of one access point and
five user terminals, as shown in Fig. 4. In the example of
Fig. 7, it is assumed that the access point has a data frame
for user terminals 1, 2 and 4, user terminal 1 has two data
frames for the access point, and user terminal 3 has a data
frame at the moment of the beacon frame exchange. All user
terminals switch from sleep state to awake state to receive the
beacon frame at every beacon interval. LPFD-FBM uses the
same beacon frame as the LPFD-PKT frame, mentioned in
Section III.

All user terminals that receive the beacon frame, send
a notification of buffered packets in each user terminal
using BI-FBM. Moreover, all user terminals measure at
the same time the inter-user interference by receiving the
BI-FBM from other user terminals with full-duplex recep-
tion circuits. Details of the BI-FBM will be mentioned
in Section IV-B.

The access point schedules bi-directional full-duplex com-
munication after receiving BI-FBMs. Then, the access point
informs the reception destination candidates of downlink
two-directional full-duplex communication by transmitting
a UIR-FBM to all user terminals. User terminals that are
listed as candidates, transmit the UII-FBM that indicates
the inter-user interference of the transmitting user terminal.

More details regarding the UIR-FBM and UII-FBM are given
in Sections IV-C and IV-D, respectively.

After receiving the UII-FBM frames, the access point sched-
ules the data frame transmission by using buffered packets
in the access point and all user terminals, and inter-user
interference information. The scheduling algorithm uses the
same procedure as LPFD-PKT. The access point transmits
to all user terminals the SCHED-FBM that contains the
transmission schedule information. More details regarding
SCHED-FBM are given in Section IV-E.

The user terminal that receives the SCHED-FBM trans-
mits and receives the data frames according to the schedule
predetermined by the access point. When the transmission
and reception of all data frames have been completed, the
access point and all user terminals exchange the ACK-FBM,
which acknowledges the data arrival. More details regarding
the ACK-FBM are given in Section IV-F.

B. Buffer Information Frequency Bitmap (BI-FBM)

The BI-FBM is a frequency bitmap that collects the buffer
status to be used in the buffered packet notification and inter-
user interference measurement phase. The BI-FBM replaces
the BI frame of LFPD-PKT. Fig. 8a shows an example of BI-
FBM. Each sub-carrier is assigned to the access point and user
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Fig. 8. Frequency Bitmap used in LPFD-FBM.

terminals, respectively. Each symbol represents the number of
buffered packets in the access point and in each user terminal.
Each node transmits the symbols of the number of buffered
data packets, on the assigned sub-carrier. LMAX is the maxi-
mum number of buffered packets. LMAX is given a notification
from the access point when the user terminal has associated
to the access point. Even when a user terminal has more data
packets than LMAX packets, the user terminal transmits LMAX

symbols. In the example shown in Fig. 8a, user terminal 1
buffers two packets, and user terminal 3 has one packet for
the access point.

The BI-FBM is also used for measuring inter-user
interference, similarly to BI frames in LPFD-PKT. When a
user terminal receives a BI-FBM containing information that
some other Node-ID user terminal has buffered packets, it
determines that inter-user interference occurs with the Node-
ID user terminal. In contrast, when a user terminal does not
receive any symbols from some Node-ID sub-carriers, it deter-
mines that inter-user interference does not occur with these
user terminals.

Even if user terminal A has buffered packets and sends BI-
FBM symbols, when user terminals A and B are a hidden
terminal relationship pair, the inter-user interference between
user terminals A and B does not occur. In that case, the BI-
FBM symbol is also attenuated and does not reach the user
terminal B.

C. User Interference Information Request Frequency Bitmap
(UIR-FBM)

The UIR-FBM is a frequency bitmap that is used by the
access point to request the inter-user interference information
from the user terminals, and employed in the transmis-
sion schedule assignment phase. The UIR-FBM reduces the
overhead of the UIR frames in the LPFD-PKT.

Fig. 8b shows an example of the UIR-FBM. It consists of
one symbol: the sub-carrier corresponding to the user terminal,
which is a downlink candidate in two-directional full-duplex
communication, which is set to one by the access point. The
access point selects the user terminal based on the buffered
packet information gathered by the BI-FBM. In the example
shown in Fig. 8b, the sub-carriers for user terminals 2 and 4
are set to one.

D. User Interference Information Frequency Bitmap
(UII-FBM)

The UII-FBM is a frequency bitmap used for transmitting
to the access point the inter-user interference between user

terminals from each user terminal, and employed in the trans-
mission schedule assignment phase. The UII-FBM replaces
the UII frames of LPFD-PKT and reduces the overhead of
UII frames.

Fig. 8c shows an example of UII-FBM. The user terminal
that has been requested to send the inter-user interference
information by the UIR-FBM from the access point, sends
a UII-FBM. The UII-FBM from each user terminal indi-
cates whether inter-user interference occurs between the
user terminal and the two-directional full-duplex destina-
tion user terminal mentioned in the UIR-FBM. In order to
reduce the UII-FBM size, each user terminal sends inter-
user interference information via the following procedure:
First, the user terminal receiving the UIR-FBM from the
access point retrieves only the Node-ID whose assigned
subcarrier is 1, and arranges the retrieved Node-ID in ascend-
ing order. Note that the retrieved Node-ID represents the
user terminal, which is requested to transmit the inter-user
interference information from access point in the UIR-FBM.
The requested user terminals transmit the UII-FBM in accor-
dance with the order of the retrieved Node-ID. Each user
terminal sets to one the UII-FBM sub-carrier of the Node-
IDs causing inter-user interference with the user terminal
itself.

In the example shown in Fig. 8c, user terminals 2 and 4
send the inter-user interference information. The first symbol
is assigned for user terminal 2, and the second is assigned
for user terminal 4. User terminal 2 sends a symbol with
the sub-carrier for Node-ID 1 and 3 set to one. Also, user
terminal 4 sends a symbol with the sub-carrier for Node-ID 1
set to one.

E. Schedule Frequency Bitmap (SCHED-FBM)

The SCHED-FBM is a frequency bitmap used by the access
point to notify all user terminals of the data frame transmission
and reception schedule. The SCHED-FBM is used in the trans-
mission schedule assignment phase. Fig. 8d shows an example
of the SCHED-FBM. Subcarrier denotes the Node-ID of each
user terminal and access point. Symbol denotes the scheduled
transmission cycle. For bi-directional full-duplex communi-
cation, the access point transmits a symbol in which two
subcarriers for the access point and the communication partner
user terminal are set to one. In addition, for two-directional
full-duplex communication, the access point transmits a sym-
bol in which two subcarriers are set to one: one is a subcarrier
for the transmitter user terminal Node-ID, the other is a
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subcarrier for the receiver Node-ID. For half-duplex communi-
cation, the access point transmits a symbol where a subcarrier
for a transmitter or receiver user terminal Node-ID is set
to one.

In the example shown in Fig. 8d, the SCHED-FBM shows
that bi-directional full-duplex communication between the
access point and the user terminal 1 will be performed
in the first transmission cycle; in the second transmission
cycle, two-directional full-duplex communication will be per-
formed: an uplink from user terminal 3 and a downlink to
user terminal 4; in the third transmission cycle, an uplink
half-duplex communication from user terminal 1 will be
performed; and in the fourth transmission cycle, a down-
link half-duplex communication to user terminal 2 will be
performed.

Note that each user terminal can distinguish whether it is
a transmitter or a receiver in two-directional full-duplex com-
munication and half-duplex communication. This is because
the bi-directional full-duplex communication has been just
completed at this point, and only transmission or reception
packets remain. This enables the access point to communicate
the schedule of two-directional full-duplex communication and
half-duplex communication by using only the UIR-FBM and
SCHED-FBM.

F. Acknowledgment Frequency Bitmap (ACK-FBM)

An example of the ACK-FBM is shown in Fig. 8e. The
ACK-FBM is a frequency bitmap used for acknowledgment in
the data transmission and acknowledgment phase. Subcarriers
represent the Node-IDs of the access point and the user ter-
minals; symbols represent transmission cycles. When each
access point and user terminal transmit received data in
a given transmission cycle, the access point and user set
the symbol representing the transmission cycle to 1 in the
ACK-FBM. The access point and all user terminals trans-
mit the ACK-FBMs simultaneously. In the example shown
in Fig. 8e, the access point transmits ACK for the uplink
transmission from user terminal 1 in the first symbol and
ACK for the uplink transmission from user terminal 3 in
the second symbol; user terminal 4 transmits ACK for the
downlink transmission from user terminal 4 in the third
symbol; and user terminal 2 transmits ACK for the down-
link transmission from the user terminal 2 in the fourth
symbol.

V. ANALYSIS FOR IDEAL CASE OF LPFD

In this section, we describe the analytical model of the
proposed LPFD under symmetric traffic assumption that
amount of uplink traffic and downlink traffic are same. We
analyze the ideal case of LPFD, where arriving packets are
scheduled for transmission without any overhead of control
packets. We derive the expected values of the number of pack-
ets transmitted by bi-directional full-duplex, two-directional
full-duplex, and half-duplex communication. First, we intro-
duce the probability p(λ, k) of k packet arrivals in a beacon
interval tbeacon as p(λ, k) = exp(−λtbeacon)

(λtbeacon)
k

k! , where λ

is the packet arrival rate.

Then, we can obtain the expected number of packets
transmitted by full-duplex ([nFD]), and by half-duplex com-
munication (E[nHD]) as
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E[nHD] =
∞∑

k=1
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j=0

{min(k, nmax)− j}

× {p(Nλdown, k)p(Nλup, j)

+ p(Nλdown, j)p(Nλup, k)
}

(5)

where λup and λdown represent uplink and downlink packet
arrival rate for each user terminal respectively, and nmax
is the maximum number of communication pairs (full-
duplex or half-duplex) in one beacon cycle, nmax =
� Beacon Interval

Data frame size / Data rate	(= � 100 [ms]
1528 [byte]/6 [Mbps]	 = 49).

Then, we can obtain the expected number of packets
transmitted by two-directional full-duplex communication as

lE[nTFD] = 2
nmax−1∑
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where f (k, j) = ∑k
i=0 i

( j
k−i

)
( 1

N )(k−i)(N−1
N ){i+(j−k)}. The func-

tion f (k, j) represents the expected number of the two-
directional full-duplex transmission pairs when k full-duplex
pairs are communicated (two-direction and bi-directional full-
duplex), and j is the largest number of packets arrived in access
point or user terminals. Combining (4) and (6), the expected
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number of packets transmitted by bi-directional full-duplex
communication is

E[nBFD] = E[nFD]− E[nTFD]. (7)

Using (1)–(3) and (4)–(7), we can obtain the BPJ of ideal
LPFD as

BPJideal

= BPJBFDE[nBFD]+ BPJTFDE[nTFD]+ BPJHDE[nHD]

E[nBFD]+ E[nTFD]+ E[nHD]
. (8)

Similarly to (8), power consumption and throughput can be
obtained by using the expected number of packets.

VI. PERFORMANCE EVALUATIONS

We performed a computer simulation to confirm the
performance of LPFD-PKT and LPFD-FBM.

A. Evaluation Environment

The star topology of the evaluation environment contains
one access point and N user terminals. User terminals are
placed at random positions in a 50 × 50 [m2] square. The
access point is placed at the center of the square. We defined
a propagation model with deterministic attenuation. Each node
uses a transmit power of 10 [dBm]. Carrier-sensing threshold
is set to −70 [dBm]. The path loss model is defined based
on [27] as follows,

L(d) = LFS(d) (d ≤ dBP)

L(d) = LFS(dBP)+ 35 log10(d/dBP) (d > dBP)

where d [m] is the distance between transmitter and receiver,
dBP [m] is a breakpoint distance with 5, and LFS is the free
space loss with slope of 2. When the interference signal
is larger than the carrier-sensing threshold, the signal will
interfere with the node.

Uplink traffic from each user terminal arrive according
to a Poisson arrival with λup [frames/sec.]; and downlink
traffic to each user terminal arrive according to a Poisson
arrival with λdown [frames/sec.]. When uplink and downlink
arrival rates are the same, λ represents both arrival rates
(λ = λup = λdown). Frame losses occur when a frame col-
lides with another frame. The access point and user terminals
transmit data with a fixed data rate of 6 [Mbps] and data
size. Beacon interval length (tbeacon) is 100 [ms]. We define
full-duplex data loss rate (Prfdloss) to evaluate incomplete full-
duplex cancellation. According to the rate Prfdloss, the packet
transmitted by full-duplex communication is lost because of
imperfect self-interference cancellation. The maximum num-
ber of buffered packet notifications from each user terminal
and the access point is Lmax = 40 in the LPFD-FBM.

The size of each frame is defined based on the IEEE 802.11
standard [21]. Table III shows the size of each frame. The size
of data frame is normally defined as 1528 [byte]; and 1528
[byte] and 68 [byte] data frames are generated in Section VI-F;
The size of ACK frame is defined as 14 [byte]; The beacon
frame size is defined as 28 [byte]; The size of PS-Poll frame
used in IEEE 802.11 PSM is defined as 20 [byte]. In this
paper, the frame sizes used in the LPFD-PKT are defined as

TABLE III
FRAME AND SPACE SIZE

TABLE IV
POWER CONSUMPTION OF EACH CIRCUIT

follows: the BI frame is 28 [byte]; the UIR frame size is 20+
6nrequested [byte] when the access point requests nrequested user
terminals to transmit inter-user interference information; the
UII frame size is defined as 20 + 6ninterference [byte] when
each user terminal communicates interference with ninterference
user terminals; and the SCHED frame size is 20+ 6nscheduled
[byte] when the access point communicates the schedule of
nscheduled cycles data and ACK transmission. Additionally, the
length of one symbol in the frequency bitmap used in the
LPFD-FBM is defined as 4 [μsec.]. SIFS duration is defined
as 16 [μsec.] [21].

Power consumption of each circuit is defined based on
the chipset of Wi-Fi, SX-SDCAG 802.11a/b/g SDIO Card
Module [28]. Table IV shows the power consumption of
each circuit. PCONTROL, ON is 3.00 × 102 [mW]; PTX, ON is
5.25× 102 [mW]; PRX, ON is 1.95× 102 [mW]; PCONTROL, OFF

is 49.5 [mW]; PTX, OFF is 0.00 [mW]; PRX, OFF is 0.00 [mW];
PCANCEL, OFF is 0.00 [mW]. Currently, no off-the-shelf self-
interference cancellation circuit for full-duplex WLAN exists.
The power consumption of existing cancellation techniques,
e.g., balun cancellation [1], [4], passive cancellation [3], is
small enough to be neglected. In this paper, we assume
a variable PCANCEL, ON from 0.00 [mW] to 5.00 × 103

[mW]. The proposed algorithms and operation algorithms are
implemented in a C++ based discrete event simulator with
MAC/PHY parameters. Ten trials were conducted to obtain
an average. In each trial, the performance value averaged over
100 seconds was acquired.

We compared the performance of the following six
approaches to benchmark the LPFD-PKT and LPFD-FBM:

1) LPFD-PKT: LPFD-PKT is the proposed method men-
tioned in Section III.

2) Low power wireless communication with half-duplexing
and control packets (LPHD-PKT): LPHD-PKT is LPFD-
PKT without full-duplex communication. The difference
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Fig. 9. Evaluation for Increasing Packet Arrival Rate.

between LPHD-PKT and LPFD-PKT is the transmission
schedule assignment. In the assignment phase of LPHD-
PKT, the access point assigns the transmission only by
half-duplex communication.

3) LPFD-FBM: LPFD-FBM is also the proposed method
mentioned in Section IV. LPFD-FBM reduces the over-
head of frame exchanges in LPFD-PKT by using a
frequency bitmap.

4) Full-duplex continuous active mode (FDAM): FDAM is
the normal full-duplex communication mode. MAC of
FDAM is designed based on RTS/FCTS [11]. Nodes
in [11] start data transmission with CSMA/CA. FDAM
demonstrates a reduced energy consumption in compar-
ison with LPFD-PKT and LPFD-FBM.

5) Half-duplex power saving mode (HDPSM): HDPSM is
the existing half-duplex power saving mode in IEEE
802.11 [21].

6) Ideal LPFD: Ideal LPFD is the theoretical ideal
performance of the low power full-duplex commu-
nication described in Section V. Ideal LPFD shows
the performance of LPFD-PKT and LPFD-FBM when
information exchange overhead does not exist. Ideal
LPFD represents a theoretical limit of LPFD-PKT and
LPFD-FBM.

B. Evaluation for Increasing Packet Arrival Rate

We evaluated the system performances for an increasing
packet arrival rate λ. Fig. 9 shows the performance of a user
terminal when the packet arrival rate changes from 1 to 70
[frames/sec.], the number of user terminals (N) is fixed at
10, power consumption of cancellation circuit (PCANCEL, ON)
is fixed at 0.0 [mW], and assuming perfect self-interference
cancellation (Prfdloss = 0).

Fig. 9a shows that the achieved throughput of the proposed
LPFD-PKT and LPFD-FBM is close to the theoretical limit.
This is because these methods efficiently scheduled the
transmission based on the traffic. The throughput difference
between the theoretical limit and the proposed methods is due
to the overhead. LPFD-FBM achieved the higher through-
put compared to LPFD-PKT, because the frequency bitmap
reduces its overhead. Additionally, LPFD-PKT and LPFD-
FBM achieved approximately twice the throughput of HDPSM
or LPHD-PKT (λ ≥ 50 [frames/sec.]). The reason is that full-
duplex communication can double the transmission capacity.

Fig. 9b shows that the power consumptions of LPFD-PKT,
LPHD-PKT, and LPFD-FBM are the three smallest ones, thus
demonstrating the energy efficiency of the proposed schedul-
ing methods. Power consumption of LPHD-PKT is smallest
when the packet arrival rate is larger than 30 [packets/sec.]
because LPHD-PKT handles approximately half the number
of packets than LPFD-PKT and LPFD-PKT.

Additionally, both proposed LPFD-PKT and LPFD-FBM
achieved a low power consumption near the theoretical limit
(Ideal LPFD). This is because the transmission scheduling
algorithm of the proposed methods efficiently manages the
energy.

Fig. 9c shows that LPFD-FBM achieved the highest BPJ,
and LPFD-PKT is the second highest. LPFD-FBM achieved
approximately 4.1 times the BPJ of HDPSM (λ = 15
[frames/sec.]) and up to approximately 6.9 times the BPJ of
HDPSM (λ = 70 [frames/sec.]), approximately 6.0 times the
BPJ of FDAM (λ = 15 [frames/sec.]), and approximately 7.1
times the BPJ of FDAM (λ = 1 [frames/sec.]). Additionally,
BPJ of both proposed LPFD-PKT and LPFD-FBM approached
the theoretical limit for an increasing packet arrival rate. This
is because the control packet transmission is dominant in com-
parison with the data frame transmission when the packet
arrival rate is low, thus decreasing the BPJ. The LPFD-FBM
achieved a higher BPJ if compared to LPFD-PKT, because the
frequency bitmap reduces the control frame overhead. On the
other hand, the BPJ of HDPSM decreases for an increasing
packet arrival rate, because in this method each user terminal
gains the transmission and reception rights by a contention
mechanism that constantly forces the user terminal in awake
state until the end of the transmission is reached in the beacon
interval.

C. Evaluation for Increasing Number of User Terminals

In Section VI-B, the performance evaluation with a fixed
number of user terminals is reported. In this section, we
evaluate the performance with a variable number of user ter-
minals, with a constant packet arrival rate (λ) is fixed at
15 [frames/sec.]; the power consumption of cancellation cir-
cuit (PCANCEL, ON) is fixed at 0.0 [mW], and assuming perfect
self-interference cancellation (Prfdloss = 0).

First, we comment the results of the throughput evaluation.
Fig. 10a shows the throughput when the number of user ter-
minals (N) changes from 2 to 45. It can be seen that the
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Fig. 10. Evaluation for Increasing Number of User Terminals.

Fig. 11. Evaluation for Increasing Cancellation Circuit Power Consumption.

throughput of proposed LPFD-PKT and LPFD-FBM perform
close to the theoretical limit. This is due to their efficient
transmission scheduling based on traffic. The LPFD-FBM
achieved the highest throughput because the frequency bitmap
reduces the LPFD-PKT overhead. The throughput of LPFD-
PKT decreases with an increasing number of user terminal
when the number of user terminals is larger than 30 (N ≥ 30);
the throughput of LPHD-PKT decreases when the number of
user terminals becomes larger than 15 (N ≥ 15). The over-
head of information exchange by packets increases with the
number of user terminals, and suppress the data transmission.
Additionally, LPFD-FBM achieved approximately twice the
throughput of the HDPSM when the number of user termi-
nals is larger than 35 (N ≥ 35). This is because full-duplex
communication doubles the capacity.

Second, we analyze the power consumption results. Fig. 10b
shows the power consumption of a user terminal when the
number of user terminals changes from 2 to 45. The power
consumption of the LPFD-FBM is the lowest. Both proposed
LPFD-PKT and LPFD-FBM maintain their low power con-
sumption with an increasing number of user terminals. The
power consumption of LPFD-PKT and LPFD-FBM are less
than approximately one-fifth of the FDAM. In contrast, the
power consumption of the HDPSM increased with the number
of user terminals. This is because the contention mechanism
used in HDPSM increases the overhead with the number of
competitors (user terminals).

Finally, we illustrate the BPJ evaluation. Fig. 10c shows
the BPJ when the number of user terminals changes from 2 to
45. LPFD-FBM achieved the highest BPJ, approximately 2.1
times higher than that of LPFD-PKT, and approximately 10.1

Fig. 12. Bit-per-Joule vs. Full-duplex Cancellation Performance.

times higher than that of the HDPSM when the number of user
terminals is 30. This is because the frequency bitmap used in
the LPFD-FBM reduces the overhead of exchanging LPFD-
PKT buffer information. When the number of user terminals is
large, the reduction of overhead owing to the frequency bitmap
effect is higher.

D. Evaluation for Increasing Cancellation Circuit Power
Consumption

There is no off-the-shelf self-interference cancellation cir-
cuit for full-duplex communication. Power consumption of
the self-interference cancellation circuits is expected to be
very low. From Sections VI-B to VI-C, the performance is
evaluated for a power consumption of the cancellation circuit
(PCANCEL, ON) is fixed at 0.0 [mW]. However, it is expected that
the energy efficiency (BPJ) of the proposed method decreases
with the increase of the cancellation circuit power consump-
tion. We evaluated the power consumption of a user terminal
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Fig. 13. Evaluation for Variable Packet Length.

and its BPJ when the power consumption of the interference
cancellation changes from 0.00 [mW] to 5.00×103 [mW], with
a number of user terminals (N) is fixed at 10, a packet arrival
rate (λ) is fixed at 15 [frames/sec.], and assuming perfect
self-interference cancellation (Prfdloss = 0).

First, we illustrate the evaluation of power consumption.
Fig. 11a shows the power consumption of a user terminal when
the power consumption of interference cancellation changes
from 0.00 [mW] to 5.00×103 [mW]. The power consumption
of LPFD-PKT, LPFD-FBM, and FDAM increase linearly with
the increasing power consumption of the cancel circuit. When
the power consumption of the cancellation circuit is less than
5.00 × 103 [mW], the proposed LPFD-PKT and LPFD-FBM
have a power consumption lower than HDPSM.

Additionally, we evaluate the BPJ. Fig. 11b shows the BPJ
when the power consumption of the interference cancellation
changes from 0.00 [mW] to 5.00 × 103 [mW]. The results
show the same trend as for power consumption: the BPJ of the
proposed LPFD-PKT and LPFD-FBM is larger than HDPSM.

E. Evaluation for Imperfect Full-Duplex Cancellation

From Sections VI-B to VI-D, we assumed perfect full-
duplex cancellation. In this section, we assume a situation
where full-duplex performance drops due to imperfect full-
duplex cancellation.

Fig. 12 shows the BPJ performance when full-duplex data
loss rate (Prfdloss) changes from 1.0×10−3 to 0.75×100, with a
number of user terminal (N) is fixed at 10, a packet arrival rate
(λ) is fixed at 15 [frames/sec.], a power consumption of cancel-
lation circuit (Pcancel, on) is fixed at 0.0 [mW]. The LPFD-FBM
achieves the highest BPJ when the full-duplex data loss rate is
in the range 1.0×10−3 to 0.25×100. The BPJ of the proposed
LPFD-PKT and LPFD-FBM decrease with an increasing full-
duplex data loss rate. However, the proposed LPFD-PKT and
LPFD-FBM achieve a higher BPJ, compared to HDPSM, even
when full-duplex data loss rate (Prfdloss) is 0.5× 100.

F. Evaluation for Variable Packet Length

We performed an evaluation under variable packet size sce-
nario. Variable packet size is derived from practical packet
size distribution described in [29]. The actual packets size
without header seems mostly bimodal at 40 [byte] and 1500

[byte] [29]. We evaluated the performance by changing a pro-
portion of 68 [byte] packets and 1528 [byte] packets with
MAC header.

Fig. 13 shows the performances when the traffic propor-
tion of 68 [byte] size packets changes from 0 to 1.0, with a
number of user terminal (N) is fixed at 10, a packet arrival
rate (λ) is fixed at 15 [frames/sec.], a power consumption
of cancellation circuit (Pcancel, on) is fixed at 0.0 [mW], and
assuming perfect self-interference cancellation (Prfdloss = 0).
Fig. 13a shows that the throughput of all methods is the same
whatever the proportion of 68 [byte] packets. Fig. 13b shows
that the proposed LPFD-PKT and LPFD-FBM have a reduced
power consumption. Fig. 13c shows that the difference in BPJ
decreases when the proportion of 68 [byte] packets increases.
Under practical traffic environment, where the proportion of
68 [byte] packet is around 40 % according to [29], the BPJ
performance of the proposed methods is high.

G. Evaluation Under Asymmetric Uplink and
Downlink Traffic

We conducted the performance evaluation with a variable
ratio of uplink and downlink traffic keeping a fixed total
amount of traffic. Fig. 14 shows the performance with a vari-
able uplink packet arrival rate (λup) from 3.0 [frames/sec.]
to 75.0 [frames/sec.], with a number of user terminals (N) is
fixed at 10, a downlink packet arrival rate (λdown) is fixed
at 15 [frames/sec.], a power consumption of cancellation cir-
cuit (Pcancel, on) is fixed at 0.0 [mW], and assuming perfect
self-interference cancellation (Prfdloss = 0).

Fig. 14a shows that the proposed LPFD-PKT and LPFD-
FBM achieved the highest throughput. The power consumption
of LPFD-FBM, as shown in Fig. 14b, is the lowest. Fig. 14c
shows that the BPJ of proposed LPFD-PKT and LPFD-FBM
is high regardless of the ratio of uplink and downlink traffic.
Even if the uplink arrival rate decreases, the power con-
sumption of the HDPSM does not decrease because HDPSM
attempts to reduce only the power consumption of downlink.
In contrast to the HDPSM, the proposed method try to reduce
both power consumptions of uplink and downlink.

H. Power Consumption of Single User Terminal

In this section, we evaluated the power consumption of a
single user terminal. Fig. 15 shows the power consumption,
when the packet arrival rate (λ) is 15, the number of user
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Fig. 14. Evaluation on Asymmetric Uplink and Downlink Traffic.

Fig. 15. Power Consumption of Each User Terminal.

Fig. 16. Experimental Setup.

terminals (N) is fixed at 10, power consumption of cancel-
lation circuit (PCANCEL, ON) is fixed at 0.0 [mW], and perfect
self-interference cancellation occurs (Prfdloss = 0). Although
user terminals are randomly placed in space, the power con-
sumption of each user terminal is almost the same, and there
is no bias. Fig. 15 shows that the proposed LPFD-PKT and
LPFD-FBM reduce the power consumption by approximately
400 [mW] with respect to the overall power consumption of
full-duplex communication (FDAM). The proposed methods
reduced the power consumption to approximately one-fifth of
FDAM and one-third of HDPSM for all user terminals in the
network.

VII. DISCUSSION

To show that under some condition power consumption of
cancellation is very small, we implemented both active and
passive analog cancellation. Fig. 16 shows the experimen-
tal setup. For power consumption measurements, we used a
Texas Instruments CC2531 as a transmitter and measured the

Fig. 17. Experimental Evaluation of Active Cancellation Circuit.

performance and power consumption of cancellation circuit
with a Tektronix TBS 1202B oscilloscope.

Fig. 17 shows the power consumption and cancellation
performance of an active cancellation circuit, employing
device QHx220 as in [2] and [4]. In Fig. 17a, horizontal axis
is time, and vertical axis is power consumption. We turned on
the active cancellation circuit at 2 [ms]. The dashed line repre-
sents a moving average of energy consumption per 0.2 [ms].
In Fig. 17b, horizontal axis is time, and vertical axis is the
received signal of self-interference. When the power is turned
on, the active cancellation circuit starts the calibration. In the
example shown in Fig. 17b, the calibration was completed 3.5
[ms] after turning on the power. As shown in Fig. 17a, the
active cancellation circuit consumes approximately 40 [mW]
and its performance was approximately 17 [dB] as shown in
Fig. 17b.

Fig. 18 shows the power consumption and cancellation
performance of a passive cancellation circuit. The dashed line
represents the moving average of energy consumption per 0.2
[ms]. The passive cancellation circuit comprises phase shifters
and an attenuator array as described in [1]. We turned on the
passive cancellation circuit at 2 [ms], and the calibration was
completed in 3.3 [ms]. As shown in Fig. 18a, the power con-
sumption of passive cancellation is approximately 50 [mW]
during the calibration, and approximately 25 [mW] after the
calibration, thus lower than the power consumption of QHx220
active cancellation.
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Fig. 18. Experimental Evaluation of Passive Cancellation Circuit.

Active cancellation circuit consumes a lot of energy
because active cancellation requires oscillators operation.
Theoretically, the energy consumption of passive cancella-
tion circuit is nearly zero, because they operate passively the
received signal. Our experiments show that the passive can-
cellation circuit consumes 25 [mW] since the implemented
circuits are made of commercial off-the-shelf parts, comprising
4 phase shifters, 4 attenuators, and decoder circuits for con-
trolling the phase shifters and attenuators. These components
contain redundant circuits to be used for various purposes,
since these general-purpose products are not optimized for the
self-interference cancellation. For example, attenuators have a
function capable of handling both serial and parallel interfaces.
By designing an LSI chip optimized for these applications, the
power consumption could be reduced to a much lower level.

VIII. CONCLUSION

In this paper, we proposed LPFD-PKT and LPFD-FBM
to reduce energy consumption and enhance energy effi-
ciency (Bit-per-Joule) of user terminals in wireless networks.
Both LPFD-PKT and LPFD-FBM enhance energy efficiency
by scheduling bi-directional full-duplex communication, two-
directional full-duplex communication, and half-duplex com-
munication. Additionally, LPFD-FBM reduces the overhead
of exchanging buffered packet information in LPFD-PKT
by using a frequency bitmap. Performance evaluation shows
that both LPFD-PKT and LPFD-FBM achieve higher energy
efficiency compared to the IEEE 802.11 PSM and existing
full-duplex MAC protocol.
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