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Abstract

A single-channel full-duplex system is the system that can transmit and receive at the same time
on the same channel. The challenge for implementing the single-channel full-duplex transceiver is to
eliminate the self interference. This interference is undesirably occurred when there is the transmitted
signal. As a result, there are many works in literature that propose the method to suppress the self
interference. However, most methods require at least two antennas, one for transmitting part and the other
for receiving part. The antenna arrangement is difficult in practice due to the specific distance for each
communication scheme. So far in literature, there is no work presenting the single-channel full-duplex
transceiver with a single antenna. Although some works have used one antenna but it requires at least two
feed points in which the special design and a lot of limitation are compulsory. Therefore, this thesis
proposes the new design to implement the single-channel full-duplex system with a single antenna. The
design includes the method to eliminate the self interference in both RF and digital processing. In
addition, the proposed method is also suitable for implementing in practice. The experimental results from
the proposed prototype indicate that the BER performance of proposed system is similar to the

conventional system but the throughput is almost twice.
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#create the channel filter coefficients

Chan_taps = optfir.low_pass(

1.0, #Filter gain

le6, #Sample Rate

25e6, #one sided modulation BW (edge of passband)

2e9,  #one sided channel BW (edge of stopband)

0.1, #Passband ripple

60) #Stopband Attenuation

#creates the channel filter with the coef found above

chan = gr.freq_xlating_fir filter ccf(

1, #Decimation rate
Chan_taps, #coefficients
0, #offset frequency — could be used to shift

le6)  #incoming sample rate
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nbytes = int(1e6 * options.megabytes)
n=0
pktno=0
pkt_size = int(options.size)
while n < nbytes:
if options.from_file is None:
data = (pkt_size - 2) * chr(pktno & 0xff)
else:
data = source_file.read(pkt size - 2)
if data ==":
break;
payload = struct.pack(''H', pktno & Oxffff) + data
send_pkt(payload)
n += len(payload)
sys.stderr.write('.")
if options.discontinuous and pktno % 5 == 4:
time.sleep(1)
pktno +=1
send_pkt(eof=True)
tb.wait()
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global n_rcvd, n_right
def main():
global n_revd, n_right
n rcvd=0
n_right =0
defrx_callback(ok, payload):
global n_rcvd, n_right
(pktno,) = struct.unpack(''H', payload[0:2])
n_revd +=1
if ok:
n_right +=1
print "ok = %5s pktno = %4d n_rcvd = %4d n_right = %4d" % (
ok, pktno, n_rcvd, n_right)
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Abstract — This paper presents a full-duplex transceiver
system design operating with a single channel using a single
antenna for both transmitting and receiving paths. To
implement such a system, the self-interference is necessary to be
eliminated. From literatures on RF interference cancellation,
there has not been any suitable technique to deal with a single
antenna. In this light, this work initially proposes the technique
to cancel the self-interference by utilizing on-the-shelf
components. The measurement results indicate thatthe
proposed systemcan reducethe level of self-interference about
75 dB, which is better than others in literatures.

Index Terms — Full-duplex, single channel, single-antenna,
self-interference, RF Interference cancellation.

I. INTRODUCTION

A wireless communication is increasingly pervasive in
everyday life. A fundamental precept of wireless
comununication is that a radio cannot transmit and receive on
the same frequency and at the same time. In a traditional
wireless communication  system, all nodes can
simultaneously either transmit or receive. That is, a node
cannot receive data transmitted from other nodes until its
own packet transmission to another node is completed. If
another packet is received at the node while it is transmitting
a packet, a collision occurs. This one-way communication
system is called a half-duplex wireless system. Wireless
communication has become possible for nodes to transmit
and receive a simultaneously through self-interference
cancellation. This is called full-duplex wireless system. The
mability to do both transmit and receive is the root of many
of the open problems in wireless today.

Our design improves on all prior related work on a full-
duplex wireless system that can transmit and receive at the
same time in the same frequency band since they require at
least two antennas [1-7] having one for TX and one for RX
antenna. The key challenge in realizing such a system lies in
addressing the self-interference generated by the TX antenna
at the RX antenna. For example, one can implement the
above self-interference cancellation idea completely in
analog domain using noise cancellation circuits was reported
by Radunovic et al. [2]. But practical noise cancellation
circuits can only handle a dynamic range of at most ~30 dB.
Another proposed technique [3] employs the antenna

978-1-4799-0545-4/13/$31.00 ©2013 IEEE

cancellation using threeantennas to create a beam forming
null that cancels the self-interference at the receiver antenna,
using antenna placement as an additional cancellation
technique or antenna cancellation. Antenna cancellation,
using two asymmetrically-placed transmits antennas and one
receive antenna. This three antenna system can remove ~60
dB reduction of self-interference by RF interference
cancellation results, for a802.15.4 system. Although it looks
promising;theantenna cancellation-based designs have three
major limitations. The first is that they require three antennas
having two transmit and one receive, which are very
sensitive to the relative location of antennas and any material
around them Full-duplex doubles throughput, but with three
antennas a MIMO system can triple throughput. The second
limitation is a bandwidth constraint, a theoretical limit which
prevent supporting wideband signal such as WiFi. Finally,
Choi et al’s design introduces a third, practical limitation
eg. it requires manual tuning The proposed in [3] was
modified in [6] in order to avoid null zones in the far field
and to allow cancellation for more than three antennas per
device. However, the design presented in [6] is practically
challenging due to the complexity of the required antenna
placement and to analog circuitty requirements which
increase as a function of the number of transmit and receive
antennas. More importantly, the distance between
communicating devices was no more than three meters in the
experiments reported in [6].Similar systems presented by
Jainet al. [5] use a balun (balanced/unbalanced) circuit and
two separate antennas, one transmit and one receive. They
can remove ~45 dB reduction of self-mterference by RF
interference cancellation results. Combined with digital
cancellation, this allows a full-duplex wireless to cancel up
to ~73 dB of self-interference for a 802.11 system. Recently,
Michael [7] implemented a feed-forward technique to
improve the Tx-Rx isolation of single patch antenna
withbalanced feed network, the measured isolation was
reported as 4045 dB.The feed-forward technique is achieved
by sampling a portion of the transmitted signal using a
directional coupler. Although the work in [6] claims to use a
single antenna but it needs two feeds to virtually perform as
two antenna which requires a specific design on antenna.



TABLEI
SUMMARY OF RF INTERFERENCE CANCELLATION SURVEY

Reference Number of Antennas RF Interference Cancellation Techniques
5 1) based on Quellan QHx220 noise cancellers
(1 = 2)a nulling transmit antenna.
[2] 3 antenna cancellation using two transmit and one receive antennas
[4] 2 based on a balanced/unbalanced (balun) transformer
[5] 1 lfeed-forward cancellation with two feed on a specific antenna
(Specific antenna)
Proposed 1 Combination of a variable attenuator and phase shifter with a general antenna.
(General antenna)

received signal and recovers the useful signal. The second
technique relies on the use of a nulling transmit antenna to
achieve the additional cancellation. This is an
implementation of a nulling antenna that gives an almost
omni-directional radiation pattern excepting in the nulling
direction.

In [2], the workproposedbyChoi et al employs antenna
cancellation. Although it is a promising technique but
antenna cancellation has three major limitations as
mentioned earlier. For [4], the work proposed byJain et
alperformsa signal inversion based on a balanced/unbalanced
(balun) transformer and two separate antennas. They use
transmit and receive antenna that are separated by distances
ranging from 15-20 cm, distant antenna placement is
infeasible. In [5], the work proposed byMichaelemploys the
feed-forward techniques with single antenna. This is done by
using balanced feed network capable of simultaneously
cancelling the antenna reflection and circulator leakage. This
technique is expensive because they use two circulators and
two quadrature hybrids. Also, the antenna is specially
designed to have two feeds on single antenna. In this case,
the input Tx power is split equally into two separate paths
which is the same as the third antenna and two antenna
ports.Instead of specific antenna, this paper presents
technique that can be used with any general antenna. No
special design of antenna is required. Only the combination
of variable attenuator and phase shifter is employed.

TI. PROPOSED RF INTERFERENCE CANCELLATION

In this section, we describe the design of full-duplex
system that requires only one antenna using circulator to
share the same antenna for transmitting and receiving paths.
RF interference cancellation (RFIC) uses knowledge of
transmission to cancel self-interference in the RF signal,
before it is digitized. In an ideal analog cancellation scenario,
the amplitudes from the two paths would be perfectly
matched at the receiver and phase of the two signals would
differ by exactly mTo cancel self-interference, the best
performing prior design is obtained. The authorsgain the
mnverse of the transmitted signal using a phase shifter with
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Fig. 2.Block diagram of proposed RF interference cancellation
technique.

Fig. 3Photograph of experimental scenario.

attenuator, dynamically adjusting the attenuation and phase
of the inverse signal to match the self-interference leaking
from circulator. After combining both nverse and leak
signals, the received signal can be passed through the
processing unit with the minimum effect of self-interference.

Fig 2 presents the signal diagram of self-interference
cancellation. The attenuator and phase shifter allow a
modulator to control the angle and amplitude of a feed
signal. By assuming the unit signal s¢)with amplitude 4;and
phase ¢,, thenthe transmitting signal is given by

x = Ays(t)e @D 6]
At directional coupler, the coupling signal x, and the pass-
through signal xgare expressed as

xp = (1 - ay)As (e (@0t @
X = ayAys(t)e @) 3

Whereq, is the attenuation coefficient of coupling path.



Then, the signal x; is sent to antenna via circulator. Some
part of this signal has been absorbed inside circulator and
some leaks to the isolation poirt which become the self-
interference of the system defined as

of = ay(1 - ay)Ags(t)e (rioiHozton) @)
Wherea, is the attenuation coefficient ofcirculator in the
isolation path.

For coupling path, the coupling signal is adjusted by
attenuation coefficient e-and phase @.. The total received
signal is then given by

r=y+xF + acxce @00 (3
To completely eliminate the self-interference, let » = y.
Hence,

a,(1 — ay) A s(t)e @i +P1+0210s) =

,a-c“11413“)&,—j(mt+m1+mg+ﬁ)(,) (6)
Then we get the tunable value of attenuator and phase shifter
as shown below
ar = (1—a)ay/ay, @]
Oc=0,+0, -0z +m (©)]

IV. RESULTS AND DISCUSSION

Fig.3. shows the photograph of this scenario for measuring
the self-interference. The spectrum analyzer is used
tomeasure the spectrum of received signal as well as
interference signals. The signal generator (signal source) is
used to generate the carrier signals with the power of 0 dBm.
In this paper, the operating frequency band is on 2.45 GHz in
order to match with a practical wireless channel asIEEE
802.11.For phase shifter, the control voltage is adjusted to
the value that the minimum self-interference is achieved.
Actually, this phase needs only one time to be adjusted
because all hardware will not be changed after
manufacturing. Hence, in practice, it is not necessary to be
adjustable phase shifter. Instead, the specific phase shifting is
good enough to minimize the self-interference. For
attenuator, the same methodology as phase shifter can be
implemented.

From measurements, it is clearly seen that the RF
interference cancellation can provide a significant amount of
self-interference reduction, -70dB to -75dB on 10MHz
bandwidthshown in Fig.4. At center frequency, the reduction
is about -75dB which is better than other techniques
presented in literatures.

Fig.5 shows the measured spectrum of self-interference
signal. In Fig5(a)the spectrum of the self-interference
leakage without cancellationis noticeably high. InFig.5(b),
the measured spectrum of self-interference signals with
cancellation is very low and close to noise floor level.

At this stage, the self-interference is low enough to provide
a little impact on the desirably received signals. Also, there
are many digital cancellation techniques to handle with the
small amount of self-interference.

After measured signals, all data is processed offline in
MATLAB program. The program performs the Digital
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Fig. 5. Measured spectrum of self-interference signal (a) without
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Interference Cancellation (DIC) by using Least Mean Square
(LMS) algorithm.Fig.6 shows the BER (Bit Eiror Rate)vs
received power performance by using MATLAB program.
We have noted that BER after the level of 85dBmis very
high for all types of cancellers.However, the system with
both RFIC and DIC can provide the best performance.

Fig.7 shows the BER ws distance performance, the
simulations are performed by changing the distance between
transmitters to receiver. The results indicate that the
transmission distance is about 20 meters at 10 BER Note
that the distance in literature is ranged from 5-16 meters at
the same transmitted power with this work.



So far, there is still no technique to be suitable for full-
duplex system with a general antenna. In this paper, the
technique of RF interference cancellation for any single
antenna is proposed. This system is implemented by using a
circulator to isolate the transmitting and receiving paths. The
self-interference signals can be eliminated by subtracting
with the transmit signals which their amplitude and phase are
suitably adjusted. With the proposed system, the benefits
including potentially double thethroughput,eliminatehidden
terminals [4], reduce congestion and improve fairness are
fully obtained.

II. SYSTEM OVERVIEW

This paper studies full-duplex wireless communication
systems operatingon the same frequency and at the
sametime. The simultaneous transmitting and receiving
signals can be achieved via the cancellation of the self-
nterference signal However, the problem is that the self-
interference is billions of times stronger (60-90 dB) than a
received signal e.g. for WiFi the self-interference would be
nearly up to 80 dB stronger. Hence, the main key success is
to eliminate the self-interference as much as possible. In this
section, the overview of full-duplex system is grounded in
order to understand the main problem of this work. Next, the
survey of RF interference cancellation techniques is detailed.

A. Full-duplex wireless conimunication

Currently, full-duplex wireless systems achieve the
isolation required between the two direction of
communication using independence in either time or
frequency. Accordingly, these duplexing are called Time
Division Duplexing (TDD),or Frequency Division Duplexing
(FDD). For TDD system is when nodes divide access in
time. TDD is also commonly known as half-duplexing. Other
full-duplex wireless systems separate the Tx and Rx function
in the frequency domain, using Frequency Division
Duplexing (FDD), and may operate using two different
carrier frequencies for carrying transmissions. In this case,
Nodes 1 and 2 can send data to each other at the same time,
although using two different frequencies. The use of different
frequencies prevents the two signals from interfering with
each other, even though the two transmissions occur at the
same time.

Using time division duplexing exacerbates the
inconsistency in the channel views across nodes. Since only
one node among a pair of communicating nodes can transmit
at a given time, the wireless channel around the transmitting
node may look occupied, while the wireless channel around
the receiving node may look unoccupied. Such
inconsistencies are the root cause of many of the problems
with time division duplexing wireless networks, such as
packet losses due to hidden terminal effects. On the other
hand, frequency division duplexing requires a wireless node
to use twice the frequency bandwidth for sending and

99

[ |
Self Intexrference Rx

Node | Node 2
Fig.l. Self-interference is the challenge in implementing
single channel on same time full-duplex wireless system
communications.

receiving signals of a given bandwidth. Tn some cases, this is
expensive and infeasible.

The key challenge in implementing a full-duplex wireless
systern, where a device can simultaneously transmit and
receive signals over-the-air at the same time and in the same
frequency band, is the large power differential between the
self-interference from a node’s own transmissions and the
signal of interest coming from a distant source.

B. Single channel full-duplex wireless communications

A basic precept of wireless communication is that a radio
cannot transmit and receive on the same frequency and at the
same time. As wireless signals attenuate quickly over
distance, the signal from a local transmitting antenna is
hundreds of thousands of times stronger than transmissions
from other nodes. Fig.1. shows an example where Nodes 1
and 2 are trying to send data to each other simultaneously
using the same frequency. Node 1°s own transmission is
much stronger at its receive antenna, compared to the signal
it receives from Node 2. With such strong self-interference,
the receiver of Node 1 is unable to decode any signals that
Node 2 is tiying to send to Node 1.

This example shows that the biggest challenge in
designing a single chammel full-duplex wireless
communications is eliminating the self-interference signal
from the receiver of the wireless node. In theory, this
problem should be easy to solve. For a system with an
antenna each for transmit and receive, since the system
knows the transmit antenna’s signal, it can subtract it from
the receive antenna’s signal and decode the remainder.

C. Survey of RF Interference cancellation techniques

Table I shows the survey of RF interference cancellation
technique. According to [1], the proposed technique by
Radunovic et al is designed using two antennas placed
approximately 10 cm apart. They introduce two techniques in
[1]. The first technique is implemented by using Quellan
QHx220 noise cancellers (noise canceling chips). They feed
the signal from the transmit antenna via a wire to the
QHx220 and connect to the receive antenna. The Quellan
noise canceller subtracts the self-interfering signal from the
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Fig.8 shows the throughput vs distance performance. As
noticed in the figure, the throughput is quickly decreased
when the distance is more than 100 meters. The system with
both RFIC and DIC can offer 0.7 Mbps higher than the
system without any cancellation techniques. Hence, the
results reveal the good insight of using a proposed technique
for a practical full-duplex system.

V. CONCLUSION

This paper has described the simple and practicaltechnique
of RF interference cancellation for a single-channel full-
duplex wireless system using a single antenna. The

measurement results support the success of proposed
technique by reducing the self-interference about -75dB.
This reduction is good enough to transmit and receive on the
same frequency at the same time. Also the simulation results
show that the combination of both RFIC and DIC
promisingly increases the system performances. For the next
work, the author will further prove this proposed technique
by implementing the full-duplex single-channel system with
a singleantenna.
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