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Abstract—Existing methods of self-interference cancellation
have greatly reduced the strong self-interference signal for
the practical design of Full-Duplex (FuDu) wireless systems.
However, current FuDu wireless is hard to be put into practice
due to the reason that residual self-interference after interference
cancellation is still much stronger than the thermal noise. In
this paper, a wideband FuDu OFDM system with a single path
self-interference channel is developed based on active analog
self-interference cancellation (AASIC) at the RF component.
Furthermore, a mathematical model of the wideband FuDu
OFDM wireless system and the AASIC at the RF component are
presented and elaborated. The performance of this FuDu system
is evaluated by ADS-Matlab co-simulation based on the IEEE
802.11g system parameters. The comparison of the spectrum
power of signals before and after the AASIC and the bite error
rate (BER) performance of the FuDu OFDM wireless system
show that the strong self-interference can be significantly reduced
to almost noise level.
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I. INTRODUCTION

In recent years, there have been great progresses in digital
signal processing and digital radio implementation. These
provide the opportunity to push the concept of full-duplex
(FuDu) into reality. Current communication standards always
share the medium with half-duplex principles: transmission
and reception of signals are done in two separated time slots
or two different frequency channels. The FuDu paradigm
supposes that transceivers are able to transmit and receive
at the same time on the same frequency band. Therefore,
in FuDu wireless communications, a radio node not only
receives the signal of interest from the distant node but also
receives the signal from its own transmitter, which we call
self-interference signal. Due to the distance path loss, the self-
interference signal is much stronger than the signal of interest,
e.g. 60 ~ 100dB in typical WLAN environment. If no
measures are taken to this strong self-interference, the useful
signal can be completely masked by the interfering signal at
the receiver side. Thus, the key point for implementing a FuDu
radio is to cancel the self-interference as much as possible,
ideally to the noise level.

In fact, for wireless engineers, the strong self-interference
made unthinkable implementation of a real FuDu system until
research articles [1, 3-4]. The authors combine the methods
of passive and active self-interference cancelation together
to reduce the strength of self-interference to tolerable level,
which enlightens researchers that FuDu wireless is actually
feasible.

The passive method [5] [6]is based on antenna decoupling,
spatially or with cross-polarization to reduce the power of
the self-interference signal arrived at the receive antenna. The
active methods [1-3, 5] take profit of the knowledge of the
transmit information and estimation of the coefficients of the
over the air self-interference channel to generate a copy of
the self-interference signal, and then subtract this copy in
the receiver chain. The active methods include active analog
self-interference cancellation (AASIC) and active digital self-
interference cancellation (ADSIC). AASIC carry out the self-
interference subtraction in the analog domain before the
received signal is digitized, while ADSIC subtracts the self-
interference in the digital domain after the ADC (Analog-to-
digital converter).

Up to now, the practical design of the FuDu wireless
[3, 7] has made it possible to implement a real FuDu radio
by using a combination of passive and active techniques.
These research works have shown how much self-interference
cancellation can be achieved by using different cancellation
methods. Another practical design [2, 5] has formulated the
experiment-based characterizations of a FuDu wireless sys-
tem. The authors demonstrated that the amount of total active
self-interference cancellation (ASIC) decreased if the amount
of passive self-interference cancellation (PSIC) increased,
while the total amount of self-interference cancellation in-
creased if the amount of PSIC increased. They also found that
the total amount of active suppression is not the linear addition
of the amount of AASIC and the amount of ADSIC achieved
individually. The total amount of ASIC is limited by the self-
interference power received. This means the more AASIC
FuDu system obtains, the less ADSIC it obtains, and vice
versa. The largest amount of ASIC can be obtained only when
the exact self-interference channel coefficients are obtained.
Obviously, it is not necessary to cascade an ADSIC following
the AASIC if the self-interference is completely eliminated in
the analog part. Thus the ADSIC is optional, because it can
only cancel the residual self-interference related with the self-
interference signal after passive suppression and active analog
suppression.

In this paper, a single channel 20MHz FuDu OFDM
wireless system based on the method of AASIC at the RF
front-end is developed and evaluated. The self-interference
channel between the transmit antenna and receive antenna is
assumed to be line of sight with one single dominant path.
This assumption relies on the fact that the strength of the
line of sight path will dominate the power of self-interference
channel when the distance between transmit antenna and



receive antenna at the FuDu radio node is of few centimeters
while reflected paths should be in meters, therefore considered
as negligible in this first study. For this single path self-
interference channel, relative simple AASIC can significantly
reduce the self-interference to almost noise level for the design
of FuDu wireless. While with respect to the multipath self-
interference channel, much more taps are needed to emulate
the self-interference channel to craft the cancelation signal
[6]. The BER performance of the FuDu system shows that
it requires 3 ~ 4dB more power of signal of interest to
compensate the increased noise, if residual self-interference
signal is regarded as thermal noise, to get the same BER
performance as the wireless link without self-interference.

The rest of this paper is organized as follows. Section II
presents the architecture of FuDu wireless, including basic
principle of FuDu, channel model, self-interference channel
estimation, method of AASIC at the RF front-end and design
of FuDu OFDM radio node. Then, the ADS-Matlab co-
simulation results of this wideband FuDu OFDM wireless are
shown in Section III. Finally, conclusion is drawn in Section
Iv.

II. ARCHITECTURE OF FULL-DUPLEX WIRELESS

In half-duplex wireless system, the transceiver uses or-
thogonal radio resource for transmitting and receiving. While
in FuDu wireless system, the transceiver transmits and re-
ceives simultaneously on the same frequency. Figure 1. shows
the block diagram of FuDu architecture. The transmitted
signal not only goes through the multipath fading channel
and arrives at the receive antenna of the distant node but also
experiences the line of sight wireless channel and arrives at
the receive antenna of the local node. Therefore the signal
received of each of these two nodes is composed of the
signal of interest, the strong self-interference and the thermal
noise. At the receiver side, the total received signal is scaled
by the automatic gain controller (AGC) to the full dynamic
range of ADC, and then it is digitized and quantized by
ADC. The stronger the self-interference is, the fewer useful
information is included in digital samples, because the number
of resolution bits of ADC is limited. In order to reduce this
strong self-interference signal for implementing a FuDu radio,
AASIC at the RF component is required.

DAC RF and
Symhols and RF Addu ADC Symbnls
Self- m\erference DAC DAC Self-interference
ChannelEstimation and RF and RF ChannelEstimation
RF and DAC T Tx
Symbols ADC Adder and RF Symbols
Node_1 Node 2

Fig. 1. Block Diagram of Full-Duplex wireless

A. Channel Model

In the indoor environment, the wireless channel between
nodes can be modeled as typical indoor WLAN channel. Here,
the indoor WLAN channel is assumed to be quasi-static. In

other words, the channel condition is considered to be static
during each transmit frame. The channel impulse response
h(t) can be expressed as:

r—1
h(t) = hid(t — ) (1)
=0

where 7 is total number of propagation paths, h; is the
complex impulse response of the i** path, ¢ is delay spread
index and 7; is the " path delay.

The characterizations of the self-interference channel are
quite different from that of the multipath fading channel. As
a consequence of proximity between transmit antenna and
receive antenna, the power of line of sight path dominates
the power of self-interference channel. Therefore the self-
interference channel is assumed to be a single delay path and
the channel impulse response can be represented by:

h(t) = hsi(S(t — Tsi) (2)

where hg; is the complex impulse response of the self-
interference channel and 7, is the delay of the self-
interference channel.

B. Channel Estimation

Typical channel estimation is either performed in the
time domain to measure the channel impulse response or
carried out in the frequency domain for estimating the transfer
function in the specific frequency. In order to construct the
cancellation signal in each subcarrier channel, the channel
estimation is carried out in the frequency domain here. In the
IEEE 802.11g frames, the preamble consists of 10 identical
short OFDM symbols each of length 16 and 2 identical long
OFDM symbols each of length 64. Each long OFDM symbols
is generated via IFFT of 52 known BPSK symbols and 12
nulls. The estimation of the coefficients of 52 subcarrier
channels is carried out via dividing the received long OFDM
symbols by the 52 known symbols. Then the AASIC at the RF
component is based on the estimation of coefficient of each
subcarrier channel. Even small error of subcarrier channel
estimation may cause large residual self-interference. In order
to avoid the channel estimation errors induced by residual
self-interference, the long training symbols are sent from each
transmitter radio on the orthogonal time slots.

C. Active Analog Self-interference Cancelation

In the IEEE 802.11g, Orthogonal Frequency Division
Multiplexing (OFDM) has been selected as the key physical
techniques for high speed transmission. The 20MHz system
bandwidth is divided by OFDM into 64 orthogonal subcarrier
channels, 48 of which are used for carrying data symbols
and 4 of which are employed to transmit pilot symbols.
Thus the wideband channel is divided into a number of
narrowband frequency flat fading channels. This provides us
the opportunity to generate the cancellation signal in the
frequency domain by multiplying symbols to be transmitted
with the estimated coefficients of subcarrier channels. And
then the signal received is subtracted by the cancellation signal
at the RF component to cancel the self-interference signal
before it is down converted to baseband.
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Fig. 2. Architecture of Full-Duplex OFDM radio node

In this paper, the transceiver is assumed to be ideal, i.e.
the dynamic range of DAC/ADC is large enough, phase noise
(PN) does not exist in the local oscillator and there is no
I/Q imbalance. Transmit continuous baseband signal can be
formulated by cascading time domain OFDM symbols one
by one. By up-converting this baseband signal, RF signal
which is to be emitted from the transmit antenna is generated.
In practice, the OFDM signal is generated by using inverse
DFT to modulate the transmit symbols. Let X,[k] denote
the symbol carried by the k" subcarrier in the s OFDM
symbol. In order to facilitate the mathematic expression of
OFDM signal, we limit one OFDM symbol in time domain
to a time interval T’,. The continuous time domain signal x(t)
is therefore expressed as:

N1
13 .
zo(t) = 7 D XL [K]ePTAK (s — )T, < t < sTy (3)

— N
k=—%

where N is the total number of the subcarriers and A f denotes
the subcarrier space. The signal is finally up converted to radio
frequency:

T,s(t) = Real(xs(t)eﬂ”f“t), (s—1)T, <t<sT, @)

where T}, 5(t) denotes the transmit RF signal and f represents
the carrier frequency. For simplifying the expression, (s —
1T, <t < sT, wil be drapped in the following formulas.
The emitted RF signal experiences multipath channel fading
and then arrives at the receive antenna of a distance node.
The received useful signal R, s(¢) is presented as:

R..o(t) = Real((x4(t) * h(t))e??™ ) 4n(t)  (5)

where * denotes convolution and n(t) is the the AWGN noise
which follows the distribution of N (0,4,,2).

If we use Ty ssi(t) = Real(mssi(t)e??™/et), where
xssi(t) represents the continuous time domain self-
interference signal in the sth OFDM symbol, to denote the
transmit RF self-interference signal, the RF self-interference
signal received at the receive antenna can be therefore written
as:

Raussi(t) = Real (g 4i(t) * hai(t))ed 2™ Fet) (6)

Therefore the received signal at the receive antenna can be
represented by:

Rs (t) - R$,s(t) + R$,s,si (t) (7)

The cancellation signal can be crafted by multiplying the
coefficients of the self-interference subcarrier channel with
the modulated symbols in the frequency domain. The co-
efficient of the self-interference channel is obtained from
the channel estimation at the receiver side. Let the vector
H, i = [Hs si[1], Hs 5i[2], , Hs,5i[N]] denotes N coefficients
of the estimated subcarrier channel at the s** time-interval
in frequency domain, the baseband continuous time domain
cancellation signal z, .(t) is therefore expressed as:

-1
1 2 _ |
ms*c(t):? Z X,si[k] Hy 512 2R 8)
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where X ;[k] denotes the modulated symbol stransmitted
from the local node. In order to make the cancellation signal
match with the self-interference signal at the receiver side,
we up-convert the baseband signal z .(¢) to RF cancellation
signal C(t), which is expressed as:

Cy(t) = Real(xs’c(t)ej%f“t) 9)

The inverse version of the cancellation signal can be obtained
by using 180° phase shifter.



Self-interference subtraction is implemented at the RF
component by using RF combiner before the RF signal is
down converted to baseband. Then, the residual received
signal after AASIC is expressed as:

RTesidual,s(t) = Rx,s(t) + Rx,s,si (t) - Cs (t) (10)
The residual self-interference after AASIC can be represented
as:

Rresidual,s (t) - Ra:,s,si (t) - Cs (t) (1 1)

This component can be forced to zero when the exact coeffi-
cients are obtained in ideal case. However, it is difficult to get
the exact coefficients of the self-interference channel because
the channel estimation is at least influenced by the thermal
noise n(t), while we can reduce the self-interference which
component is closely related to channel estimation in each
subcarrier channel to almost noise [8].

D. Full-Duplex OFDM Radio Node Design

In order to decode the useful signal correctly, FuDu radio
node must have the ability to suppress the interference signal
from its own transmitter at the receiver chain. Fig 2. shows the
architecture of a wideband FuDu OFDM radio node based on
the physical layer of IEEE802.11g. The AASIC path is added
to the FuDu OFDM radio in order to generate the cancellation
signal for the implementation of AASIC at the RF component.

In our developed FuDu OFDM radio design, the additional
hardware components required for AASIC at the RF compo-
nent consist of one RF combiner, one 180° phase shifter, two
DACs and one RF frontend.

In the cancellation path, the component of self-
interference channel estimation is used for obtaining
coefficient estimation of each subcarrier channel. Fur-
ther, H, [k] denotes the magnitude and phase of the

kth subcarrier c}?annel. The baseband cancellation signal
-1

Too(t) = 7= 20 n Xs silK]Hy si[K]e??T2M s generated
by OFDM modulatirfg the new complex symbols sequence
X, silk|Hs silk], k € [1, N]. Then, another RF front-end is
employed to up-convert this baseband cancellation signal to
RF cancellation signal. After the HPA amplifying the RF
cancellation signal to match the power of self-interference
signal, 180° phase shifter is used to get the inverse version.
Then, the self-interference cancellation is carried out at the
receiver chain by combining the signal received and the
inverse version of cancellation signal via RF combiner.

In order to avoid the impact of phase noise in the local
oscillator on the self-interference cancellation [8], the trans-
mitter and the cancellation path use the same local oscillator.
Furthermore, the AASIC is implemented by using RF com-
biner which combines the received signal and RF cancellation
signal between the receiver antenna and low noise amplifier
(LNA) to eliminate the influence of dirty RF at the receiver
chain on the self-interference cancellation. After AASIC, the
signal received including signal of interest, residual self-
interference and thermal noise will be further processed by
the receiver chain performing the inverse operation as the
transmitter chain.

III. SIMULATION RESULTS

The simulation parameters of FuDu OFDM system are
chosen as Table I. according to the IEEE 802.11g standards.

TABLE 1. SYSTEM PARAMETERS
Parameter Value
Bandwidth 20MHz

Total number of subcarriers 52
Number of data subcarrers 48
Number of pilot subcarriers 4
Bit rate 36Mbps
Carrier frequency 2.4GHz
IFFT/FFT period 3.2us
GI duration 0.8us

The system is developed on the system-level simulator
ADS (Advanced Design System, Agilent) which permits to
model a complete system from device to architecture. Matlab
is used in co-simulation to process part of digital signal pro-
cessing. In the FuDu OFDM system design, the assumption
that RF front-ends are ideal, i.e. there is no phase noise in
the local oscillator, no I/Q imbalance in RF modulation, no
frequency offset and no non-linearity of HPA, is made.

During the ADS-Matlab co-simulation of the wideband
FuDu OFDM wireless system, the power spectrum density of
thermal noise is fixed to —167dBm/H z aim to facilitate the
power set up of signal of interest and self-interference signal.
More specifically, the power of self-interference signal can be
easily calculated if the power of signal of interest is known
because the difference between E}, /Ny and INR shows the
power ratio of signal of interest to the self-interference (S1R)
when the noise power is fixed. E, /Ny and INR are defined
as the power radio of signal of interest received to the
thermal noise and self-interference signal to the thermal noise
respectively.

As can be seen in Fig 3. (a), the self-interference signal
received by the receiver is 20dB higher than thermal noise,
while the self-interference signal after AASIC is almost
to noise level. Even in Fig 3. (b) (c), INR = 40dB,
INR = 60dB, the self-interference signals after AASIC at
the RF component are also extremely close to noise level.
By comparison, the spectrum power of the self-interference
signal S7 received is much stronger than the residual self-
interference signal S3 which is the interference signal after
AASIC at the receiver RF component. Therefore we can
conclude that the self-interference signal can be significantly
reduced to almost noise level by using active analog self-
interference cancellation at the RF component in an ideal
situation.

As shown in Fig 4., AASIC obtains 0dB self-interference
cancelation when /N R = 5dB, 6dB reduction when INR =
10dB and 11.5dB reduction when INR = 15dB, while
around 17dB self-interference cancellation when INR =
20dB, 37dB reduction when INR = 40dB and 57dB
reduction when I N R = 60dB. Therefore, there are 3 ~ 5dB
residual self-interference occurs after the AASIC. This resid-
ual self-interference is mainly caused by the self-interference
channel estimation error due to the thermal noise. A similar
result can be found in [8]. Another remark is that about 3dB
residual self-interference occurs when I N R > 20, while more
residual self-interference occurs when /N R < 15dB. This is
because the residual self-interference is closely related to the



-80

Residual Self-Interference Self-Interference
-100—
2 WI l\ WIWI |
o .MI f I ! Ll
& J
£
{ |
°
B Thermal Noise
B o B B L B
2380 2385 2390 2395 2400 2405 2410 2415 2420
freq, GHz
(a). INR=20dB
_| Residual Self-Interference Self:Interference
—~ i hl“ i
[2]
5 . !
é ,a‘”‘.["u“ o ! |‘|"'I’f\l‘|“\’ ]
&
3 ‘ Ll
4 Thermal Noise
B |
2380 2385 2390 2395 2400 2405 2410 2415 2420
freq, GHz
(b). INR=40dB
-40
Residual Self-Interference Self-Interference
o
w
o
24
£
[aa]
°
E Thermal Noise ‘
B o B

2380 2385 2390 2395 2400 2405 2410 2415 2420
freq, GHz

(¢). INR=60dB

Fig. 3. SpectrumPower of SI before and after AASIC for different INR

quality of subcarrier channel estimation. The higher the TN R
is, the more accurate the coefficients will be obtained. In the
meantime, the less residual self-interference occurs. As what
we thought, the best BER performance can be obtained only
when there is no self-interference at the receiver chain and
the BER performance degrads when residual self-interference
is not zero due to fact that the self-interference signal can not
be eliminated completely.

IV. CONCLUSION

In this paper, a single channel 20MHz FuDu OFDM
wireless system based on AASIC at the RF component is de-
veloped and elaborated and the AASIC is expressed in detail
by mathematic model. Furthermore, we first study the BER
performance of FuDu wireless via ADS-Matlab co-simulation.
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Fig. 4. The BER comparison of FuDu wireless for different INR

The simulation results show that the self-interference signal
existing in wideband FuDu OFDM wireless can be signif-
icantly reduced to almost noise level. With respect to the
analytical performance analysis, [9] gives the details.

In our design, RF radio is considered to be ideal. To design
a more practical wideband FuDu OFDM system, the effect of
RF impairment such as phase noise in the local oscillator,
I/Q imbalance in RF modulation, frequency offset and non-
linearity of high power amplifier need to be taken into account
in our following studies.

Compared to a single channel half-duplex wireless, FuDu
wireless potentially doubles the throughput of wireless link.
In order to further improve the efficiency of spectrum utility,
we will combine FuDu OFDM radio with multimode MIMO
radio to propose a new radio architecture: Full-Duplex Mul-
timode MIMO-OFDM Radio.
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