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Abstract: A new approach to conductive electromagnetic
interference ( EMI) noise source modeling, i. e. the source
internal impedance extraction, is presented. First, the impedance
magnitude is achieved through an exciting probe and a detecting
probe, or through calculations based on insertion loss
measurement results when inserting a series high-value known
impedance or a shunt low-value known impedance in the circuit.
Then the impedance phase is extracted by the Hilbert transform
(HT) of the logarithm of the obtained impedance magnitude.
Performance studies show that the estimated phase error can
increase greatly at a zero frequency in the Hilbert transform
because of the existence of a singular point, and this effect can be
eliminated by introducing a zero-point when the noise source does
not include a series-connected capacitive component. It is also
found that when the frequency is higher than 150 kHz, the
estimated phase error is not sensitive to the inductive source but
sensitive to the capacitive source. Finally, under the conditions of
the same measurement accuracies for impedance magnitude, the
accuracy of complex impedance based on the HT can be
improved about 10 times when compared with the accuracy of
estimated parameters based on the impedance magnitude fitting
method (IMFM).
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n conductive EMC measurements, conventional testing
for compliance with conductive electromagnetic interfer-
ence (EMI) emission utilizes a line impedance stabilization
network ( LISN), where the noise currents excited in the
power supply consist of two components. Differential-mode
(DM) noise current I, (w) flows out of the live line and
returns via the neutral line. Common-mode( CM) noise cur-
rent /., (w) flows out of live and neutral lines and returns
via the earth wire. Therefore, it can be seen that the DM
currents in the live and neutral wires are equal and in the op-
posite direction; whereas the CM currents are equal and in
the same direction. Since conductive EMI noise consists of
CM noise and DM noise, an EMI filter also consists of a CM
filter and a DM filter.
When the equipment under test(EUT) fails to meet EMC
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regulations, the EMI filter should be inserted between the
EUT(i. e. noise source) and the LISN(i. e. source load) to
suppress noise. In order to design an appropriate EMI filter,
both the noise source impedance and the source load imped-
ance should be known so as to calculate and determine the
exact impedance of the filter. Usually, the source load im-
pedance, which includes the CM impedance and the DM im-
pedance coming from the LSIN, is clearly known; however,
the noise source impedance is usually unknown since differ-
ent types of EUT have different source impedances due to
the topology and the operation mechanism. Unfortunately, at
present, the determination of the noise source impedance is
often made through either empirical estimation or a rough
noise modeling method, and the exact source impedance is
not easily achieved which results in undesirable EMI filter
performance, and then results in undesirable noise suppres-
sion effects. Thus noise source modeling is necessary in
EMC research'™ . In this paper, an approach to conductive
EMI noise source modeling is proposed, where the Hilbert
transform is employed for impedance phase extraction, and
two-current-probe measurement or insertion loss measure-
ment is adopted for impedance magnitude extraction. The
presented approach is useful for optimizing EMI filter design
applied in EMC.

1 Noise Source Modeling Approach

The purpose of EMI noise source modeling is to accurate-
ly know the impedance of a noise source in order to realize
the maximum impedance mismatch between an EMI filter
and a noise source. Because the source impedance involves
both the magnitude and the phase, it can be simply summa-
rized for the presented modeling approach that the magni-
tude is acquired by measurement and the phase is achieved
by the Hilbert transform.

1.1 Impedance magnitude extraction

For source impedance magnitude extraction, in this paper,
two methods are employed alternatively. One is based on the
current probe measurement and the other on the insertion
loss measurement.

1.1.1 Two-current-probe measurement method

In the current probe measurement, two current probes are
used for signal exciting and signal detection, respectively,
in the measured frequency range from 150 kHz to 30 MHz.
For example, when doing CM source impedance measure-
ments by using two current probes, the CM noise currents on
live and neutral lines are joined together at the ground line
by two coupling capacitors, and also both the signal exciting
current probe and the detecting current probe are coupled in
the main measurement circuit between the live( neutral) line
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and the ground line. Whereas the DM source impedance
measurement is different from the CM impedance measure-
ment, where live and neutral lines are connected through on-
ly one coupling capacitor and both the exciting current probe
and the detecting current probe are coupled in the main
measurement circuit between live and neutral lines.

It has been previously analyzed that, actually, the excit-
ing current probe can be modeled by an equivalent voltage
source V,, and a voltage source impedance Z,,'"". Then in
the main measurement circuit, it should involve not only the
equivalent voltage source V,, and the source impedance Z,,,
coming from the exciting current probe, but also the un-
known measured impedance Z, representing the EMI noise
source, mutual impedance Z,,, due to the detection probe
coil, and the impedance Z. due to the coupling capacitor
(see Fig. 1). Let Z, represent the total internal impedance
consisting of Z,,, Z,, and Z. seen from noise source Z,.
Then the main circuit is only organized by the voltage
source V,, with the total internal impedance Z, and the ex-
ternal impedance Z, separated by b-b’. Assuming that the
current flow in the main circuit is [, this current component
should also be the secondary coil current of the exciting cur-
rent probe since the secondary coil is in series-connection in
the main circuit. Therefore, the unknown noise source im-
pedance Z, is derived as

VMI
ZX :?_Zin (1)
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Fig.1 Main equivalent circuit for two-current-probe measurement

In order to achieve the impedance magnitude of noise
source from Eq. (1), the components V,,, I, and Z, should
be known separately. First, since the equivalent voltage
source V,, and the secondary coil current /, of the exciting
probe are both involved in the main measurement circuit and
the voltage response is measured by the detecting probe,
there exists an internal linear relationship between V,,, and
I,,. Secondly, considering the linear transform between the
primary coil voltage and the secondary coil voltage, there
should exist a linear relationship between the signal genera-
tor output voltage V,, on the primary coil of the exciting
probe and the induced voltage on the secondary coil which is
represented by the equivalent voltage V,, . Moreover, it is re-
garded as a linear relationship between the measured voltage
V,, of the detecting probe and its mutual impedance Z,,, or,
in other words, there exists a linear relationship between the
measured voltage V, of the detecting probe and the current
flow I, in the main circuit. Substituting the above conditions
into Eq. (1), then the unknown noise source impedance can
be changed into

Z =—"t_z7 (2)

where K is a constant, and Ve is the measured voltage ac-
quired by the detecting probe and is displayed by the spec-
trum analyzer in the frequency domain. If the output voltage
level of an RF signal generator remains unchanged, then, for
a given frequency, the component KV, should also be con-
stant. For the purpose of the source impedance Z, estima-
tion, two parameters, KVsigand Z. ., should be known in the
following two cases.

In case 1, by replacing the unknown measured impedance
Z, with a known large-value accurate resistance R, which
meets the condition R, | Z, |, then the parameter KV, is
obtained as KV, =R, V,

p2 ‘ Zy=Ry

in?

. In case 2, by replacing the

unknown measured impedance Z, with the circuit shorted,
KV._. R,V _ )
then the parameter Z, = T
sz ‘ Z,=0 sz Z,=0

an actual SMPS with source impedance Z, is placed in the
measurement circuit and this unknown value is obtained by

KV, RyV,|,.
sziﬁg_zm:w_z

Vv ‘ in
2 | z,=smps

P2 ‘ Z,=SMPS
1.1.2 Insertion loss measurement method

For the insertion loss measurement, the source impedance
is estimated by measuring the insertion loss at the terminal
of the LISN when inserting different filters. In this method,
if the filter is inserted between the load of the LISN ex-
pressed by R, , and the source of DUT ( device under test)
expressed by Z_, then the voltage drop value across the load
can be reduced and this voltage reduction is defined as the
insertion loss A, which is the ratio of the voltage drop value
without inserting an EMI filter to the voltage drop value
with inserting an EMI filter. According to the measurement
results of insertion loss A and the inserted filter impedance,
the source impedance can be obtained.

When |Z |>R,,,, with the assumption that |Z . |>
\Zs |, the measurement with the inserted impedance in a se-
ries connection is more accurate than that in a parallel con-
nection, and the insertion loss is derived as

Rload Vv
A _ Rload + Zs ’ _ 1 + Zseries ~ l + Zseries (3)
- R T TR, +Z, Z

load

B 74
R +Z +Z *

series

load s

Since |A|>1, Eq. (3) can be simplified as \ZS | ~
| Z e |7 | A|. Furthermore, because |Z,. | is known and
the insertion loss | A | can be measured, the impedance mag-
nitude of noise source can be achieved. Usually, the larger
the insertion loss, the more accurate the results.

When |Z |<R,,,, with the assumption that |Z_, |<
‘Z> , the measurement with the inserted impedance in a
parallel connection is more accurate than that in a series con-
nection, and the insertion loss is derived as

R load

A_ Rlnad+Z5 ’ _1
- R,//Z -

load parallel

Ro//Zp + Z. °

load paralle!

R...//Z, V4
+ =1+

)

parallel parallel

Similar to Eq. (3), Eq. (4) can be simplified as |Z, |~
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\me“el ||A|. Usually, the smaller the insertion loss, the

more accurate the results.

1.2 Implementation of Hilbert transform for source im-
pedance phase extraction

Though the impedance magnitude can be extracted by the
current probe method or the insertion loss method', etc. ,
the phase angle of the source internal impedance is not read-
ily measured, especially in the case where the circuit system
is very complex. Fortunately, since the impedance magnitude
and phase are not two independent components, based on
signal and system theory, it is possible to know the phase
component resulting from the magnitude component theoret-
ically™ . Considering the source impedance as some kind of
system function, we can define the current source as a sys-
tem exciting source and the voltage across source as a sys-
tem response. Additionally, in conducted EMI analysis the
noise source can be separated into the common mode imped-
ance and the differential mode impedance, and also these im-
pedances can be represented by a (R, L, C) series-connected
equivalent circuit. Being a system function in the Laplace
domain, the noise source impedance is expressed as

Hl(s)=R+sL+;? (5)
If the magnitude and the phase of the source impedance
form the real and the imaginary parts of the frequency-do-
main causal system function, then the relationship between
these two parts is obtained by using the Hilbert transform,
which means that the phase estimation can be realized by the
impedance magnitude'"” . This realization can be implemen-
ted by the logarithmic operation of the source impedance so
as to let the logarithmic function of magnitude and phase
form a real part and an imaginary part of a complex num-
ber. Now we calculate the logarithmic function of system
function H,(s),1i.e. H,(s) =In[H,(s)].
The frequency-domain system function of the causal sys-
tem H,(s) is written as

Hz(w) :sz(w) +jH21(a)) =
In[ | H,(w) |1 +jarg[ H,(w)] (6)

where H,(w) is the Fourier transform of £, (#) and arg| -]
represents the phase of a complex number. Then

Hy(w) = Hy(w) * 17 = 1—J'x Mdf =
o m) 6 @ _é;
Hilbert[ H,,(w) ] 7
o) =t =4 =1 ety
W ny e @ _f
— Hilbert[ H,; (w) ] (8)

where * means the convolution operation and Hilbert[ -]
represents the Hilbert transform. Thus

—1¢= In[|H, ]
arel ()] = w_(?dg -

— Hilbert[In[ | H,(w) |1] (9)

The impedance is estimated by using the Hilbert transform

based on the measurement results of the impedance magni-
tude performance.

2 Performance Study on Hilbert Transform of Im-
pedance Phase Estimation

2.1 Influence of singular points

It is found in Eq. (8) that if H,,(&) is not equal to zero at
& =w, then ¢ = w should be a singular point of the integral
function and numerical overflow can be generated in an inte-
gral operation. In order to eliminate its influence, Eq. (8) is
simplified as

= Hy(9)

Hy(w) =—[ i
L = Hy(§) — Hy(w) _
ﬂn'f,w f -—w df -
LJ’OO [HzR(g) _HzR(w)](g +w)d _
(- & - ¢ =
2£ * HZR(f) _HZR(w)
WJO 7w d¢ (10)

where H,;(w) = In| \Hl(w) |1 is the even function of w,
and 1/w is an odd function of w. If so, only when function
H,(£) is continuous at ¢ = w can the zero points of the inte-
grated function at ¢ = w cancel the pole points at ¢ = w.
Thus the singular point problem no longer appears.

First, we consider a (R, L) series-connected circuit where
R=2.29 O and L =3.2 pH. As shown in Figs. 2(a) and
(b), compared with the phase estimation at @ = 0 using the

60 -
--- Real phase

50+ — Estimated phase

Phase/(°)
(9]
(=]

10
72
0 1 1 ]
0 0.05 0.10 0.15
Frequency/MHz
(a)
60 -
--- Real phase _

50 — Estimated phase

0 0.05 0.10 0.15
Frequency/MHz
(b)
Fig.2 Comparison between real and estimated impedance
phases of the (R, L) circuit near singular point. (a) Singular
point processing is not done; (b) Singular point processing is done
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original formula (8), the phase estimation error using the
modified formula (10) is greatly decreased because of the
convergence of the impedance system at w =0.

Secondly, we consider a series-connected capacitor in-
volved in the circuit, where R =2.29 O, L=3.2 yH, C=
22 wF. As shown in Figs.3 (a) and 3(b), no matter whether
using the original formula (8) or the modified formula
(10), the phase estimation error is always relatively great
near w = 0 because of non-convergence of the impedance
system at this point.

60
--- Real phase
|~ Estimated phase

|
0.10

0.04 006 0.08

Frequency/MHz
(a)

0 0.0

==~ Real phase
— Estimated phase

I
0.10

0.04 0,06 0.08
Frequency/MHz
(b)
Fig.3 Comparison between real and estimated impedance
phases of the (R, L, C) circuit near singular point. (a) Sin-
gular point processing is not done; (b) Singular point processing is
done

0 0.2

2.2 Influence of the inductive component in DM imped-
ance modeling

In order to have a better understanding of the influence of
the inductive component on phase estimation using the Hil-
bert transform, the performance of a (R, L) series-connected
circuit representing the typical DM source impedance is re-
searched with simulations. Assuming that the interval of
measurement frequencies is 1 kHz and the maximum meas-
urement frequency is 60 MHz, then the error of the imped-
ance magnitude measurement can be ignored. Let the resist-
ance be a fixed value R =2. 29 (). Then the relationship be-
tween the phase estimation error and the measured frequency
is achieved by changing the parameter value of R/L which is
shown in Fig. 4. It is found that in DM source impedance
phase estimation, the accuracy is not sensitive to the influ-
ence of the inductive component, especially at high frequen-
cies. Thus, there is no need to consider the influence on the
accuracy from the ratio of R/L in noise sources.

0.
-0.02f
« -0.04
g
S -0.06+
[ 4
£ —0.08-;'
B -0.10(;
E_ ol e R/L=T15 625
Z : -~ R/L=T1563
5 ~0.144 — R/L=7156
2 -0.6ff 7 R/L=715.6
=1
-0.18
-0.20 . . , . . .
0 0.05 0.10 0.15 0.20 0.25 0.30
Frequency/MHz

Fig.4 Performance of estimated error of DM source imped-
ance circuit with changes of parameter R/L

2.3 Influence of capacitive component in CM imped-

ance modeling

Similar to the inductive component influence research, the
capacitive component influence is also researched by simula-
tions for an equivalent (R, C) series-connected circuit repre-
senting typical CM source modeling. Let the resistance be a
fixed value; i.e., R =1.05 (. Then the relationship be-
tween the phase estimation error and the measured frequency
is achieved by changing the parameter value of 1/(RC) as
shown in Fig. 5. It can be seen that, in CM source imped-
ance phase estimation, the accuracy is sensitive to the influ-
ence of the capacitive component. Thus, different from DM
source modeling, we should pay more attention to the phase
estimation process in CM source modeling when the capaci-
tive component is relatively great in the use of the Hilbert
transform.

5
§-o0.08ff - 1/(RC) =4.329 x 107
= _0.10} — 1/(RC) =4.329 x 10°
35 —0.121 we 1/(RC) =4.329 x 10°
£ = 1/(RC) =4.329 x 10*
T-0.14|
T_0.16¢
2 -0.18Y o
—-0.20 W ! ! L ! ! )
0 0.05 0.10 0.15 0.20 0.25 0.30
Frequency/MHz

Fig.5 Performance of estimated error of (R, C) series-con-
nected circuit with changes of parameter 1/(RC)

3 Application

In order to check the accuracy differences between the
conventional impedance magnitude fitting method (IMFM)
given in Ref. [7] and the Hilbert transform method (HTM)
presented in this paper, a comparison is made between these
two methods where they are both utilized for impedance
phase extraction after obtaining the impedance magnitude-
frequency information. In this example, the series-connected
circuit parameters involving a coupling circuit are R = 1. 12
Q,L=0.24 pH, C =2.2 pF. The impedance magnitude
curve is shown in Fig. 6 with a frequency interval of 1 kHz
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and a maximum measurement frequency of 30 MHz. Also
assume that there exists an average distributed measurement
error of 1% for the magnitude curve. Then two methods, the
IMFM and the HTM, are respectively employed for source
impedance modeling and the results are compared ( see Tab.
1). The formulae used for the IMFM and the HTM are given
below.

102 F

Magnitude/)
S

10° : - ' : :
1073 10-2 107! 10° 10' 10?
Frequency/MHz
Fig. 6 Measured impedance magnitude with assumption
of 1% measurement error

Tab.1 Results comparison of circuit parameter estimation
between the conventional IMFM and the HTM %

Estimation error

Methods - -
Resistance R/€) Inductance L/pH Capacitance C/wF
IMFM 2 184 -30.55
HTM 0.21 5.71 -2.28

For IMFM processing, the parameter estimation can be ac-
complished by extraction from three non-zero frequency
points of impedance magnitude, i. e. |H,(w,) |, |H (w,) |
and \H,(w3) |. Then

1
2 2 2 2
w; W, W W;
|H(w,) '~ [H () " [H(w,) "~ [H (o)

2 2
w3 — W,

i JHl(wz) * - [H(w) |’ (L) 1
= 2 2 T~ 2 2
W, — W, W, W,

A 2L, , 11
R = ‘H(a))‘2+T—Lw - 25 5
«/ 1 1 C 1 Czw?

C=

For HTM processing, the parameter estimation can be ac-
complished by extraction from two non-zero frequency

points of complex impedance value, i. e. H, (w,) and
H,(w,). Then
R=Re[H (w,)]
. oImlH(w,)] -w,Im[H (w,)]
L= 2 2
W) —w,
1 1
27 2
. w, o
Im[H,(w,)] Im[H (w,)]
w, w,

It can be concluded from Tab. 1 that the IMFM is sensi-

tive to the measurement error, whereas the HTM is not sen-
sitive; the HTM is more robust and accurate than the IMFM.

4 Conclusion

Currently the most efficient technique used to suppress the
conducted EMI noise on power lines is to insert a power-line
EMI filter. The EMI filter performance greatly depends on
the impedance-match condition between the filter and the
noise source. Thus, the modeling of the noise source is im-
portant for source impedance extraction. However, the con-
ventional modeling methods sometimes are too empirical or
very rough and cannot provide an acceptably accurate source
impedance for EMI filter design. Therefore, in this paper a
new approach, based on the Hilbert transform in cooperation
with current probe measurement, is presented for conductive
EMI noise source modeling, and it can provide good source
impedance estimation in frequency ranges up to 30 MHz.

Though the approach has been widely analyzed in litera-
ture, some issues are still necessary to be discussed further.
For example, in the numerical solution for impedance phase
estimation based on the Hilbert transform, it is necessary to
implement a convolution operation for the impedance mag-
nitude logarithm and the frequency reciprocal.
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