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Abstract—Full-Duplex radio provides many benefits beyond
improving spectral efficiency. However, canceling the self-
interference completely is a big challenge behind Full-Duplex
wireless. Although many intelligent efforts devote to active analog
radio frequency self-interference cancellation (AARFSIC), the
power of the residual self-interference (SI) after the AARFSIC
is still much stronger than that of the receiver thermal noise.
In this paper, we first study deeply the AARFSIC and ‘“dig”
the core problem that causing the residual SI, and then propose
a digital self-interference cancellation in time domain (DSICT)
to complement AARFSIC for the Full-Duplex OFDM wireless.
The ADS-Matlab co-simulation results demonstrate the actual
performance and show that the residual SI after the AARFSIC
can be canceled completely by employing the proposed DSICT.

I. INTRODUCTION

Full-Duplex wireless radio has recently attracted more and
more attentions not only from the academic area [1] [2]
[3] [4] [5] [6] but also from the industry [7]. Simultaneous
transmission and reception in the same frequency band, i.e.
Full-Duplex, could greatly improve the spectral efficiency
compared to traditional Half-Duplex systems. Beyond improv-
ing spectral efficiency, the advantages of Full-Duplex could
also be exploited at higher network layers [8]. More generally,
Full-Duplex radio could show a great potentiality for any future
development of flexible radios.

However, the strong SI behind Full-Duplex challenges the
real implementation of Full-Duplex radio. The power of the SI
is stronger than that of the signal of interest from the distant
radio node by up to 90 ~ 110dB. Such strong SI could saturate
the receiver chain. Therefore, in order to practice the Full-
Duplex concept, canceling or suppressing the strong SI to noise
floor or even under noise floor is the key first step.

The SI could be first suppressed by using the electromag-
netic (EM) techniques [5] during the radio wave transmission.
Then, active analog radio frequency self-interference cancella-
tion (AARFSIC) [2] [4] [6] could be employed to cancel the
SI at the RF stage. Up to date, there is no EM or AARFSIC
technique which can bring the SI down to the noise floor.
Therefore, it is still necessary to further cancel the SI at
the baseband (BB) stage. [9] proposed an active analog BB
self-interference cancellation (AABBSIC) to cancel the SI in
the time domain. Another type of baseband self-interference
cancellation, digital self-interference cancellation in frequency
domain (DSICF), is proposed in [4]. Unfortunately, neither
the single technique of these cancellation methods nor the

combination of these mechanisms could achieve the required
amount of self-interference cancellation (SIC) for the Full-
Duplex OFDM wireless with multi-path SI channel.

In fact, with respect to the Full-Duplex OFDM wireless with
single-path SI channel, the strong SI could be brought down to
the noise floor [10] [11] by using AARFSIC [4]. However, we
found that the AARFSIC [4] could only achieve very limited
amount of SIC for the Full-Duplex OFDM wireless with multi-
path SI channel, even under the condition that the transceiver
RF front-ends are ideal and SI channel state information (CSI)
can be obtained perfectly. In the indoor reflecting environment,
the AARFSIC can achieve no more than 40dB SIC, order of
magnitude was also confirmed by [4].

Contribution: In this paper, we first deeply analyze and study
the signal model of the AARFSIC [4] [10] and then dig heavily
the core problem causing the residual SI. We discovered that
the AARFSIC can not only eliminate the dominant path but
also can cancel part of the reflecting paths for Full-Duplex
OFDM radio. We also found that the residual SI in time
domain is closely related to transmitted time domain symbols,
which means the residual SI could be further canceled in
the baseband discrete time domain. Based on these facts, we
propose to cancel the strong SI by combining the mechanism
of AARFSIC [4] [10] and DSICT for Full-Duplex OFDM
wireless with multi-path SI channel.

Assumption: In order to highlight the core weakness of the
AARFSIC, the transceiver RF front-ends are assumed ideal
and the CSI of the SI channel can be obtained perfectly in the
theoretical analysis.

II. ACTIVE ANALOG RF SELF-INTERFERENCE
CANCELLATION

OFDM is a block modulation scheme where a block of
N symbols is modulated in parallel on /N subcarriers, which
can be implemented by using an inverse discrete Fourier
transformation (IDFT). This enlightens us that the craft of
cancellation signals can be carried out in each subcarrier
channel and the SIC can be implemented in the analog RF
domain, which we call AARFSIC (illustrated as in Fig. 1).
In order to simply the signal model, we just study the local
Full-Duplex OFDM radio node, which means the Full-Duplex
radio receiver just receives its own transmission.

Let X, si[k],k € [1,N] denote the m'™ symbol block
which will be modulated by a N-size IDFT. The output of
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Fig. 1. The block diagram of active analog RF self-interference cancellation.

the IDFT, @, si(n),n € [1, N], is corresponding to the m*"
OFDM symbol. After inserting a Ny.q-length cyclic prefix
(CP), the new discrete time domain (/N 4 Ny,q)-length OFDM
symbol, z;, .;(n),n € [1, N + Ny, will be converted to the
analog signal, x}, ;(t), by using a digital-to-analog converter
(DAC). Then, the baseband analog signal, x%si(t), is up-
converted by using local oscillator with carrier frequency f.
and amplified by a power amplifier (PA) with power P,
which yields the suitable transmit RF signal 2%, . (t) =
Pyl i(t)e?? <t After emitted by the transmit antenna
and going through the SI channel \/Lghg;(t) where Lg;
denotes the path loss of the SI channel, the transmit RF
signal ‘TEF,m,si(t) is received as RF SI signal, ng,m,si(t) =
VLsiT R si(t) * hsi(t), by its own receiver.

In order to implement tlle AARFSIC to cancel the RF SI,
the estimated coefficients, H;[k], k € [1, N], of the ST channel
hsi(t) need to be obtained beforehand. With Hy;[k], k € [1, N]
available, we craft a RF cancellation signal, =5 . (t), in
another radio link. In this SI gaft link, the mt" new symbol
block, X, clk] = Xmsilk]lHsi[k],E € [1,N] instead of
Xm,silk],k € [1,N] is modulated by IDFT, which yields
a discrete time domain OFDM symbol z,, .(n),n € [1, N].
After adding a N.q-length CP, the mt" cancellation OFDM
symbol, = .(n),n € [1, N + Nyaq|, is obtained. DAC is
used here to convert the discrete time domain OFDM symbol,

], .(n), to continuous time domain OFDM signal, z7, .(t).

Thén, another RF front-end is used to up-convert and amplify
this baseband signal to match the received RF SI. After the
AARFSIC, the residual RF SI, rﬁF’mysi(t), should be the
difference between the received RF SI and the cancellation
signal. The whole signal processing model of the AARFSIC

could be expressed by
TII%F,m,si(t) = xII%F,m,si(t) - x%F,m,c(t)
= /Py\/LsioAc{CP{IDFT{ X, «i[k]} } }e?27 et
khg; (t) — \/ Pln/ L,;DAC{CP{IDFT{ Xy, s [K]
Hlk]}}yermse! ()

N_
= % Z::j% x[k]e??™ATkn in which A f

where IDFT{x[k]}

is the subcarrier space, cP{x(n)} represents the CP adding
operation and DAC{x(n)} = X (t) where ideal DAC is assumed.
Because of the assumption in Sec. 1, it seems that the SI can be
mitigated completely at the RF stage by using the AARFSIC
if the emulating parameters can be obtained perfectly, i.e.
VPl = /Py, /L, = /Ly and Hy;[k] = Hg;[k]. However,
our studies do not go into that direction as what we thought.
We can equivalently analyze and study AARFSIC in the
baseband domain because of the assumption in Sec. 1. After
digitizing the BB analog residual self-interference, 7/t _;(t),
by using analog-to-digital converter (ADC), the baseband
discrete-time-domain signal, T§L7si(n), can be obtained as

rl i) = VPuv/La/PoacP{IDFT{ X, oi[k]}} @ hei(n)
—\/PLN/L N PosP{0FT{ X i [K] H i K]} }
(2)

where P\, represents the amplified power level of the receiver
LNA, ® denotes circular convolution and hg;(n) is the equiv-
alent baseband expression of the wireless SI channel hg;(t).

Here comes the key question, if cP{IDFT{X,, «[k]}} ®
hsi(n) = CP{IDFT{ X si[k]Hsik]}} for n € [1, N 4+ Nyl
holds even under the condition that we can obtain a perfect
SI channel estimation? In order to answer this question, we
study two scenarios: (i) AARFSIC for Full-Duplex OFDM
wireless with one-path SI channel; (2) AARFSIC for Full-
Duplex OFDM wireless with multi-path SI channel.

A. AARFSIC for One-Path Full-Duplex OFDM Wireless

In two-antenna Full-Duplex wireless [10], the power of
the line-of-sight path dominates the SI channel due to the
proximity between the transmit and receive antenna of the
Full-Duplex radio node. Hence, it is reasonable to assume
that the SI channel is one-path, which could be expressed by
h5.(n) = hgiod(n — ng) where hg; o and ng represent the
complex magnitude and delay of the wireless SI channel. The
frequency domain SI channel, HZ [k], could be expressed as

H5K) = oFt{hg(n)}

= hgoe 2Tk B [1)N] (3)



Let fi:f; [k] = hgige 7272 k0 where hy; o and 7ig represent
the estimate of the hsio and ng respectlvely, denote the
estimate of the real SI channel HZ[k]. Even for single-path SI
channel, the delay could be from 0 to a large value, depending
on system design. For example, when the SI channel is a
short line-of-sight wireless channel, the delay ny should be
0. However, when the short line-of-sight path is suppressed
completely and only one reflecting path exists, the delay ng
should be at least 1, i.e. ng > 1.

1) no = 0: When 79 = ng = 0 and after replacing h;(n)
and Hsz[k] 1n Eq. (2) by hsio and h31,0 respectively, the
residual SI, rm +i(n), could be expressed as

r’r?z,si(”) = \/z V Si \/mern si Si 0
_VP;Z\/ VPLNAImsz
=0 )

2) ng > 1: When ng > 1, the received baseband discrete-
time-domain SI signal can be expressed as

JCm % V Psi\/ Lsivy PLNA-Tm sz ® h’;S;L sz( )
V Psi\/ Lsi/ PLNAhSi,Oxm,si —no) (5)

While the baseband discrete-time-domain cancellation sig-
nal can be derived and represented by

ot o(n) = \/PLn/L\/ Panhi ot (1) 6)

Then, synchronizing the cancellation signal with the received
SI signal via delaying ], .(n) by fo. Then, we can obtain the
baseband cancellation signal at the receiver side as

=VPVLv PLNABSi,Oxz,si(n — fig) @)
The residual SI after the AARFSIC can be calculated as

Tﬁ,si(n) = Irlr{v,sv(n) - xﬁ,c(n)
b

0 ®)

a and b hold when perfect CSI of the SI channel can be
obtained. That means the Eq. cP{IDFT{ Xy, ;[k]}} ® hsi(n) =
cP{IDFT{ X, si[k] Hs;[k]}} for n € [1, N + Ny holds true
when perfect SI channel estimation can be obtained. Therefore,
the SI could be mitigated completely by using AARFSIC.
However, when the SI channel estimation is influenced by the
receiver thermal noise, the strong SI could only be brought
down to noise floor by AARFSIC [10] [11]. These study results
are confined to anechoic Full-Duplex OFDM wireless.

B. AARFSIC for Multi-Path Full-Duplex OFDM Wireless

In more general Full-Duplex wireless, the SI channel, with
high Ricean K factor [5], consists of one direct path and
multiple reflecting paths. Let h (n) = ij 01 hsipd(n—mnyp),
where h; ;, and n, represent the complex magnitude and delay
of the p" path respectively, denote a P-path SI channel. The
frequency domain SI channel, H/[k], could be expressed as

Hilk] = ofFt{hff(n)}
P-1
D haipe? Ak k€ [1,N] 9)
p=0

szO

Without loss of generality, we choose P = 2, which
means the SI channel is composed of one direct path
and one reflecting path, to simplify the analysis of the
signal model. Hence, the SI channel can be rewrote
as H;\Z/I[/C] = hsLoeiﬂﬂAfkno + hsi’leiﬂﬂ'Afknl. With
the estimated CSI, HM[k] = HMIk], of the SI chan-
nel available, the RF cancellation signal, z7p,, .(t) =

/Pl /I oac{cP{IDFT{ X ., i [K] HM [K]}} }e727F<t, could be
crafted. Then, the AARFSIC can be implemented as in Eq.
(1). This is the current AARFSIC implementation procedure
even for the multi-path Full-Duplex OFDM wireless. However,
the residual ST after this cancellation is still very strong, which
is shown in Fig. 2. Fortunately, we can equivalently obtain and
analyze the over-the-air SI signal and the cancellation signal
in the discrete time domain when the transceiver RF front-
ends are assumed ideal, which provides us the opportunity to

insight the residual SI in discrete time domain.
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Fig. 2. When the Full-Duplex OFDM wireless with multipath (here 2 paths
SI wireless channel is considered, the second path has 50ns time delay and
20dB attenuation compared to the first path) SI channel, the AARFSIC has
very limited capability of SIC. As it is shown, the power of the strong SI at the
antenna of the receiver is 80dB higher than the thermal noise. The AARFSIC
can only achieve around 36dB SIC. Therefore, there is still 44dB residual SI.

1) Signal Model of the Received Self-Interference: After ex-
periencing the multipath SI channel, the received SI can be ex-

pressed as z}} ;(n) = v/Pyiv/Lyi PLNA'rmeL( )@hh (n). For

simplifying the expression, we define AsZ = v/ Pgiv/ Lsi/ Pa-
Then, the m!*(m > 1) OFDM symbol of the received SI,

R

z,y (n), could be expressed in another form as

Asi[a:%si(n)hm-,o + 333;_1731(]\7 + Ngwas — 11
+n)hsia], for n € [1,n4];

Asi [l’g,si(”)hsi,o + xﬁ,si(" -
forn € n1+1, N + Nyad)-

R —
xm,sz(n) nl)hsi,l];

(10)

2) Signal Model of the Crafted Cancellation Signal: The
AARFSIC utilizes a N-size IDFT block to modulate the
symbol block Xy c[k] = Xy i K| HM ;[k],k € [1, N] where
HMIK] = hyioe 7272k 4 h e —2wA Sk i the estimate
of H% «i[k]. The output of the IDFT block can be expressed



as a linear combination of the two-path OFDM symbols as

(1) IDFT{ X, o[k]}
Ri 0IDFT{ X 1, i [k] e 772 A ko y
+ i AIDFT{ X, oi[k]e92m A k1Y
- x}"’C(n) + x?n,c(”)ﬂl € [1,N] (1)
where :Jc}nc(n) and xfnc(n) denote the first path and the sec-

ond path of the cancellation OFDM symbol respectively, which
are corresponding to cancel the first path and the second path
of the received SI OFDM symbol. Because of ng = ng = 0,
the first path OFDM symbol could be represented by

1,1 (’I”L) = ITrz,,si(n)hsi,O,’fl S [I,N]

m,c

12)

While with respect to 22, .(n), which can be regarded as

the m!" N-size OFDM symbol experiencing the second path
of the SI channel with n; delay, it can be expressed as

2 T, si(N — 1 +n)hg 1,for n € [1,74];
zi, (n) = ’ N7 ’ _
Tm,si(n — 1 )hsia], for n € g + 1, N].
(13)

th cancellation OFDM symbol, z,, .(n),

Therefore, the m
could be rewritten as

lm,si(n)hsi,o + xm,si(N - le + n)iLsi,la
" (n) _ n e “’ﬁl]’ ~
e T, si(M)Psi0 + Tm,si(n — 1) hsi 1],
ne [’fll +1, N}
(14)

Then, the last N, sample of OFDM symbol z,, .(n),n €
[1, N] are copied and placed at the beginning of this OFDM
symbol, which yields the CP added OFDM symbol, xfw(n)

The BB cancellation signal can be represented by :cﬁ,c(n) =
VP ToN PoncP{I0FT{ X,y oi K] H [K]} . Here, we define
A = \/Pl,\/L;v/Pa. Then, the cancellation signal zh (n)
can also be represented in another form as

Afal i(n)hgio + 2l (N = fig +n)hg 1],
for n € [1,741];
Acfal (M) hgio + ol (0 —iin)hgi ),
forn € 71 + 1, N + Nyaa)-
5)

Comparing the Eq. (10) and (15), we can find
that the equation CP{IDFT{X,, «[k]} ® hu(n)} =
cP{IDFT{ X, si[k]Hy;[k]}} holds true for n € [n1, N + Ny,
while it does not do for n € [1,n1] even when transceiver RF
front-ends are ideal and perfect CSI of the SI channel can
be obtained. Now, we find the real problem preventing the
AAREFSIC to cancel the multi-path SI completely.

III. AcTiVE DIGITAL SIC IN TIME DOMAIN

We discovered that the residual SI in discrete time domain,

rlan) = aft (n) —xf (n), is closely related to the

transmitted symbols, 22, _.(n), which knowledge is available

m,st

to the Full-Duplex radio node. Therefore, we propose to cancel
the residual SI in the discrete time domain, which is as shown

in Fig. 3. The factor, A, = \/P.;\/L.;~/Bna Which is the

estimate of the transmission factor Ay; = v/ Ps;/ Lsi v/ Poa, 18
required to implement the DSICT.

XnL bl[k] T, si (TL) I’Z;L st (Tl)
IFFT CcP
’le
—_—

A , hsi,l Craft the Cancellation Signal, rﬁvc(n)

,,,ADS\CT n
() )

m,si
> O—

Fig. 3. The block diagram of DSICT.

— ™m,si
FFT

With A, and the estimated ﬁsi’l,ﬁl = n; available, the
baseband cancellation signal, rﬁ,c(n), could be crafted as

Acﬁsi,l[mg—l,si(N + Nguard —ny + n)

ro(n) =< —al (N —ny+n),forne(l,n]; (16)
0,for n € [n1 + 1, N + Ny
Then, the DSICT can be implemented as
s () =l () =l (n)
(Asihsin — Acilsi,l)[l"?;q,si(]v‘"
_ Nygag — 11 +1n) — xz;L,si(N -—m (17)

+n)],for n € [1,n1];
07f0r n e [nl + 1,N + Nguard]'

where we can see that the residual SI can be eliminated
completely by the proposed DSICT if the ideal estimate of Ay;
and hg; 1 can be obtained, i.e. A, = A; and Bsm = hgi1.

Perfect channel estimation is impossible in practical wireless
communications, while it is possible to guarantee A, = Ag;.
Then, the residual SI after DSICT can be modeled as

AsiDhgia[z], 1 (N + Nyaa — 11 + 1)
r%ngT(n) = —xfwi(N —ny +n)],for n € [1,n4];

0,for n € [n1 + 1, N + Nyaa-

(18)

where Ahg; 1=hs; 1 —hs; 1 denotes the estimate error of hg; 1.
The amount of SIC DSICT achieve can be computed as

apsict(dB) = E{|rmsi(n)[*}ap — E{rST (n)|* as
B E{|hsial*}
= ®lan. Y 19

For the Full-Duplex OFDM wireless with two-path SI channel,
the power of the residual SI after AARFSIC and DSICT is
closely related to the channel estimation of the second path.

IV. NUMERICAL RESULTS AND DISCUSSION

In order to further confirm our findings and the proposed
DSICT, system level design and simulation based on the
softwares of ADS and Matlab is implemented. The transceiver
RF front-end and baseband digital system are constructed on
ADS and algorithm implementation is carried out on Matlab.

In the system level simulation, the power ratio of the SI to
the thermal noise (INR) is 80dB. The system parameters are
chosen from the 36Mbps radio link of the IEEE 802.11g.



A. Numerical Results

Two-path wireless SI channel is chosen in this first study.
The second path has 50ns time delay (n; = 1) and 20dB
attenuation compared to the first path. As it has been shown
in Fig. 2, the AARFSIC could achieve about 36dB SIC for the
Full-Duplex OFDM wireless. In order to calibrate the residual
SI after the DSICT, a desired radio link is added and the bit
error rate (BER) is used to measure the loss of the desired
SNR due to the residual SI.

1) Ideal Transceiver RF Front-End and Perfect Channel Es-
timation: Even with ideal transceiver RF front-end and perfect
channel estimation, the AARFSIC can not bring the strong
SI down to the thermal noise floor. However, the proposed
DSICT can mitigate the residual SI completely, which could
be demonstrated by Fig. 4. The BER curve of the Full-Duplex
IEEE 802.11g overlap with that of the standard IEEE 802.11g,
which means the total 80dB SI is canceled completely by the
combination of AARFSIC and DSICT.

5E-1-¢ &
1E-1+
o 1E-2—
L
m
1E-3—
-6—e- Full-Duplex 802.11g with Perf. Ch. Esti.
-8-8- Standard IEEE 802.11g
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Eb/No (dB)

Fig. 4. Comparison of the BER curves between the Full-Duplex IEEE 802.11g
with perfect channel estimation and the standard IEEE 802.11g system.

2) Ideal Transceiver RF Front-End and Real Channel Esti-
mation: Here, the transceiver RF front-ends are still assumed
ideal, while the real waveform channel estimation is consid-
ered. During the SI channel estimation, the receiver thermal
noise is considered as the only interference. As it is shown
in the Fig. 5, the channel estimation error due to the receiver
thermal noise could cause around 3dB residual SI. In another
words, there is still around 3dB residual SI after using the
combination scheme of the AARFSIC and DSICT if the CSI
is obtained by practical channel estimation in a standard IEEE
802.11g system.

B. Discussion

Although the two-path SI channel has been chosen for theo-
retical analysis and system level simulation in this paper, Full-
Duplex OFDM wireless with multi-path SI channel (P > 2)
can also be studied using the AARFSIC and DSICT signal
processing model presented in the paper. When CSI could be
obtained perfectly, the strong SI can be canceled completely

1E-1—

1E-2—

BER

1E-3—

—e—e— Full-Duplex 802.11g with Real Ch. Esti.
-8-8- Standard IEEE 802.11g

A7 7 71 T 1 T T T T T

Eb/No (dB)

Fig. 5. Comparison of the BER curves between the Full-Duplex IEEE 802.11g
with real channel estimation and the standard IEEE 802.11g system.

by using the combination scheme of AARFSIC and DSICT.
But when in real channel estimation condition, there will be
around 3dB residual SI due to the receiver thermal noise.

V. CONCLUSION

The AARFSIC has been studied a lot. However, the core
problem causing the untolerable residual self-interference be-
hind the Full-Duplex OFDM wireless has not been completely
fixed. We present the anatomy of the AARFSIC for the multi-
path Full-Duplex OFDM wireless and find the relationship
between the residual self-interference and its own transmission
in the discrete time domain. Then, we propose DSICT to
complement AARFSIC for Full-Duplex OFDM wireless.
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