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[PAPER

Asynchronous Periodic Interference Signals Cancellation in

Frequency Domain

SUMMARY  This paper proposes a novel interference cancellation
technique that prevents radio receivers from degrading due to periodic
interference signals caused by electromagnetic waves emitted from high
power circuits. The proposed technique cancels periodic interference sig-
nals in the frequency domain, even if the periodic interference signals drift
in the time domain. We propose a drift estimation based on a super reso-
lution technique such as ESPRIT. Moreover, we propose a sequential drift
estimation to enhance the drift estimation performance. The proposed tech-
nique employs a linear filter based on the minimum mean square error cri-
terion with assistance of the estimated drifts for the interference cancella-
tion. The performance of the proposed technique is confirmed by computer
simulation. The proposed technique achieves a gain of more than 40 dB
at the higher frequency part in the band. The proposed canceler achieves
such superior performance, if the parameter sets are carefully selected. The
proposed sequential drift estimation relaxes the parameter constraints, and
enables the proposed cancellation to achieve the performance upper bound.
key words: periodic interference, super resolution estimation, minimum
mean square error (MMSE) estimation, frequency domain, asynchronous
interference signals

1. Introduction

High power transistors have been widely used in lots of
vehicles such as electric cars. It is well-known that high
power circuits with such high power transistors emit elec-
tromagnetic waves, while high power signals are traversed
on the circuits. The electromagnetic waves affect other de-
vices, for instance, receivers of wireless systems. Although
low frequency signals are fed on the high power circuits,
higher harmonics of the signals are enough to emit strong
electromagnetic waves that interfere with wireless signals,
because the power of wireless signals is small. To mitigate
the performance degradation of wireless receivers due to the
harmful undesired electromagnetic waves, many techniques
have been proposed [1]. Shielding has been applied to pre-
vent undesired electromagnetic waves from being radiated
to such receivers [2]-[5]. To mitigate the emission of the un-
desired electromagnetic waves from the high power circuits,
circuit layout has been investigated at the frequency band of
interest [6]-[9]. Noise control techniques have been pro-
posed for mitigating the peak power of the electromagnetic
waves [10]. On the other hand, another approach to make
wireless receivers robust against electromagnetic waves has
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also been sought. For instance, adaptive array antennas have
been considered for the mitigation of undesired electromag-
netic waves [11]-[13]. They need some additional hard-
ware such as antennas. While they are very effective for
alleviating the degradation due to the undesired electromag-
netic waves, they cause some difficulties such as high cost,
heavy weight, wide space and so on. Interference cancella-
tion techniques have been proposed that need no additional
hardware [14]-[16]. The frequency domain interference
cancellation technique proposed in [14] can work well in
digital wireless systems when the wireless signal is greater
than interference signals. The frequency domain interfer-
ence cancellation techniques in [15], [16] achieve superior
interference mitigation performance despite of characteris-
tics of wireless signals, even if numerous wireless signals
are received. However, the cancelers need to synchronize
with the interference signal. This means that the cancelers
can remove only one undesired electromagnetic wave from
the received signals.

This paper proposes a novel interference cancellation
technique that achieves superior cancellation performance
even if several interference signals are present. The pro-
posed technique does not need to synchronize with any in-
terference signal, assuming that the interference signals are
periodic. When the interference signals are not synchro-
nized with the proposed canceler, the interference signals
are drifting at the canceler. The proposed canceler applies a
super resolution technique to estimate the drift and removes
the interference signals with the estimated drift.

This paper is organized as follows. Next section intro-
duces a system model. The proposed canceler is explained
in Sect.3. The performance of the proposed technique is
evaluated by computer simulation in Sect. 4 and Sect. 5 de-
scribes concluding remakes.

Throughout the paper, E [a], R [c], and T [c] indicate
the ensemble average of a variable «, a real part and an
imaginary part of a complex number c¢. AT, A", (B)~! and
c* represent transpose, Hermite transpose of a vector or a
matrix A, an inverse matrix of a matrix B, and complex con-
jugate of a complex number c. diag[a;---ay] denotes a
diagonal matrix with a; in the diagonal positions where N
indicates the size of the diagonal matrix. Iy and j denote the
N-dimensional identity matrix and the imaginary unit.

2. System Model

We assume that a receiver with an antenna is put on a vehi-
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Fig.1  System model.

cle for receiving wireless signals such as radio signals and
television signals. Besides, high power circuits are installed
on the vehicular to drive it. The high power circuits emit
periodical undesired electromagnetic waves, which are also
received at the antenna on the receiver. Let y(f) € C denote
the received signal where ¢ € R indicates a time index, the
received signal is written as,

Ns—1 K-1
y() = D s+ Y hixi (6 =i (D) + () M
n=0 i=0

In (1), s,(t) € C, x;(r) € C, h; € C, and n(¢) € C repre-
sent an nth wireless signal, an ith periodic interference sig-
nal caused by an undesired electromagnetic wave, a channel
impulse response of the ith interference signal, and the addi-
tive white Gaussian noise (AWGN). In addition, 7; () € R,
N € N, and K € N denote delay time of the ith interference
signal, the number of the wireless signals received at the an-
tenna, and that of the interference signals, respectively. The
system is illustrated in Fig. 1 where a wireless signal is re-
ceived at an antenna of wireless system receiver as well as
two undesired electromagnetic waves. The figure depicts
the system model defined in (1) where the number of the
wireless signals Ng and that of the periodic interference sig-
nals K are 1 and 2, respectively. The variable A; denotes
the channel impulse response between the antenna on the
receiver and the interference signal generators shaped with
the circles in the figure. We assume that most periodic in-
terference signals are generated from regulators on vehicles,
the cycles of the periodic interference signals are not so dif-
ferent from each other, but they are not synchronized with
each other. The asynchronization among the interference
signals prevents the receivers from being synchronized with
those interference signals in principle.

3. Asynchronous Interference Cancellation
The received signals are sampled at the sampling rate %

where T denotes the cycle of the sampling. The sampled
signals are converted to frequency domain signals by the
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discrete Fourier transform (DFT) as follows.

NF—I
ym) = ) y(t—nT)e™
n=0
Ns-1 K-l o TilOm
= D" sm) + D hixm T 4 (m) - (2)
i=0 i=0

Nr € N in (2) represents the number of the DFT points.
y(m) € C, s,;(m) € C, and s,;(m) € C denote mth fre-
quency domain signals of the time domain signals y (), s;(?),
and n(r), the latter two variables of which are defined as,

siim) = YVl st = nT)™ N and n(m) = YN e -

nT)ejZ"’nVLFZ, respectively. In addition, x,;(m) also represents
mth frequency domain signal of the interference signal x;(7)
defined as,

Np—1

xt,i(m) = Z x;(t — I’lT)ern;TTnl: (3)

n=0

As is described above, the received signals are sampled and
fed to the DFT implemented by the FFT (Fast Fourier Trans-
form). It is natural to express time index ¢ as a discrete time
index. Because ¢ is defined as the sampling timing of the
first samples in the Np samples that are provided to the DFT,
the time index can be defined with integer multiples of NgT,
which is written as, t = kNgT + 1y, where ¢y denotes an ini-
tial sampling offset. When the time index is expressed in
the discrete format, the discrete received signal is defined as
y (k) = y(kNgT + ty) where T and ¢, are dropped from the
notation in the left hand side of the equation. Hence, the
discrete received signal is rewritten as follows.

Ns—l K-l o Tiom
Yem) = " sin(m) + > hixi (me T+ ne(m) - (4)
n=0 i=0

As is described in the previous section, the interference sig-
nals x;(k) are not synchronized with each other. This means
that every delay time 7;(k) is drifting independently. To sim-
plify the drifts, we approximate the drifting with a linear
function, which is defined as 7; (k) = a;kT + b; where a; € R
and by € R represents the drift during the sampling cycle T
and an initial delay’. While the small drift does not degrade
the DFT performance, the drift deteriorates the interference
cancellation performance, which is explained below. To al-
leviate the performance deterioration, the drift is estimated
in the following.

A received signal vector Y; (m) € CNexl is defined
as Yy m) = (6 0m) g, m) -+ ey, () where Ng
and N, denote dimension of the vector Y (m) and spacing
in time between the adjacent elements in the received signal
vector. We introduce a correlation matrix R (m) € CNexNa ot

'If the drift a; is small enough, the small drift does not affect
the DFT conversion performance. Therefore, the small drift is ne-
glected in the DFT defined in (2) and (4). The small drift means
that the DFT cycle NgT is set close to integer multiples of the cycle
of the interference signals.
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the mth frequency, which is defined as follows.

Nr+(Ng=1)N,-1
H
Y (m) Yy (m)
k=(Ng—DN,

1

Ns—1

Z o, (m) Ly, + Ry (m) + 0”1y, 6))
n=0

Q

In (5), Mg € N, o-g’n (m) € R, 0 € R, I, € CNoNa_ and
R, (m) € CNoNe denote the number of the samples com-
prised of the correlation matrix, power of the nth wireless
signal, that of the AWGN, the Ny-dimensional identity ma-
trix, and the correlation matrix of the interference signals.
Let an ith interference signal vector at the mth frequency
point in the band X;; (m) € C¥*! be defined as X, (m) =

agkm aj(k=(Ng—1)Np)m
Ng

‘277% 2~
i xk,i(m)e] F

correlation matrix of the interference signals is defined as
follows.

i
e X (Ng= DN i (m)e” , the

NR+(Nd—1)Np—1 K

Z Z Xpi (m) Xp i, ™ (6)

Nr k=(Na=DN, i1,in=1

Since the correlation matrix of the interference signal is Her-
mitian as shown in the above, the correlation matrix can be
decomposed as follows [17].

R, (m) = U(m) Ty (m) U (m)"

_ 3 H
:@mﬁWW%mgﬂgﬁﬁ

= Um) Ty (m)UmY 7

In the above equation, U (m) € CNoNe and T, (m) € CNexNe
represent a unitary matrix and a diagonal matrix with eigen-
values in the diagonal positions. In addition, U (m) € CNe*K|
U (m) € CNoxWa=K) "and Ty (m) € CX*K denote orthogonal
rectangular matrices, and a diagonal matrix with non-zero
diagonal elements, which is defined as,

[y (m) = diag[1 (m) - - yx ()], ®)

where ¥; € R indicates ith eigenvalue of the matrix Ry (m).
Because we assume that the number of the interference sig-
nals K is much less than the vector length Ny, the diagonal
matrix I'x (m) has zero diagonal elements. By substituting
the correlation matrix in (7) for (5), the correlation matrix
R (/) can be rewritten as follows.

R(m) = U(m){Ty (m) + (07 (m) + 0?) I, } U (m)"
=UmT (mUm" ©)

In (9), [(m) € CNoNe and o2 (m) € R represent a di-
agonal matrix and a total wireless signal power in the
mth frequency, which are defined as I'(m) = Ix(m) +
(o-f (m) + 0'2) Iy, and 02 (m) = Z,,Ni(; ! o-in (m), respectively.
Let the diagonal values of the matrix I" (m) be denoted as
v; (m), the diagonal matrix can be expressed as,
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['(m) = diag[y) (m)---yn, (m)]

= diag [y (m)+0? (m)+07 -+ 7 (m)+072 (m)+0”

o2 (m)+ 02l (m) + 0], (10)

Because all the values ¥, - - - ¥k, and o2 (m)+0 are positive,
the eigenvalues have the following characteristics.

yi(m) > >y (m) > ygo (m) =---yy, (m) (11)

If (7) is taken into account, the matrix R (m) can be rewritten
by using the above relationship as,

y1 (m) 0
R (m) = U(m) U (m"
0 vk (m)
Yk+1 (m) 0
+U@m) Umt. 12
0 Y, (m)

If we select the eigenvectors corresponding to the K biggest
eigenvalues, i.e., y; (m)---yg (m), we can extract the or-
thogonal rectangular matrices U () from the unitary matrix
U(m). In a word, the rectangular orthogonal matrix U ()
which contains the eigenvectors of the correlation matrix
R, (m) can be extracted by means of the eigenvalue decom-
position.

If the eigenvalues and the eigenvectors are obtained,
we can estimate the correlation matrix of the interference
signals Ry (m). The correlation matrix of the interference
signals Ry (1) can be rewritten as follows (see Appendix).

K-1

R, (m) = )" | im)]” ¥, (m) (13)

i=0
¥, (m) € CNexNa in (13) represents a Toeplitz matrix, which
is defined as,

aiNpm(Ng—1)

. L )
¥ (m)

. aiNpm(Ng—1)
e—]27r7’ e

A m)A;(m)". (14)

A;(m) € CN*! denotes a steering vector defined in the fol-
lowing.

1

o tiem
(S Vg

Ai(m) = : (15)

aiNpm(Ng-1)

e—]27r Vr

The correlation matrix Ry (i) is rewritten with the steering
vectors as,

R, (m) ~ A (m)D m) A (m)T . (16)
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In (16), A(m) € CN*K and D(m) € CK*X rep-
resent a steering matrix and a diagonal matrix de-
fines as A(m) = (A;(m)---Ay,(m)) and D(m) =
diag [lxk’l(m)|2 . |xk,K(m)|2]7 respectively. The equation in
(16) can be seen as factorization of the correlation matrix
R, (m) with the steering matrix A (m) and the diagonal ma-
trix T’y m)". The correlation Ry (m) is also factorized in (9).

If the two factorizations are compared, the following rela-
tionship can be found.

A(m)=U@m)T (m) a7

T (m) € CX*X represents a transform matrix.

We introduce two matrices defined as J; € RNex(Na=D)
and J, € RNeWa-D wwhich are defined as J, =
(It Ovg-nx)" and Jo = (O,—1yx1 Ly,-1)', respec-
tively. If we see the characteristics of the matrix A (m) de-
fined in (15), the following equation can be derived with the
matrices J; and J, as follows.

J1A (m) = JLA (m) ©(m) (18)

®(m) € CK*K denotes a diagonal matrix defined as ®(m) =

.y a;Npm
diag (41 (m) -+ ¢ (m)). where ¢; (m) = ¢ % _ By sub-
stituting the matrix A (m) in (17) for (18), the above equation
is rewritten as,

JiU(m) T (m) = J,U (m) T (m) O(m). 19)

If the matrix T (m) can be estimated with the matrix U (m),
we can estimate the diagonal matrix ®(m). The matri-
ces ®(m) and T (m) to satisfy the above equation should
be estimated simultaneously. This problem can be solved
with super-resolution techniques such as the ESPRIT [18],
[19]". Those techniques give us an estimate of the diag-
onal matrix ®(m). Let the estimate of the diagonal ma-
trix be denoted by ®(m) € CK*K defined as d(m) =
diag[¢) (m) - - - px (m)] where ¢, (m) € C indicates a pth
estimate, an estimate of the drift a; (m) can be obtained as
follows.

a;(m) =

Nr can-! ( I [¢i (m)] ) 20)

27mN, R [p; (m)]

In (20), tan~'(-) indicates the arctangent.
3.1 Sequential Drift Estimation

The output of the arctangent ranges from —7 to 7 in prin-
ciple. When the frequency index is high, i.e., m is large,

TAs is described below (A- 5), if the number of the vectors Ng
becomes infinite, the eigenvalue decomposition in (16) will be car-
ried out without any approximation, which leads the perfect drift
estimation.

""The eigenvalue decomposition is applied to extract the inter-
ference signals from the correlation matrix. However, the eigen-
value decomposition conceals the steering vectors from the corre-
lation matrix, even though the steering vectors are preserved in the
correlation matrix through the eigenvalue decomposition. Super
resolution techniques such as the ESPRIT can restore the steering
vectors from the correlation matrix, which is going to be shown.
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the angular of the ¢;(m), 27ra’x—§m, is easily made out of

the range, even if the drift a;(m) is not big. To solve this
problem, we propose a sequential drift estimation technique.
When the frequency index m is low, the technique described
in the previous section can exactly estimate the drift. The se-
quential drift estimation makes use of the nice performance
at the lower frequency points in order to estimate the drifts at
the higher frequencies. The proposed drift estimation tech-
nique estimates the drifts at the several frequency points. Let
B denote a set of frequency indexes where the drift estima-
tion is carried out, the set B is defined as B = {m;...my,}
where m; € N and Ng € N represent an /th entry and the
number of entries in the set B. Let a; (mp_l) € R indi-
cate a drift estimated at the m,,_;th frequency point by the
proposed sequential drift estimation, the proposed drift esti-
mation technique estimate the drift g; (m ,,) at the mpth fre-
quency point as follows.

él(m,,,l) (m,,) = (m,,) o2

ai(mp-1 JmpNp
- N

J [‘zfmpil) (m,,)]
R [‘%l‘(mp_]) (m,,)]

a(my) = ZHZ;NP tan”! ~ay(mp1)

2

The sequential drift estimation estimates the drifts at the
highest frequency point, i.e., the my,th frequency point by
iterating the signal processing defined in (21). The initial
value a; (m;) is set to 0, i.e., a; (m;) = 0.

If the correlation matrix is made from the infinite num-
ber of the vectors, i.e., N — oo, the matrix Ry (m) is exactly
decomposed with the matrices A (m) and D (m). Actually,
NR is finite in real environment, which causes the correla-
tion matrix Ry to differ a little bit from the term in the right
hand side of (16). This difference degrades the drift estima-
tion performance, especially when the strong wireless sig-
nals are contained in the received signals.

3.2 Adaptive Cancellation

As is written in (4), the interference signals are weighted

ajkm+b;

by not only ¥ % but also a complex channel gain A;.
Since the drift a; can be estimated by the proposed tech-

joriL .
nique, the other part h;eﬂ" M is necessary to estimate exactly
for successful interference cancellation. Because the part

h,-ejz’r’% is regarded as a time invariant term, the minimum
mean square error (MMSE) is applied for the estimation of
the time invariant terms in order to obtain the optimum can-
cellation performance in terms of the signal to noise power
ratio (SNR). First of all, an error ¢, (m) € C is defined as,

a;(mymk

K-1
ek (m) = ye (m) = ) (wim)" T (m) e %
i=0

= yi (m) = W (m)"! ©,,(mk)X; (m) (22)
W(@m) € CK and ©,,(mk) € CK*X denote an MMSE



DENNO and HOU: ASYNCHRONOUS PERIODIC INTERFERENCE SIGNALS CANCELLATION IN FREQUENCY DOMAIN

Table 1  Simulation parameters.
Interference signal Rectangular pulse
DFT points Ng 128
Number of interference signals 2
Drift a; 1.0x1073,2x 1073

2.0 x 10* - NgN,
Gaussian signal on every frequency index

Number of sample Ng

Desired signals

Number of antennas 1
AWGN

Channel model

weight, and an estimated diagonal drift matrix, which are
defined as W(m) = (wi(m)---wg(m))" and ©,,(mk) =

a) (mymk o (mmk
. 1 21
diag |&” % ... W

where w;(m) € C represents an

ith weight. In addition, X, (m) € CX¥! represents a time in-
variant signal vector at the mth frequency point defined as
X (m) = (X1 (m)--- Xk (m))" where Xi; (m) € C denotes
a time invariant signal. The MMSE weight can be defined
as follows.

Nr
W (m) = arg min Z lex (m))?
A=
Nr ~Iyve
=1 > OnmX( X0, (mi0" | > 0,(ml) Xy (m)
k=1 k=1

(23)

The proposed per-frequency cancellation technique com-
prises the FFT processing, the drift estimation and the adap-
tive cancellation. The sequential drift estimation needs m
times complex multiplication as many as the per-frequency
drift estimation. Since the drift estimation needs com-
plicated computation such as the ESPRIT, the computa-
tional complexity is O (2Ng —2)*". In addition, the adap-
tive cancellation needs the weight matrix calculation with
Ny (N§ + 1). However, they are needed only once at the
beginning of the signal reception. On the other hand, the
proposed adaptive cancellation has to perform the FFT and
the linear filtering whenever the wireless signal is received.
Hence, the complexity of the proposed technique is domi-
nated by that of the linear filtering and the FFT. The com-
plexity of the proposed technique is fairly small.

Though we assume that the interference signals are
periodic in the time domain, we don’t assume any other
characteristics of the interference and the wireless signals.
This means that the proposed technique mitigates the per-
formance degradation due to periodic interference signals
with any type of spectrum, despite of the characteristics of
the wireless signals signals.

As is described in the introduction, no techniques have
been proposed to cancel a few interference signals. Our pro-
posed technique cancels severe periodic interference signals
with small computational complexity, in spite of the wire-
less signals and spectrum of the interference signals. The

"We assume that that the ESPRIT with the total least squares
(TLS) algorithm is applied [20].
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performance is confirmed in the following section.
4. Simulation

The proposed technique is evaluated by computer simula-
tions in an environment where two interference signals are
received at the antenna as well as the wireless signals'™.
The wireless signals occupy all frequency points. In order
to confirm that the proposed technique mitigates the per-
formance degradation in any type of wireless systems, we
evaluate the average performance of the proposed technique.
According to the central limiting theory, the ensemble av-
erage of many signals is reduced to the Gaussian signal.
This means that the average performance can be obtained
by applying the Gaussian signal as a wireless signal. There-
fore, the Gaussian signal is used as a wireless signal. Even
though the proposed technique can handle with any type of
periodic signals, we apply periodical rectangular pulse with
duty cycle of 50% as the interference signal, because reg-
ulators generate such rectangular pulses that cause the un-
desired electromagnetic wave. The drift of the interference
signals are set to 1.0 x 1073 and 2.0 x 103 except in Fig. 8.
We apply the ESPRIT with the TLS algorithm. Only one an-
tenna is put on the receiver. Since the undesired electromag-
netic waves are propagated to the antenna in a vehicle, the
propagation channel is regarded static. This paper applies
the AWGN channel as a representative of static channels,
because this is a first step of our challenge'. The time in-
variant signal vector Xy (m) is set to Xz (m) = (1 1)T. The
proposed drift estimation applies a set B with 4 entries, i.e.,
Ng = 4. The set B = {8, 48, 88, 128} is used for the drift
estimation. Hence, Ny, = N4 = 128717,

4.1 Drift Estimation Performance

Figure 2 shows the drift estimation performance of the pro-
posed technique with respect to the frequency index m. The
vector length Ny is 20, i.e., the correlation matrix size is
20 x 20, and the spacing N, is 100. The carrier power
to interference power ratio (CIR) is —10dB, and 10 dB.
The interference power to the AWGN power ratio (INR) is
changed from 15 dB to 35dB. The estimation performance
is getting better as the frequency index is higher. The drift

T"Because this is our first step of our challenge, the performance
is evaluated by computer simulation. The theoretical performance
analysis is one of our important future works.

"""While the proposed technique can be used in fading chan-
nels, the performance could depend on channel realization. Adap-
tive cancellation in fading channels and the performance evaluation
will be included in our future works.

TT"We have selected the set B where the highest element is Ng
and the adjacent elements are equally spaced for the sequential drift
estimation achieving its potential performance. The number of the
elements N is selected for the lower complexity implementation,
while the sequential drift estimation would achieve better perfor-
mance as the number of the elements increases. There is a tradeoff
between the complexity and the performance. Optimization of the
number of the set B is one of our future works.
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Fig.2  Drift estimation performance at frequency points.

estimation error is defined as % lei E [la;(m) - al(m)|2] in
the figure. The estimation performance is improved as the
CIR is reduced. Since the rectangular pulse with duty cycle
of 50 % is used, the CIR of the received frequency domain
signals is getting larger toward the center in the frequency
points. This is the reason why the estimation performance
at the higher edge is better in the frequency points. However,
the estimation performance becomes worse as the frequency
index gets smaller. As is shown in the vector Xj; (m), the
rotation angle due to the drift becomes smaller as the fre-

quency index m gets small. In other words, when the fre-
a;Npm

quency index m is small, the phase rotation term e N be-
comes small. Because the small term is easily collapsed by
the AWGN, the estimation performance is getting degraded
as the frequency index m becomes smaller.

Figire 3 shows the drift estimation performance with
respect to the spacing N,. The correlation matrix size is
20 x 20, and the INR is 35dB. The CIR is set to 0dB and
—10dB. The estimation performances at the 64th and the
128th frequency points are compared. While the perfor-
mance is dependent on the frequency index, the estimation
performance is improved as the spacing gets longer. On the
other hand, as is shown in Fig. 2, the higher frequency index
enables the proposed technique to achieve better estimation
performance. We apply the frequency index of 128 for the
estimation. Since the estimation performance is only gradu-
ally improved as the spacing gets longer, we hereafter uses
N, = 100 in this paper.

Figure 4 shows the drift estimation performance at the
frequency index of 128 with respect to the vector size Ny,
i.e., the correlation matrix size Ny X Ng. The INR is 35 dB.
The CIR is changed from —30dB to 30 dB. The spacing N,
is set to 100. The estimation error is improved as the CIR
gets smaller. As long as the CIR is less than 10 dB, the pro-
posed technique achieves similar estimation performance if
the vector size is bigger than 20. The vector with Ny = 20 is
hereafter used for the performance evaluation.

4.2 Cancellation Performance

The proposed cancellation technique is evaluated in terms
of the signal power to the noise and interference power ra-
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tio (SINR). Figure 5 shows the cancellation performance of
the proposed cancellation technique with respect to the fre-
quency index. The vector size Ny and the spacing N, are
20 and 100, respectively. The CIR and the INR are set
to 0dB and 35dB, respectively. The cancellation perfor-
mance without drift estimation is added as a reference. Be-
cause the rectangular pulse with duty cycle of 50% is ap-
plied, the CIR of the input signals at both the edges is the
worst in all the frequency points. When the drift estimation
is not applied to the adaptive cancellation, the CIR at the
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frequency index gets worse as the frequency index comes
closer to the both edges. This means that the interference
cancellation without drift estimation is not able to improve
the CIR at the both edge of the frequency band points. On
the other hand, the proposed canceler improves the SINR
performance. Although the drift estimation performance de-
grades as the frequency index decreases as shown in Fig. 2,
such estimated rough drift helps the canceller to improve the
SINR performance at the lower edge of the frequency band.
As the frequency index increases, such estimated rough drift
causes the severe cancellation performance degradation, be-
cause the phase in the phase rotation term becomes greater.
However, as the frequency index becomes more than 6, the
estimated drift gets very exact, which improves the SINR
performance. The performance gain is maximized at the
higher edge, i.e., m = 128, because the proposed technique
achieves the best drift estimation performance at the highest
edge. The proposed technique attains a gain of more than 40
dB at the edge. Because the cancellation is truly necessary
at the edge, the performance of the proposed technique is
mainly evaluated at the frequency index of 128.

Figure 6 shows the cancellation performance at the fre-
quency index of 128 with respect to the spacing Np. In the
figure, the proposed technique with the sequential drift esti-
mation is added. To contrast with the sequential drift estima-
tion, the original drift estimation defined in (20) is named as
“per-frequency drift estimation” in the figure. The 20 x 20-
correlation matrix is used and the vector length Ny is 20.
The proposed technique with the per-frequency drift estima-
tion achieves the performance upper bound when the spac-
ing is set between 50 and 1207. As the spacing is smaller
than 50, the SINR is more degrading. On the other hand,
the proposed technique with the sequential drift estimation
achieves the performance upper bound, as long as the spac-
ing N, is more than 80. However, the performance is de-
graded when the spacing N, is less than 80. The proposed
technique with the sequential drift estimation achieves the
upper bound with wider spacing range than that with the
per-frequency drift estimation.

Figure 7 shows the cancellation performance at each
frequency index where the spacing N, is lengthened to 500.
The CIR is set to —10dB and the INR is 15dB and 35dB.
The 20 x 20-correlation matrix is applied. The proposed
technique with the per-frequency drift estimation carries out
the drift estimation defined in (20), and applies the estimated
drifts for the adaptive cancellation at every frequency index.
On the other hand, the proposed technique with the sequen-
tial drift estimation estimates the drifts at the frequency in-
dex of my,, i.e., 128, and applies the estimated drifts for
the adaptive cancellation at all the frequency points. While
the proposed technique with the per-frequency drift estima-

"When the CIR is —10dB, the signal power is 10 dB smaller
than that of the interference power. If the INR are 35 dB, the noise
power is 35dB smaller than the interference power. This means
that the carrier power to noise power ratio (CNR) is 25 dB. On the
other hand, when the CIR and the INR are equal to 0 dB and 35 dB,
the CNR is 35dB.
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tion achieves the performance upper bound at the frequency
points of lower than 30, the performance is degraded as
the frequency index gets more than 30. On the other hand,
the proposed technique with the sequential drift estimation
achieves the performance upper bound at all the frequency
points.

Figure 8 shows the cancellation performance at the fre-
quency index of 128 with respect to the drift in terms of the
SINR. The horizontal axis is the drift of one interference
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signal, and the drift of the second interference signal is two
times as much as the horizontal axis. The spacing N, and the
vector length Ny are set to 100 and 20, respectively. The INR
is 35dB, and the CIR is set to —10dB and 0 dB. When the
proposed technique with the per-frequency drift estimation
is used, the cancellation performance is easily deteriorated if
the drift is bigger than 1.2 x 1073 in spite of the CIR. On the
other hand, the proposed technique with the sequential drift
estimation achieves the performance upper bound in spite of
the drift, when the CIR is equal to —10dB. When the CIR is
0dB, the performance upper bound is achieved as long as the
drift is more than 1.0x1073. If the drift is less than 1.0x 1073,
the cancellation performance is suddenly degraded, because
the drift estimation performance is degraded as inferred in
Fig.2. Because we can not exactly know how much the in-
terference signals are drifted, the sequential drift estimation
can be regarded as a useful technique to keep the superior
performance even if the drift is deviated more.

5. Conclusion

This paper has proposed a novel interference cancellation
technique that makes radio receivers robust against unde-
sired electromagnetic waves emitted from high power cir-
cuits such as those on electric vehicles. The proposed in-
terference cancellation technique removes the interference
signals caused by the undesired electromagnetic waves from
the received signals, even if several interference signals are
present in the received signals. The proposed interference
cancellation technique achieves superior interference can-
cellation performance, assuming that the interference sig-
nals are periodic in the time domain, even if the interference
signals are not synchronized with each other. The proposed
technique calculates a correlation matrix in the frequency
domain, and applies super resolution techniques such as
the ESPRIT to estimate the drifts of the interference sig-
nals. The proposed technique cancels the interference sig-
nals based on the linear filtering called “adaptive cancella-
tion” with the estimated drifts. The minimum mean square
estimation is applied to the adaptive canceler. Moreover,
this paper proposes a sequential drift estimation for the pro-
posed technique to keep the performance at all the frequency
points.

The performance of the proposed technique is con-
firmed by computer simulation. The proposed technique
achieves superior drift estimation performance, especially,
at higher frequency points. The proposed technique attains
a gain of more than 40dB at the higher frequency points.
The proposed canceler achieves the upper bound of the in-
terference cancellation performance with the estimated drift,
however, if the parameter sets are carefully selected. The
sequential drift estimation relaxes the parameter selection.
The proposed technique with the sequential drift estimation
achieves the the performance upper upper bound even if the
drift is more that 4.0 x 1072,
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Appendix: Correlation Matrix

When Mg is large enough, the correlation matrix can be ap-
proximated with its ensemble average as,

NR+(Nd—1)Np—1 K

R, (m) = N_RE

X, (m) Xy ().

k=(Ng=DN, ij=Li=1
(A-T)
Let r,, (p, q) denote the (p, g) element of the matrix Ry (m),

because the interference signals and the drift are indepen-
dent each other, the element r,, (p, ¢) can be written as,

1
m (P, @)= N_
R
Nr+(Ng=DN,—1 g

oE Z Z Xk (p= 1N iy (M) Xk—(g= )N, i (1)
k=(Na=DN, it.in=1

i2r {Cosy ey Y=oy p=1-aiy (g=1 YNp pm ] ej27r by ~biy

e Nr NiT

Ne+Ng-DNp=1 K
= Z E [Xk—(p—l)Np,i, (M) Xk~ (g-1)N, s (m)*]
R k=(Ng=DN, ilip=1

{ (ai, —aiy Y= (i, (=D=ai, (a=D)Np Jn

oE {eﬂﬂ NF

1

o biy ~biy
TN (A2)
Because we assume that a;, # a;, if ij # i, the terms with
'ZKM . . . .
E|e N ij # iy disappear. The element r,, (p, q) is
again rewritten as,

a;(p-@)Npm

K
1 -j2n
Fn(pg)= o= > €T
Nr
Ne+(Ng—)Np—1
o Z E [xk—(p—1)Np,i(m)-xk—(q—l)Np,i(m)*]
k=(Ng— )N,
(A-3)

Since the drift a; expresses the deviation of the interference
signals x;(¢) in the time domain, a part of its frequency do-
main signal, x;;(/m) is not time selective. x,(m) does not
depend on time index p, i.e., xp(m) = x4;(m) evenif p # g.
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This reduces the above equation to the following equation.
K 7j2’rai([)7t[)Npm 2
rn (@)= ) €T i) (A-4)
i=1

Therefore, the correlation matrix

rm(lal) rm(lde)
Ry (m) = : :
rm(Ng, 1) rm(Ng, Ng)
< 4i(Ng—D)Npm
2
~ Z |xei(m)|
=1

. aj(Ng=1)Npm
e,JzﬂTP

(A-5)

If the number of the vectors Ng becomes infinity, the cor-
relation matrix Ry (m) will become exactly the term in the
right hand side of (A-5).
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