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NATHAWUTH PHUNGAMNGERN : A SINGLE-CHANNEL FULL-
DUPLEX TRANSCEIVER USING A SINGLE ANTENNA. THESIS

ADVISOR : ASST. PROF. PEERAPONG UTHANSAKUL, Ph.38 PP.

FULL-DUPLEX/SINGLE-CHANNEL/SINGLE-ANTENNA

A single-channel full-duplex system is the tegs that can transmit and
receive at the same time on the same channel. Adéege for implementing the
single-channel full-duplex transceiver is to eliati® the self interference. This
interference is undesirably occurred when thet@astransmitted signal. As a result,
there are many works in literature that propose ritethod to suppress the self
interference. However, most methods require attlda® antennas, one for
transmitting part and the other for receiving parte antenna arrangement is difficult
in practice due to the specific distance for eacmmunication scheme. So far in
literature, there is no work presenting the sirgiannel full-duplex transceiver with a
single antenna. Although some works have used otenma but it requires at least
two feed points in which the special design anataof limitation are compulsory.
Therefore, this thesis proposes the new desigmpdement the single-channel full-
duplex system with a single antenna. The desiglidies the method to eliminate the
self interference in both RF and digital processingaddition, the proposed method
is also suitable for implementing in practice. Téeperimental results from the
proposed prototype indicate that the BER perforraasfcproposed system is similar

to the conventional system but the throughputnsoat twice.
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#create the channel filter coefficients

Chan_taps = optfir.low_pass(

1.0, #Filter gain

1eo6, #Sample Rate

25e6, #one sided modulation BW (edge of passband)
2¢e9, #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
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0, #offset frequency — could be used to shift
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Primary Input
Digital Cancellation (From Receiver)
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nbytes = int(1e6 * options.megabytes)
n=0
pktno=10
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)
th.wait()
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global n_rcvd, n_right
def main():
global n_rcvd, n_right
n revd=0
n_right=0
def rx_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 = %35s pktno = %4d n_rcvd = %4d n_right = %4d" % (

ok, pktno, n_rcvd, n_right)
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from gnuradio import gr, gru
from gnuradio import usrp
from gnuradio import eng_notation
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class digital radio(gr.top_block):
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def _init_ (self):
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gr.top_block. _init_ (self)
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#7991 block dIMSUTTVUTOA1TING
self.source = setup_source()
self.sink = setup_ USRP()
A 1 I
#¥OUADUADA U Flow graph
Self.connect(self.source, self.sink)
### @IUN 2 Main function ###

=1

o o Y 4 o o 1 .
#ilsnduiiazgnizon U 1dauiedldauiinsdaauiiung command line

U

4
~

¥ A Y ¥ ’ v L = ] 1
AT NIZUVUNMIINOINITAT N ‘Wﬂﬂﬂﬂ! It i]%g]ﬂl aﬂmumimmama

sudanil 5edesademainosiiodailda class
radio = digital radio()
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main()
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1 #!/usr/bin/env python

2 from gnuradio import gr

3 from gnuradio import audio

4 class my top block(gr.top block):
5 def init (self):

6 gr.top_block. init  (self)

7 sample_rate = 32000

8 amnl = 0.1

9 src0 = gr.sig_source f(sample rate, gr.GR_SIN WAVE, 350, ampl)
10 srcl = gr.sig_source f (sample rate, gr.GR_SIN WAVE, 440, ampl)
11 dst = audio.sink (sample_rate, "")

12 self.connect (src0, (dst, 0))

13 self.connect (srcl, (dst, 1))

1 Al

14 if name ==' main_ "
15 try:

16 my_top_block().run()

17 except KeyboardInterrupt:

18 pass
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dauit 1 dmdulals
“lﬂ;ﬂ how_to_square_ff.h
1 #ifendef INCLUDED HOWTO _SQUARE FF H
2 #define INCLUDED _HOWTO SQUARE FF H
3 #include <gr block.h>
4 class howto square fT;
5 typedef boost::shared ptr<howto square ft>howto square ff sptr;
6 howto_square ff sptr howto make square ff ();
7  class howto square ff: public gr block
8 {
9 private:
10  friend howto square ff sptr howto make square ff ();
11 howto_square ff();
12 public:
13 ~howto square ff ();

14 int general work (int noutput_items,

15 gr_vector_int &ninput_items,

16 gr _vector_const void_star &input_items,
17 gr vector void_star &output_items);

18 };

19 #endif
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U d‘ o Ly o’d‘
aui 2 v IWave how to square ff.cc

1 #ifdef HAVE_CONFIG_H
2 #include "config.h"
3 #endif

4 #include <howto square ff.h>

(9]

#include <gr io_signature.h>

o)

howto_square ff sptr

7 howto_make square ff ()

8 {

9 return howto_square ff sptr (new howto_square_ff ());

10 }

11 static const int MIN IN = 1;

12 static const int MAX IN = 1;

13 static const int MIN_OUT = 1;

14 static const int MAX OUT = 1;

15 howto_square_ff::howto square ff ()

16 : gr block ("square ff",

17 gr make io_signature (MIN_IN, MAX IN, sizeof (float)),
18 gr make io_signature (MIN_OUT, MAX OUT, sizeof (float))){}
19 howto_square ff::~howto square ff (){}

27 float *out = (float *) output_items[0];

28

29 for (int i = 0; i < noutput_items; i++){
30  out[i] = in[i] * in[i];

31}

32 consume_each (noutput_items);

33 return noutput_items; }
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1 %include "exception.i"

2 %import "gnuradio.i"

3 %1

4 #include "gnuradio_swig bug workaround.h"

5 #include "howto_square ff.h"

6 #include <stdexcept>

7 %}

8 GR_SWIG BLOCK_ MAGIC(howto,square_ff);
9 howto_square ff sptr howto make square ff ();
10 class howto_square ff: public gr block

11 {

12 private:

13 howto square ff ();

14 };
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4.6.1 Install dependencies

9 9
v W

as A A a o Y Y aay y
AEmsndtengalunmsaadedi T sunsuduarusod TdAunas lalu

] v Y v
. e . a o <3 . ' o
http://gnuradio.org/trac/wiki/Ubuntuinstall oz 1AAAAILNALNY GNU radio tAazd 1Nl

9
% 1

@ A { o a qaj <] 1 [~} c?/l @
NIMUADE190A 11UIIRA Glumaﬁwmw1m'mﬂmuwmﬂmmaxuwmﬂﬂﬁ'wﬂmmuuﬁlum SVN

A

s < Ay Y Yy 1 oAy A v A dyy o P °
ﬂN“B@LLWﬂLﬂ‘ﬂﬂ@]@QiGb’U@ﬂuh@fﬂ\iﬂllaﬁ Lﬁ’lﬁ’llﬂ39133J@IUﬂ'li§Iﬂ@I\1ulﬂLaEJWaﬂﬁ]’]ﬂ‘Vl!ﬁTﬂ’]ﬂWi

o 4 a oy v
ANA1 SVN LTgUTDYULLAN

sudo apt-get —y install swig g++ automakel.9 libtool python-dev fftw3-dev\
libcppunit-dev libboost1.35-dev sdcc-nf libusb-dev \

libsdl1.2-dev python-wxgtk?2.8 subversion guile-1.8-dev \

libqt4-dev python-numpy ccache python-opengl libgs10-dev \
pythonOcheetah python-lxml doxygen qt4-dev-tools \

libqwt5-qt4-dev libqwtplot3d-qt4-dev python-qwt5-qt4
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sudo apt-get —y install swig g++ automakel.9 libtool python-dev fftw3-dev\
libcppunit-dev libboost1.35-dev sdcc-nf libusb-dev \

libsdl1.2-dev python-wxgtk?2.8 subversion guile-1.8-dev \

libqt4-dev python-numpy ccache python-opengl libgs10-dev \
pythonOcheetah python-lxml doxygen qt4-dev-tools \

libqwt5-qt4-dev libqwtplot3d-qt4-dev python-qwt5-qt4
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Privillage

Network

sudo command — run command as root

sudo -s — open a root shell

sudo -s -u user — open a shell as user

sudo -k — forget sudo passwords

gksudo command — visual sudo dialog (GNOME)
kdesudo command — visual sudo dialog (KDE)
sudo visudo — edit /etc/sudoers

gksudo nautilus — root file manager (GNOME)
kdesudo konqueror — root file manager (KDE)

passwd — change your password

ifconfig — show network information
iwconfig — show wireless information

sudo iwlist scan — scan for wireless networks
sudo /etc/init.d/networking restart — reset
network for manual configurations

(file) /etc/network/interfaces — manual
configuration

ifup interface — bring interface online

ifdown interface — disable interface

Display

Special Packages

sudo /etc/init.d/gdm restart — restart X and
return to login (GNOME)

sudo /etc/init.d/kdm restart — restart X and
return to login (KDE)

(file) /etc/X11/xorg.conf — display configuration
sudo dexconf — reset xorg.conf configuration
Ctrl+Alt+Bksp — restart X display if frozen
Ctrl+AIt+FN — switch to tty N

Ctrl+Alt+F7 — switch back to X display

ubuntu-desktop — standard Ubuntu environment
kubuntu-desktop — KDE desktop

xubuntu-desktop — XFCE desktop

ubuntu-minimal — core Ubuntu utilities
ubuntu-standard — standard Ubuntu utilities
ubuntu-restricted-extras — non-free, but useful
kubuntu-restricted-extras — KDE of the above
xubuntu-restricted-extras — XFCE of the above
build-essential — packages used to compile programs
linux-image-generic — latest generic kernel image

linux-headers-generic — latest build headers




82

472  swmadumslyauszuud§iams Linux Ubuntu 1lesdu (ae)

System Services

Firewall

start service — start job service (Upstart)

stop service — stop job service (Upstart)

status service — check if service is running (Upstart)
/etc/init.d/service start — start service (SysV)
/etc/init.d/service stop — stop service (SysV)
/etc/init.d/service status — check service (SysV)
/etc/init.d/service restart — restart service (SysV)

runlevel — get current runlevel

ufw enable — turn on the firewall

ufw disable — turn off the firewall

ufw default allow — allow all connections by default
ufw default deny — drop all connections by default
ufw status — current status and rules

ufw allow port — allow traffic on port

ufw deny port — block port

ufw deny from ip — block ip adress

Package Management

Application Names

apt-get update — refresh available updates
apt-get upgrade — upgrade all packages

apt-get dist-upgrade — upgrade with package
replacements; upgrade Ubuntu version

apt-get install pkg — install pkg

apt-get purge pkg — uninstall pkg

apt-get autoremove — remove obsolete packages
apt-get -f install — try to fix broken packages
dpkg --configure -a — try to fix broken packages
dpkg -1 pkg.deb — install file pkg.deb

(file) /etc/apt/sources.list — APT repository list

nautilus — file manager (GNOME)
dolphin — file manager (KDE)
konqueror — web browser (KDE)
kate — text editor (KDE)

gedit — text editor (GNOME)
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File Commands

System Info

Is -al — formatted listing with hidden files

cd dir - change directory to dir

cd — change to home

pwd — show current directory

mkdir dir — create a directory dir

rm file — delete file

rm -t dir — delete directory dir

rm -f file — force remove file

rm -rf dir — force remove directory dir *

cp filel file2 — copy filel to file2

cp -r dirl dir2 — copy dirl to dir2; create dir2 if it
doesn't exist

mv filel file2 — rename or move file! to file2
if file2 is an existing directory, moves file! into
directory file2

In -s file link — create symbolic link /ink to file
touch file — create or update file

cat > file — places standard input into file
more file — output the contents of file

head file — output the first 10 lines of file

tail file — output the last 10 lines of file

tail -f file — output the contents of file as it

grows, starting with the last 10 lines

date — show the current date and time

cal — show this month's calendar

uptime — show current uptime

w — display who is online

whoami — who you are logged in as

finger user — display information about user
uname -a — show kernel information

cat /proc/cpuinfo — cpu information

cat /proc/meminfo — memory information
man command — show the manual for command
df — show disk usage

du — show directory space usage

free — show memory and swap usage

whereis app — show possible locations of app

which app — show which app will be run by default




472  swmddumslyauszuul§iams Linux Ubuntu iiesdu (Ae)

84

Process Management

Compression

ps — display your currently active processes

top — display all running processes

kill pid — kill process id pid

killall proc — kill all processes named proc *

bg — lists stopped or background jobs; resume a
stopped job in the background

fg — brings the most recent job to foreground

fg n — brings job 7 to the foregroun

tar cf file.tar files — create a tar named
file.tar containing files

tar xf file.tar — extract the files from file.tar
tar czf file.tar.gz files — create a tar with
Gzip compression

tar xzf file.tar.gz — extract a tar using Gzip
tar cjf file.tar.bz2 — create a tar with Bzip2
compression

tar xjf file.tar.bz2 — extract a tar using Bzip2
gzip file — compresses file and renames it to

file.gz

gzip -d file.gz — decompresses file.gz back to
file

File Permission

Network

chmod octal file — change the permissions of file
to octal, which can be found separately for user,
group, and world by adding:

® 4 —read (v)

® 2 — write (w)

® | —execute (x)

Examples:

chmod 777 — read, write, execute for all

chmod 755 — rwx for owner, rx for group and world

ping host — ping host and output results

whois domain — get whois information for domain

dig domain — get DNS information for domain
dig -x host — reverse lookup host
wget file — download file

wget -c file — continue a stopped download
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SSH

Installation

ssh user@host — connect to host as user

ssh -p port user@host — connect to host on port
port as user

ssh-copy-id user@host — add your key to Aost for

user to enable a keyed or passwordless login

Install from source:

./configure

make

make install

dpkg -i pkg.deb — install a package (Debian)

rpm -Uvh pkg.rpm — install a package (RPM)

Searching

Shortcuts

grep pattern files — search for pattern in files

grep -t pattern dir — search recursively for
pattern in dir

command | grep pattern — search for pattern in the
output of command

locate file — find all instances of file

Ctrl+C — halts the current command

Ctrl+Z — stops the current command, resume with
fg in the foreground or bg in the background
Ctrl+D — log out of current session, similar to exit
Ctrl+W — erases one word in the current line
Ctrl+U — erases the whole line

Ctrl+R — type to bring up a recent command

I! - repeats the last command

exit — log out of current session
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Power receive (dBm)
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Power receive (dBm)
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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 fransmitting and 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
antennma, In this light, this work inidally propuoses 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
7% dB, which is better than others in literatures.

receiving

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

I INTRODUCTION

A wireless connnumicalion Is ucreasingly pervasive in
evervday life. A fundamental precept of wireless
communication is that a radio cannot transmit and receive on
the same fequency and at the same (e In a raditional
wireless  communication  system, all nodes can
simultaneously either transmit or rzceive. That is, a node
cannot receive data transmitied 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 reccive a simultancously through sclf-interference
cancellation. This is called full-duplex wireless system. The
inability to do both transmit and receive is the root of many
of the open problems in wircless 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
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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 asymmertrically-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 relarive location of antennas and any material
around them. Full-duplex doubles throughput. but with three
antermas a MIMO system can triple throughput. The second
linmtation 1s & bandwidih constraml, a theoretical limil which
prevent supporting wideband signal such as WiFi. Finally.
Chot et al.’s design introduces a third, practical limitation
e.g. il requires wanual luning. The proposed o [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 [G] is practically
challenging due to the complexity of the required antenna
placement and to analog circuitry 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
cxperiments 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 scli-interference 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 80211 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 40-45 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.
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So far, there is still no technique to be suitable for
full-duplex system with a general antenna. In this paper.
the techmique 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 subfracting with the transmit signals which
their amplitude and phase are suitably adjusted. With the
proposed system. the benefits including potentially double
the throughput. eliminate hidden terminals [4]. reduce
congestion and improve fairness are fully obtamed.

II. SYSTEM OVERVIEW

This paper studies fill-duplex wireless communication
systems operatingon the same frequency and at the
sametime. The simultaneous transmirting and receiving
signals can be achieved via the cancellation of the self-
interference 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 m order to understand the main
problem of this work. Next, the survey of RF interference
cancellation techniques is detailed.

A. Full-duplex wireless communication

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 carryving
transnussions. [n 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 m the channel views across nodes. Simce
only one node among a pair of communicating nodes can
fransmit 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

Self Interference Rx T
—

N

=

Node | Node 1
Fig.1. Self-interference is the challenge in implementing single
channel on same time full-duplex wireless system
communications.

sending and receiving signals of a given bandwidth. In
some cases. this is expensive and infeasible.

The key challenge in implementing a full-duplex
wireless system. where a device can simultanecusly
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 chammel full-duplex wireless commumications

A basic precept of wireless communication is that a
radio cannot transmit and receive on the same frequency
and ar the same time. As wireless signals attenmate
quickly over distance. the signal from a local transmitting
antenna 1s 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 trying to send to
Node 1.

This example shows that the biggest challenge in
designing a single channel 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 anfenna’s signal, it can subtract it
from the receive anfenna’s signal and decode the
remainder.

C. Survey of RF Interference cancellation techniques

Table I shows the swvey of RF interference
cancellation technique. According to [1].the proposed
technique by Radunovic et al is designed using two
antennas placed approximarely 10 cm apart. They
introduce two techniques in [1]. The first rechnique 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 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 ommi-directional
radiation pattern excepting in the nulling direction.

In [2]. the workproposed byChoi 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 by Jain et al
performs a 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 anfenna. 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 fo 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 shifier is

employed.

III. 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

Txdata
: Antenna
1
1
3 il
Xt : /
v ‘[y
Rxdata

Combiner
Fig. 2.Block diagram of proposed RF interference cancellation
technique.

- P+
Fig. 3 Photograph of experimental scenario.

the two signals would differ by exactly m.To cancel self-
interference, the best performing prior design is obtained.
The authors gain the inverse of the transmitted signal
using a phase shifter with attenuator, dynamically
adjusting the attenuation and phase of the inverse signal
to match the self-interference leaking from circulator.
After combining both inverse 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(f/with amplitude
A,and phase ¢,. thenthe transmitting signal is given by

x = A,s(t)e/(@wt+o1) (1)
At directional coupler, the coupling signal x, and the
pass-through signal xrare expressed as

xr = (1 — a,)A,s(t)e J(@t+01102) (2)

TABLEI
SUMMARY OF RF INTERFERENCE CANCELLATION SURVEY

Reference Number of Antennas RF Interference Cancellation Techniques
1) based on Quellan QHx220 noise cancellers
[1] 2 R
2) a nulling transmit antenna.
2] 3 lantenna cancellation using two transmit and one receive antennas
[4] 2 based on a balanced/unbalanced (balun) transformer
[5] 1 feed-forward cancellation with two feed on a specific antenna
(Specific antenna)
Proposed 1 Combination of a variable attenuator and phase shifter with a general
(General antenna) antenna.
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X = @, A, s(t)e/(@E+01+03) (3)
Whereq, is the attenuation coefficient ofcoupling path.

Then. the signal x7 is sent to anfenna via circulator.
Some part of this signal has been absorbed inside
circulator and some leaks to the isolation port which
become the self-interference of the system defined as

xF = a, (1 — a;)A;s(t)e (@F01702+04) 4

Wherea, is the attenuation coefficient ofcirculator in the
isolation path.

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

=y +x8 + agxge S@too) (5)
To completely eliminate the self-interference. let » = y.
Hence.

ax(1- “1)A13(t)97j(wtwlwzm4) =

,a,callqls(t)e*}'(mf’r@ﬁ@#ﬂc} (6)
Then we get the tunable value of attenuator and phase
shifter as shown below
a; = (1—a)ay/ay, (7)
Be=0,+0,—0; +m (8)

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, if 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 Fig.5(a).the spectrum of the self-interference
leakage without cancellationis noticeably high. In
Fig.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.
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Fig.4. Self-interference reduction using proposed technique.
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Fig.5. Measured spectrum of self-interference signal (a) without
cancellation (b) with cancellation.

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
Interference Cancellation (DIC) by using Least Mean
Square (LMS) algorithm Fig.6 shows the BER (Bit Ertor
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.
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Fig.6. BER vsreceived power performance for different self-
interference cancellers.
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Fig.8.Throughput vs distance performance for different self-
interference cancellers.

Fig.7 shows the BER vs 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 1073
BER.Note that the distance in literature is ranged from 5-
16 meters at the same transmitted power with this work.

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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