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ABSTRACT

Oscillator phase noise in a full duplex radio causes the mis-
match between the self-interference (SI) signal and the can-
celling signal, and thus degrades performance of the digital
SI cancellation (SIC). In this paper, we analyze the effec-
t of phase noise on digital SIC in wireless full duplex. We
consider an OFDM-based full duplex radio corrupted by the
phase noise at both the transmitter and the receiver, which are
modeled as independent Wiener processes. A closed-form ex-
pression for the cancellation ability of a common digital SIC
scheme is derived, in terms of the interference-to-noise ratio
(INR), the SI subcarrier spacing and the oscillator’s 3dB co-
herence bandwidth. The theoretical analysis and simulations
reveal that the digital SIC ability degrades with the increase
of the ratio of the oscillator’s 3dB coherence bandwidth to
the signal bandwidth, which determines the upper bound of
the digital SIC ability.

Index Terms— Digital self-interference cancellation, full
duplex, phase noise

1. INTRODUCTION

A full duplex radio is defined as a radio frequency (RF)
transceiver that can transmit and receive signals at the same
time and the same frequency, and thus has twice as high spec-
tral efficiency as a half-duplex radio [1]. Motivated by its
advantages, full duplex has attracted much research interest
[2, 3, 4, 5] and some experimental verifications have been
made in recent years[6, 7, 8, 9, 10]. In a full duplex radio,
a strong self-interference (SI) occurs at the receiver [1], thus
self-interference cancellation (SIC) is an essential part in full
duplex design. There are three basic approaches of SIC, i.e.,
antenna SIC, analog SIC, and digital SIC [1], which are usu-
ally combined and deployed sequentially in practice in order
to suppress the strength of SI as much as possible.

Ideally, the SIC could reduce the power of SI to the noise
floor by employing the knowledge of SI [5]. However, it is
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Fig. 1. Systematic scheme of digital SIC with phase noise.

hard to eliminate the SI completely, i.e., residual SI always
exists in most of the designs [6, 7, 8, 9, 10]. For instance, in
[71, even after the antenna, analog and digital SICs, the power
of residual SI is 15 dB above the thermal noise floor, while in
[10], it is only 1 dB above the noise floor. In practical full-
duplex radio, the residual SI power is determined not only by
the cancellation scheme, but also by the hardware and imple-
mentation imperfections [11], such as the phase noise at the
transmitter and the receiver, power amplifier non-linearity and
quantization noise. Among these imperfections, phase noise
is one of the most important factors that cause performance
degradation of the SIC [5].

Recently, studies have been conducted to investigate the
effect of phase noise on full duplex radios [4, 5, 11, 12, 13].
The effect of phase noise on the signal-to-interference and
noise ratio (SINR) and the transmission rate was analyzed us-
ing different phase noise models [11, 12, 13], while the effect
on SIC performance was not clearly concluded. Furthermore,
in [4, 5], the impact of phase noise on the amount of cancel-
lation of analog and digital SIC was studied. It is shown that
the amount of cancellation, which combines analog cancel-
lation and digital cancellation, depends on the inverse of the
variance of phase noise. These papers analyzed the effect of
phase noise on the residual SI, without specifying the ST sig-
nal format and the SI channel estimation scheme. Besides,
the SI channel estimation error caused by phase noise and the
effect of the SI bandwidth on digital SIC ability are remain
unconsidered.

In this paper, we consider an OFDM-based full duplex



radio corrupted by phase noise at the transmitter and receiv-
er , which are modeled as independent Wiener processes.
Adopting a common digital SIC scheme [7, 8], we derive a
closed-form expression for the digital SIC ability, in terms of
the interference-to-noise ratio, the oscillator’s 3dB coherence
bandwidth and the SI subcarrier spacing. Simulations are also
presented to evaluate digital SIC performance, which show
that digital SIC ability degrades with the increase of the ratio
of the oscillator’s 3dB coherence band width to the subcarrier
spacing.

2. SYSTEM MODEL

2.1. Signal Model

An OFDM-based full duplex radio with N, subcarriers is
shown in Fig. 1. A standard OFDM modulator transforms
the digital frequency-domain symbols {X (k) ;Cv;0—1 into an
analog baseband signal x(¢) which is then upconverted to RF
band by the transmit oscillator signal e7[27/<t+07(1)] with the
transmit phase noise 67 (t) and the carrier frequency f.. After
a passband filter and a high-power amplifier (not shown in
Fig. 1), the RF signal &(¢) is transmitted to the far-end, and
also received by the local receiver through a multipath chan-
nel whose impulse response is given by h(t), becoming the SI
signal 77(¢). In the local receiver, the received RF signal #(¢)
consists of the SI signal 7(t), the desired signal 7 (¢), and
the white Gaussian noise 7(¢) with variance o'%. After analog
SIC which aims at cancelling some strong multipath SI [14],
the received signal #(¢) becomes r(t) and downconverted to
the baseband by the receive oscillator signal e /127 /et=0r(t)]
where O (t) is the receive phase noise. The received base-
band signal rpp(t) is converted to the discrete frequency
domain by applying sequentially the analog-to-digital, cyclic
prefix (CP) removal, and discrete Fourier transform (DFT)
operations to obtain{ R(k) 2\20—1’ where the signal at the k-th
subcarrier is

with R;(k), Ry (k), and N (k) the digital frequency-domain
symbols of r;(t), ry (), and n(¢) after analog-to-digital con-
vertion, respectively.

Since the analysis is concentrated on the effect of phase
noise on SIC, in the following we will only consider the SI
symbols {R I(k)}fc\';al. Following the signal path, according
to [15], we obtain the expression for the SI symbols as

N.—1
Ry(k) = H(k)soX (k) + H(k) Y 6xX(i), (2
i=0,i#k

where

1 Nt o (i—k)n
ik Z eI (0T (n)+0R(n)) =527 = (3)
n=0

TN
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is the N -point DFT of the transmitter and the receiver phase
noise. The discrete-time equivalents of 67 (¢) and Og(t) are
given by 67 (n) and Og(n), respectively. {H(k)} <o is the
frequency response of the discrete version of h.(t), which is
the multipath channel impulse response after analog SIC.

Letting the SI symbol vector R; = [R;(0),- - , Ry(N.—
1)]7, the channel vector H = [H(0),--- , H(N. — 1)]*, and
the transmit symbol vector X = [X(0), -+, X (N, — 1)]7T,
from (2), we have

R; = AH, “4)

where A = diag{ATX,ATX,--- A _; X} and Ay =
[57](53 617167 e a(Schlfk]T-
Using (4), the substitution of (1) yields

R=AH-+Ry + N, )

where R = [R(1),---, R(N.—1)]T, is the frequency do-
main received signal vector, Ry = [Ry(1),--- , Ry(N. —
1)]7, is the frequency domain desired signal vector, and N =
[N(1),---,N(N.—1)]" is the frequency domain noise vec-
tor.

2.2. Digital Self-Interference Cancellation

The digital SIC, as shown in Fig. 1, consists of three com-
ponents: estimating the SI channel; using the SI channel es-
timate H (k) and the known transmit signal X (k) to gener-
ate the SI digital symbols; and subtracting the regenerated SI
symbols from the received symbols [7].

Denoting the N -dimensional channel estimate vector by
fI, according to [7], we have the regenerated vector S, as

S. = X, H, (6)
where X, is an N, x N, diagonal matrix
XA:diag{X(O)aX(l)"" 7X(Nc_1)}' @)

After digital SIC, the residual self-interference vector Y.
is

Y, =R;-S.=AH - X, H. (®)
The cancellation ability G(dB) is defined as
Er+ 0'12V
G=10lg — 9
& E, + 0% ©)

with Ey, E,, 012\, the power of SI before cancellation, after
cancellation, and the noise, respectively.

3. EFFECT OF PHASE NOISE ON SIC

In Section 2, we have introduced the method to regenerate the
SI signal using the estimated SI channel vector H. In this
section, we use the maximum likelihood estimator (MLE) to
obtain H, and then analyze the effect of phase noise on SIC.



3.1. Channel Estimation with Phase Noise

We assume that pilots are multiplexed into the data stream,
i.e., a total of NV, pilots {a(n)}gigl are uniformly inserted
in the OFDM block at IV,, known locations {z‘n}ﬁ;gl for the
best performance [16].

We also assume that the channel variations are neg-
ligible over one data block, and we indicate with h, =
[he(0), he(1), -+, he(L — 1)]T the Ts-spaced samples of the
overall channel impulse response (CIR) h.(t), where L is the
number of channel taps. Then the SI channel vector H can be
computed as

H = Fh,, (10)

where F is an N, x L DFT matrix with entries [F|,, , =
e J2mmk/Ne 0 <p<N.—1,0<k<L-1

Using pilots {a(n)}gigl and (1), (2), we have the re-
ceived symbols at the pilot locations as

N.—1
R(in) :5Oa(n)H(in) +H(in) Z 5i~inX(i)
i=0,iin

Rewriting these received symbols {R(in)}gigl, the N,-
dimensional received vector at the pilot locations is obtained

as
Rpl = JoABh,. + MBh,. + SUpl + Npl, (12)

where A is a diagonal matrix A = diag{a(0),--- ,a(N, —
1)}, Bisan N, x L matrix with entries [B],, j = e=727Fin/Ne,
0<n<N,-1,0<k <L ~—1 Mis adiagonal matrix
representing the intercarrier interference (ICI) introduced by
phase noise, with entries

[M]k,k = A X 50X Zk

Z iy X (1), (13)

1=0,i#£1

and Sy, and N, are the desired symbol vector and the noise
vector at the pilot locations, respectively. The vector N, fol-
lows the Gaussian distribution with zero mean and covariance
matrix Cy , = 'ij—’ZI N,» where Iy, is the identity matrix of
order N,,.

Assuming that pilot symbols are taken from a PSK con-
stellation, i.e., |a(n)| = Es/N., by premultiplying both sides
of (12) by A*, dividing E,/N. and applying the MLE in
[16], the SI channel estimation is derived as

H=0oH + FB? A (MBh Sy, + Nyi).  (14)

N,E,

Considering the case without phase noise, in [16], the es-
timation result becomes

Ho=H-+ FBYAAN,,. (15)

N, E,

2780

Comparing (14) and (15), we notice that, in an OFDM-
based full duplex radio with phase noise, the channel estima-
tion result is influenced by phase noise through the factor d,
and the ICI matrix M.

3.2. Effect of Phase Noise on SIC

The power of the residual self-interference Y, is computed

as (assuming E{|X (n)|?} = Es/N.and E{X (n)X*(k)} =

0, n # k)

E, = B{||Y:|’} = E{(AH - X,H)" (AH - X, H)}
N.—1 N.—1

E Er + o2
=Y S RGP B, + HELE T
10y 0,y#1i P

LE N.—1
UGBS, L) (6

p =0 y=0,y#iy

where E{|d,|?} can be computed as following.

Phase noise of two oscillators with the same parameter-
s can be modeled well as a Wiener process [12] such that
Or(n) — Or(n — 1) and Or(n) — Og(n — 1) are normally
distributed with variance o = 47 f3qpTs, where 67 (n) is in-
dependent of Or(n). And T; is the sampling interval. The
quality of the oscillator is parameterized by f3qp which de-
fines the 3dB coherence bandwidth of its power spectral den-
sity. According to (3), and applying Wiener process phase
noise, we can compute E{|5,|?} as

{2% {divc+1,(NC+12)dI+Nc} _ Nc}
E 2 _ (dm_l)

where d, = e~ *—J2m2/Ne [17].
It is found that the summation 3 ymowy #

does not depend on the index ¢ [15], i.e., Zy o y#
Zivz“l_l |6,—i|?. Also, by Parseval’s theorem we have |d

|51, i|% in (16)

|0y —il* =
? =

1= N1 15,12 15, Letting A = E{|do[?} and Eyy =
S B{|H(0)P). (16) becomes
_ EEr(1-X) L. L(Ey+o0%)

According to (18), it is known that F,. is determined by
the transmit power F, the phase noise A, the desired signal
power Ey;, and the noise power %, for a N, subcarriers OFD-
M system using N, pilots. As shown in (17), the increase of
the variance of phase noise « decreases A, and thus increases
the residual SI power E,.

The power of SI before digital cancellation Ey, i.e., the
power of residual SI after analog SIC, can be computed as
Er = ENﬂ Substituting it into (18), the power of the resid-
ual SI'Y, after digital SIC becomes

L. L(Ey+o2
ET:EI(l—)\)(l—&-—)—i-w
p

N, 19)



With E,. and E; computed, the digital SIC ability G de-
fined in (9) is obtained as

Y~ + 1
(L= (1 + &) + 209 4y

G=101g (20)

where yin = Ey/ 012\, denotes the interference-to-noise ratio
(INR), i.e., the power ratio of the received digital SI (after the
analog SIC) and noise, and ysn = Ey/ 012\, is the received
desired signal-to-noise ratio (SNR).

4. NUMERICAL AND SIMULATION RESULTS

In Section 3, we have observed that the SIC ability G is influ-
enced by several parameters, such as the variance « (which is
determined by the oscillator’s 3dB coherence bandwidth fs4p
and the sampling interval 7), the INR ~x and the SNR ~ygn.
In this section, we present some numerical and simulation re-
sults to show their impact on the digital SIC ability.

We consider an OFDM system with N, = 2048 and N,, =
64, and the 64 pilots are uniformly inserted in the OFDM
block. The SNR ~gn is assumed as 10 dB, and the chan-
nel between the transmitter and the receiver is modeled a as
Rayleigh fading channel.
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Fig. 2. Digital SIC ability with different f345/ fsub-

Fig. 2 presents the digital SIC ability G in terms of the
ratio of the oscillator’s 3dB coherence bandwidth to the SI
subcarrier spacing f3qg/fsub- In Section 3, we know that
the variance of phase noise « is related to this ratio, i.e.,
a = ﬁi‘iﬁ, considering the SI bandwidth By, = 1/T and
the subcarrier spacing fsu» = Bw /N.. As shown in the fig-
ure, the simulation results match the corresponding analyti-
cal results well. For the scenario without phase noise, i.e.,
f3as/fsup = 0, the digital SIC ability G is approximately
equal to INR ~yyn, demonstrating that the digital SIC almost
reduces the SI to the noise floor. The tiny gap between G
and ~yn is caused by the estimation error of MLE. For the
scenario with phase noise, G degrades with the increase of
f3as/ fsup for any given y1x, and decreases faster for a larger
7. For a typical value of f3gg = 100Hz [12] and INR is
40dB, the digital SIC could only reduce 11dB in the case of
a 10 MHz OFDM ST signal with 2048 subcarriers, which will
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cause significant performance degradation of desired signal
demodulation.
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Fig. 3 presents the digital SIC ability G with different
INR 4y ranging from 10 dB to 50 dB, and fs345/ fsup vary-
ing from 0 to 0.2. For the scenario without phase noise, i.e.,
f3as/ fsup = 0, G increases linearly with yyy. For the scenar-
ios with phase noise, G rises with 7y, and finally reaches an
upper bound, which decreases with the increase of f3qp/ fsub-

5. RELATION TO PRIOR WORK

In this paper, we analysed the degradation effect of phase
noise on the performance of the digital SIC scheme in wire-
less full duplex. This degradation effect was observed [6, 7]
and also researched [4, 5] by Sabharwal’s team. Compared
with [4, 5], this work specifically focused on the impact of
phase noise on the SI channel estimation in an OFDM-based
full duplex radio, and thus derived the closed-form for the
digital SIC ability, in terms of the INR and the ratio of the
oscillator’s 3dB coherence bandwidth to the SI subcarrier s-
pacing.

6. CONCLUSION

In this paper, we considered the phase noise at both the
transmitter and the receiver , which are modeled as indepen-
dent Wiener processes, and analyzed their degradation effect
on the performance of a common digital SIC scheme. The
closed-form expression for digital SIC ability was derived in
terms of the INR, the SI subcarrier spacing and the oscillator’s
3dB coherence bandwidth. Theoretical analysis and simula-
tions demonstrated that, as the ratio of the oscillator’s 3dB
coherence bandwidth to the SI subcarrier spacing increases,
digital SIC performance will degrade, and the upper bound
of the digital SIC ability will decrease. Thus, the phase noise
has been proved to be a source of digital SIC performance
degradation, and needs to be considered and compensated in
full-duplex designs. The expressions and simulation results
in this paper can be utilized in choosing an appropriate os-
cillator to meet the requirements of digital SIC for a given
subcarrier spacing or bandwidth.
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