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Abstract In this paper, the improved sampled pattern matching (SPM) method is proposed. The method is
based on the substitution of the original device by an equivalent set of small current sources, which radiate the same
near-field. The correlation coefficient, which determines the similarity between the measured field and calculated
field in the improved SPM method, does not require the absolute operation so that the phase term of equivalent
sources is also taken into account. The validity of proposed method is shown by performing the estimation of the
locations of two coherent EM sources with different initial phases. The results show that the improved SPM method
can estimate accurately the location of current sources. Finally, the phase difference is also identified and compared
with the experiment results to demonstrate the validity of the proposed method.

Key words SPM method, correlation coefficient, near-field measurement, current estimation

. (PCB) technologies are widely used in most of the electronic
1. Introduction ) .
devices nowadays. In order to suppress the electromagnetic

The problem of electromagnetic interference between elec-
trical circuits and devices is becoming more and more se-
rious because the clock frequency of the electrical circuits

is increasing rapidly and high-density printed circuit board

interference between the devices, it is neccessary to know
the electric current distribution on the electronic circuits in
designing the electronic devices. The currents on a PCB

can be a common-mode current or a differential-mode cur-



rent [1], [2].

electromagnetic noise, but the differential-mode current is

The common-mode current may be a source of
never. Consequently, the phase information of current on
a PCB is as important as the amplitude in recognizing the
reason of electromagnetic interference. Therefore, it is nec-
cessary to estimate both the amplitude and phase of current
distribution of a PCB.

In the previous studies, the equivalent source approach has
been studied as the current estimation method [3]- [11]. The
equivalent source approach was originally used to calculated
the radiation from aperture antennas, which are replaced by
the equivalent magnetic current located at equally spaced
meshes of a two-dimensional plane [3], [4]. The electric cur-
rent was also used as the equivalent source instead of the
equivalent magnetic current to solve the radiation problem
of aperture sources [5]. In these studies, a coupling equation
was established between the electric field radiated by the
equivalent currents and the value of the equivalent currents
by using the free space Green’s function. In[6], [7], the cou-
pling equation between the radiated field and the expanded
electric currents is evaluated by the finite-difference time-
domain (FDTD) method, and the current distribution on
the location-specific wire segments on the multilayer PCB is
then estimated. The current distribution on the wire mesh or
the unknown current segments are obtained by solving the
matrix equation with direct inversion methods or iterative
methods such as conjugate gradient method (CGM). How-
ever, the results are seriously sensitive to noises produced
in the measurement system due to the fact that the matrix
is almost ill-conditioned for the equivalent electric current
approach. The distance between the estimation plane and
measurement plane must be small enough to obtain a high
signal-to-noise ratio (SNR) in order to give an accurate esti-
mation results.

Another approach to estimate the distribution of current
sources by finding the equivalent current sources which radi-
ate the identical electric- or magnetic-field distribution com-
pared to the measured results has been proposed. Regué
used a genetic algorithm to generate equivalent set of cur-
rent sources (refered as elemental dipoles) and calculated the
far-field from the determined radiating sources[9]. Despite
a genetic algorithm can reduce the local minimum trap, the
computational cost of this approach is quite expensive. The
sampled pattern matching (SPM) method is proposed by Sao-
tome et. al. [10], which is a method used to create the mag-
netoencephalograph in the field of biological magnetism at
low frequency. The SPM method has also been used in the
high-frequency application such as the estimation of unre-
quired electromagnetic sources in the electronic devices [11].

In the SPM method, the current source distribution is found

by selecting one by one the equivalent current source which
has the largest correlation coefficient between the measured
field and the radiated fields from equivalent sources. How-
ever, the estimation of equivalent current sources is difficult
when phase difference between emission sources exists in the
conventional SPM method because the phase information of
sources is destroyed by the absolute operation of complex
correlation coefficients. This problem can be improved by
using the scalar correlation coefficient instead of the com-
plex one so that the phase term of equivalent current source
can be taken into account.

The improved SPM method is proposed in this paper. The
improved SPM method is capable of estimating equivalent
current sources when the phase difference between two EM
emission sources exists. The conventional SPM method and
improved SPM method are introduced in Section II. The
parametric study is performed for the effect of size of mea-
surement plane, number of sampling points, phase defference
to the estimation accuracy are discussed in Section IV. Fi-

nally, the conclusion is given in Section V.
2. SPM method and improvement

Let us consider an electronic circuit or device radiating
the electromagnetic field into free space as illustrated in Fig.
1. For the planar scanning case, the near-field is measured
over a plane parallel with the source plane. The electric
field on the receiving point can be determined by the numer-
ical method or be measured by the practical measurement
method. The electric field radiated from the current source
to the receiving point ¢ is denoted by e;. The field distri-

bution at the measurement plane is then expressed in the

vector form

E=ler, ez, €5, ,em”, (1)

where M is the total number of receiving points, T is the
transpose operation of matrix. The method of moments
(MoM) [12] is used to calculate electric fields at every re-
ceiving point.

Next, let us consider the estimation area which encompass
the current sources as shown in Fig. 2. The hypothetical
current sources are placed uniformly into the estimation area
along the z, y, and z direction respectively. The total num-
ber of hypothetical current sources is then N=N; x Ny X N..
The electric field distributions, which are created by the hy-
pothetical current sources at the scanning plane, is calculated
from the method of moments. Using the notation f;; for the
electric field radiated from the hypothetical current source j
into the receiving point i, the electric field distribution cre-
ated by the hypothetical current source j is then expressed

as
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2.1 SPM method

In the process of the estimation of equivalent current
sources in SPM method, the hypothetical current source,
which has the maxmimum correlation coefficient calculated
by the similarity of the measured electric fields and calcu-
lated electric fields at the scanning plane will be selected
out one by one. If the total number of selected hypotheti-
cal current sources is N, the selection of hypothetical cur-
rent sources is terminated when all of Ny current sources
are selected out. The correlation coefficient calculated from
the calculated and measured electric field distribution is ex-
pressed by using the Cauchy-Schwarz inequality. In the con-
ventional SPM method, the correlation coefficient is deter-

mined as a result of complex inner product expressed as

(E,G)|

V(E,EW(G,G) |’

Pspy = arg max (3)

where,
N/
G=F;+> Fy, (4)
Jj'=

jeEM@—-Q) and j €.

where, Pspu is the correlation coefficient between the electric
field distribution created by a hypothetical current source
and measured electric field distribution. F; is the electric
field distribution created by the hypothetical current source
that has not yet been selected in the process of estimation.
F;: is the electric field distribution created by the hypothet-
ical current sources that have been already selected in the
previous turn of calculation. €2 is a set of candidates of the
hypothetical current sources as illustrated in Fig. 3. Q' is a
set of selected hypothetical current sources. N’ is the num-
ber of selected hypothetical current sources. The process of
selection of the hypothetical current sources continues until
N’ reaches N,. The inner product of complex vector in (3)
is defined as follows.

M

(A,B) =Y aib, (5)

i=1

The inner product in (5) results in a complex value in the
conventional SPM method. Consequently, the absolute value
of numerator of (3) must be evaluated for the correlation
coefficient. This causes the phase information of the elec-
tric field distribution radiated from the hypothetical current
source to vanish in the above expression.

2.2 Improved SPM method

In the conventional SPM method, the phase of the elec-
tric field distribution is not taken into account because of
the phase information is destroyed during the evaluation of
absolute value for correlation coefficient. The inner product
is then redefined to be determined as a real value in the im-
proved SPM method, i.e. the inner product is represented

as follows.
M
(A,B) = Re(aib:) (6)
i=1
The absolute operation is not required in the proposed

method. The correlation coefficient is then expressed as

(E, G(k))
V(E,E)\/(G(k),G(k))

Pspm(k) = argmax

(7)

Ml
Gk)=|F;+ > Fy | o7 (8)
jran

where Pspum(k) is the correlation coefficient when the phase

of hypothetical current source is equal to Agp. The phase



term e’2% of electric field distribution is also taken into ac-
count during the evaluation of correlation coefficient. By
using the new definition of correlation coefficient, the phase
of hypothetical current sources are fully taken into account

in the estimation procedure.
3. Analysis model and results

Two half-wavelength dipoles with the y-polarization are
placed in the estimation area as shown in Fig. 4. The param-
eters of the dipoles are indicated in the table 1. The phase
difference between two current sources is 120° or 7/3 in ra-
dians. The analysis frequency is set to 2.42 GHz throughout

all numerical experiments.
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0 4 Location of real sources.
0 1 Parameters of current sources.
feed location P (-0.2X, 0.1X)
Pq (0.3, 0)
initial phase (61, 02) (0°, 120°)
analysis frequency | (f1, f2)[GHz] | (2.42, 2.42)

The analysis model for the estimation of the current source
distribution is illustrated in the Fig. 5. The parameters for
the analysis model and the hypothetical current sources are
indicated in the table 2 and 3, respectively. The measure-
ment area is aligned in the z-y plane and located at z = 0.
The total measurement points M is 15 x 15 = 225. The
y-polarized electric fields are only measured at each mea-
surement point. The estimation area is assumed to be a
plane parallel to the measurement area. The distance of the
measurement area d. is 0.15)\ far from the estimation area.
Here, we define ”SNR” (signal to noise ratio) to be the ra-
tio between the maximum receiving voltage at d. = A and
the receiving noise voltage. SNR is fixed to 20 dB in the

calculations.
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0 5 Simulation model.

0 2 parameters of analysis model.

measurement area (Sz,Sy) | (1.05x, 1.05X)
total number of
(sz, sy) (15, 15)
measurement points
space between
P (dz,dy) | (0.075X, 0.075))
measurement points
distance from source plane d, 0.15)

0 3 parameters of hypothetical current sources.

length of current source ls 0.03X
number of current sources | N | 35x35 = 1225
phase of current sources | A 0° ~ 360°
total number of selections | Ng 100

3.1 Comparison between conventional and im-
proved SPM methods

The estimation result by using conventional SPM method
is shown in the Fig. 6. It can be obviously seen that the
location of the equivalent current sources do not coincide
with the location of real emission sources. The hypotheti-
cal current sources nearby the source with initial phase of
120° have never been selected in the estimation process be-
cause the conventional SPM method uses the absolute opera-
tion which destroys the phase information of the source with
intial phase of 120°. Consequently, the conventional SPM
method can not be applied to estimate the current source in

this case.

o4 02 0 0z 04
x[4

0 6 Estimation result by SPM method.

In the improved SPM method, the information of the phase
term remains because the absolute calculation of the correla-

tion coefficient is not performed. The results obtained when
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0 7 Estimation result by improved SPM method (left : Ap = 0°,
right : Ap = 120°)

the phases of the hypothetical current sources are fixed to
0° and 120°, respectively, are demonstrated in the Fig. 7(a)
and (b).

lent current sources estimated coincide with the location of

As can be seen in Fig. 7, the location of equiva-

the real source with the initial phase corresponding to the
phase of hypothetical source. If the phase of hypothetical
current sources is fixed to 0°, the locations of selected equiv-
alent sources coincide with the location of the real emission
source which have the initial phase of 0°. Similarly, when the
phases of hypothetical current sources are fixed to 120°, the
distribution of the selected equvalent current sources which
have the initial phase of 120° is obtained. Therefore, the
equivalent sources are estimated in the way that the phase
of hypothetical current sources are the same to that of the
real emission sources.

3.2 Identification of phase difference between two

sources

After all of the possible equivalent current sources (N’ =
N) are selected in the estimation process, The resultant cor-
relation coefficient Pspu is used to identify the phase differ-
ence Ap between two sources. The phase of the hypothetical
current source is varied from —180 to 180° with the phase
interval of 30°. The result of correlation coefficient is shown
in the Fig. 8. It is obvious that the correlation coefficient
reaches the peak when the phase of the hypothetical current
sources is the same as the phase of real source and there are
two peaks in the result which corresponds to the number of
the real emission sources. Thus, the phase difference between
any real sources can be estimated by determining the phase
difference of hypothetical current sources which are used to
calculate the correlation coefficient. So, the improved SPM
method is proved to be applicable to estimate the location
of sources with the distinct phases effectively.

3.3 Estimation results of phase difference

The estimation results, when the initial phase of first

dipole is fixed to 0° and the initial phase of second dipole

Phase of Real Source#1  Phase of Real Source #2

0.75

s
D!_); 0.5

0.25

980720 %0 0 60 120 180
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0 8 Correlation coefficients calculated by improved SPM method
when the initial phases of sources are 0° and 120°, respec-

tively.

is varied from 30° to 120°, is shown in Fig. 9. The pa-
rameters of analysis model (Table II) and the parameters
of hypothetical current sources (Table III) are not changed
except that the distance of measurement plane is fixed to
0.05\ instead of 0.15\. The parameters of current source is

summarized in Table 4.

0 4 Parameters of current sources.

feed location Py (-0.2X, 0.1))
P, (0.3X, 0)
initial phase (61, 62) (0°, 30° ~ 180°)
analysis frequency | (f1, f2)[GHz] (2.42, 2.42)

It is shown that when the phase difference between sources
is less than 90°, only one peak of correlation coefficients can
be observed. Thus, the phase difference can not be identi-
fied. When the phase difference between sources is larger
than 90°, the peaks of correlation coefficients become more
apparent and identification of phase difference can be calcu-
lated straightforward. Consequently, it is difficult to identify
the phase difference by the improved SPM method when the
phases of sources are close together. However, the locations
of equivalent current sources are still estimated accurately
enough, which can be utilized to find the way to suppress the
undesired EM field from the view of electromagnetic compat-
ibility.

3.4 Effect of size of measurement plane

After the validity of the improved SPM method is proved,
it was applied to identified the phase difference between two
sources as same as in the previous section except that the
size of measurement plane is varied. The size of measure-
ment plane is varied from 1A, 2\ and 3\ square while the
parameters of current sources (Table I) and the parameters
of hypothetical current sources (Table III) are fixed. The

sampling points is set to 0.056A. The analysis parameters are
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when the initial phase of first source is fixed to 0° and the
other is varied from 30° to 180°.

0 5 parameters of measurement.

measurement area (Sz,Sy) (1A, 1X)
(2, 2))
(3X, 3))
total number of (s, sy) (21, 21)
measurement points (41, 41)
(61, 61)
dist bet
rshanice between (ds,dy) | (0.05X, 0.05))
measurement points
distance from source plane d. 0.1X,0.5X,1A
1 — T T —— T
| d,=0.14 i
0.8 [o] ) ’;5_:_:_9:““ _
=4 \:\~~ a / ‘e“_
\ o’ ."' E;
= R 2
% L 1
o RN
\5,’ —
Y
o (§,8)=(141A) |
--0---- (24,24)
7 - (34,3%) 1
A T I B

' ' 1
—(180 -120  -60 0 60 120 180
Phase of hypothetical sources[deg.]

0 10 Correlation coefficients when the distance of measurement
plane is fixed to 0.1 and the size of the measurement plane

are is altered.

summarized in Table 5.

The correlation coefficient of equivalent current estimation
calculated by using the improved SPM method when the dis-
tance of measurement plane from source plane is set to 0.1,
0.5\ and 1A, are shown in Fig. 10, 11, and 12, respectively.
As shown in Fig. 10, when the distance of measurement
plane is small (d. = 1)), the phase difference between cur-
rent sources can be distinctly identified by the phase dif-

ference of hypothetical sources in the correlation coefficient
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0 11 Correlation coefficients when the distance of measurement

plane is fixed to 0.5\ and the size of the measurement plane

are is altered.
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0 12 Correlation coefficients when the distance of measurement
plane is fixed to 1\ and the size of the measurement plane

are is altered.

results. Two peaks of correlation coefficients are even more
obvious when the size of measurement plane is enlarged as
in the case of 2\ and 3\ square in the size of measurement
plane. When d. = 0.5\, the accuracy of estimation decreases
because the size of measurement plane is not large enough
to capture the informations of electric field distribution to
be used in the estimation. Only one peak in the correla-
tion coefficient is observed and the estimation result is not
accurate. However, this problem can be solved by enlarge
the measurement plane. The further declination in accuracy
also appears in the result when d, = 1\. The size of mea-
surement plane have to be enlarged to 3\ square to give an
accurate result of correlation coefficient when d, = 1.

3.5 Effect of number of sampling points

Next, the number of sampling points on the measurement
plane is varied from 0.05\ to 0.5\ while the other parame-
ters is fixed. The size of measurement plane is fixed to 1A

square, and the distance between measurement plane and

source plane is set to 0.1\ The parameters of current sources



(Table I) and the parameters of hypothetical current sources
(Table III) are fixed. The parameters of measurement are

summarized in Table 6.

0 6 parameters of measurement.
(Sz,Sy) (1A, 1X)
(sz, sy) (21, 21)
(11, 11)
9,9
(6, 6
(5,5
3,3
(0.05, 0.05X)
(0.1, 0.1X)
(0.125X, 0.125))
(0.2, 0.2))
(0.25, 0.25)
(0.5, 0.5))
d. 0.1\

measurement area

total number of

measurement points

)
)
)
)

space between

(dm ) dy)

measurement points

distance from source plane

The estimation result is shown in Fig. 13. It is seen that
two peaks of correlation coefficients are observed even when
the number of sampling points is quite large. However, there
is a phase shift in the results when the number of sampling
points is 0.2\ and 0.25)\. The correlation coefficient when
dz = dy = 0.5 is significantly large compared with the other
cases but the estimation result is not accurate and only one
peak of correlation coefficient can be observed. As a con-
sequence, if the size of measurement plane is set to 1A, the
number of sampling points should be equal or less than 8
points per wavelength in order to obtain an accurate estima-

tion result.
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0 14 Near-field measurement system.

3.6 Measurement using improved SPM method

To demonstrate the validity of the improved SPM method,
the near-field measurements were done and the current esti-
mation was performed. The near-field measurement system
is shown in Fig 14. In the near-field measurement system,
a dipole with an optical modulator was used as the probe.
The signal received by the probe was modulated by an optical
modulator and transmitted to an optical/electrical demod-
ulator through an optical fiber instead of through a radio-
frequency coaxial cable to reduce the interference with the
measured current distribution. The dipole probe was moved
by a planar scanner at a constant distance d, between the
probe and surface of the measured device. A network ana-
lyzer was used to feed the measured device and received the
signal from the dipole probe. Two dipole antennas are used
as a device radiating electromagnetic wave with different in-
cident phase. The arrangement of dipoles is shown in Fig.
4. Two coaxial cables with different length are connected
to the power divider at the output port of network analyzer
and they are utilized to realize the phase difference between
two dipole antennas. The parameters of current estimation
is the same as described in the previous subsection and sum-
marized in Table 1. The electric field distribution over the
plane which is 0.1 far from estimation plane is measured by
using optical modulating probe described in the section III.
The measured field distribution are then used to estimate
the location of current sources by using the improved SPM
method.

The results of estimated location of current sources ob-
tained by using conventional SPM method and improved
SPM method are shown in Fig. 15, and Fig.

It can be seen that the the estimated location of

16, respec-
tively.
current sources by using conventional SPM method do not
coincident with the location of real sources, while the im-
proved SPM method give a quite resonable estimation re-
sults. Therefore, the validity of improved SPM method is

demonstrated.
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4. Concluding remarks

The improved SPM method is proposed and applied to es-
timate the locations of multiple sources with distinct initial
phases. In the improved SPM method, the correlation coef-
ficient is determined as a real value and the absolute opera-
tion is not required in the calculation. Therefore, the phase
term of the electric field distribution radiated by the hypo-
thetical sources is taken account into the calculation of the
improve SPM method. The guideline has been given to show
how to determine the measurement parameters to measure
the near field to estimate the current distribution, such as
the measurement distance, the measurement plane area, and
the number of sampling points on the measurement plane.
The phase difference between multiple sources is identified
by the peaks of correlation coefficients calculated after all
of the equivalent current sources are selected in the estima-
tion procedure. Finally, The locations of multiple sources
with distinct initial phase have been estimated by using the
numerical or experimental results and the phase difference
between sources is identified, which confirms the validity of
the improved SPM method.
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