
108 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 23, NO. 2, FEBRUARY 2013

Estimating the Reduction of Radiated Emissions
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Abstract—This work presents a novel measurement method
using a network analyzer with a bulk current injection (BCI)
probe to measure the common-mode conversion coefficient of
microstrip components in an RF/microwave circuit. Based on the
proposed measurement method, far-field radiated emissions from
microstrip components are obtained, which closely corresponds to
measurements in a fully anechoic chamber. The proposed method
also estimates the radiated emission reduction by miniaturizing
the physical size of microstrip bandpass filters (BPFs). Full-wave
electromagnetic simulation further demonstrates the effectiveness
of the measurement method.

Index Terms—Bulk current injection (BCI) probe, common-
mode current, microstrip bandpass filter (BPF), network analyzer,
radiated emissions.

I. INTRODUCTION

R ADIATED emissions from RF/microwave circuits are
extremely complex and difficult to estimate. An RF/mi-

crowave circuit consists mainly of lumped elements, active
devices, and microstrip components. Given that the dimensions
of lumped elements and active devices are significantly smaller
than those of microstrip components, radiated emissions from
microstrip components are generally dominant than the others,
thus posing a major challenge for electromagnetic compliance
[1]. However, the radiated emissions from microstrip com-
ponents on a printed circuit board (PCB) have seldom been
studied largely owing to the predominance of common-mode
radiation from cables attached to a PCB. This circumstance has
changed as the operating frequency has reached the gigahertz
range, causing microstrip components on a PCB to radiate
more efficiently. It is seen from an exhaustive literature review
that a microstrip component may behave similar to an antenna
in radiating the noise coupled from a microstrip amplifier on
a PCB [1], [2]. Therefore, high-frequency PCB design must
consider radiated emissions from the microstrip components.
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Far-field radiated emissions can be measured in a fully-ane-
choic chamber (FAC), semi-anechoic chamber (SAC), or open
area test site to obtain the spectra required in order to evaluate
their compliance with electromagnetic interference (EMI) reg-
ulations [3]. However, such far-field measurements are prohib-
itively expensive and time consuming. Another conventional
means of evaluating radiated emissions from a PCB involves
a magnetic or electric field probe in which near-field scanning
of the PCB surface is performed [4], [5]. Although the associ-
ated test setup and procedure are simpler than those of far-field
measurements, the near-field scanning results are more effec-
tive in identifying the source of radiated emissions than in es-
timating radiated emission levels in line with EMI specifica-
tions. With the assistance of current probes, previous studies
on PCB radiated emissions have characterized common-mode
radiation from a specific power-ground plane structure with a
cable attached [6], [7]. Far-field radiated emissions can thus
be estimated based on the measured common-mode currents
on a cable with a current probe. However, such measurements
are limited to the power/ground planes with attached cables for
estimating how they affect radiated emissions at low frequen-
cies. In fact, PCBs for wireless communication products involve
many microstrip components that radiate similar to an antenna
at high frequencies, which still cannot be evaluated with current
probe-based methods.
Network analyzer measurements have, in recent years, been

incorporated in electromagnetic compatibility (EMC) appli-
cations to measure the -parameters in correlation with the
transfer function of a coupling path [8], [9]. Moreover, the bulk
current injection (BCI) probe has been extensively adopted
in standard electromagnetic susceptibility (EMS) testing [10].
Calibrating BCI probes with network analyzers has thus re-
ceived considerable attention recently [11], [12]. Based on the
above developments, this work presents a novel measurement
method for evaluating common-mode radiation from microstrip
components. Highly promising for use in EMI measurement
application, the proposed method can estimate the reduction of
radiated emissions by miniaturizing the physical size of the mi-
crostrip components on a PCB when pre-tested for compliance
with EMI regulations.

II. REDUCTION OF COMMON-MODE CONVERSION COEFFICIENT

Radiated emissions from PCB occur in very diverse ways.
Experimental evidence suggests that EMI source and self-reso-
nance of the circuit at the same frequency cause significant ra-
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Fig. 1. Photograph and physical dimensions of microstrip BPFs. (a) Fourth-
order net-type microstrip BPF. (b) Third-order hairpin-type microstrip BPF.

diated emissions at that frequency. In an RF/microwave circuit,
microstrip component is a major radiation mechanism since its
dimension is significantly larger than those of other discrete de-
vices. Thus, the microstrip components on a PCB largely con-
tribute to radiated emissions from the RF/microwave circuits.
Bandpass filters (BPFs) are crucial wireless components

that suppress the output harmonics in a transmitter and input
interferences in a receiver. Often constructed by coupling of
resonators, their passband occurs close to resonant frequen-
cies of the resonators, in which, electromagnetic radiation is
easily emitted. Therefore, based on the proposed method, this
work evaluates the radiated emissions from microstrip BPFs.
Fig. 1(a) and (b) display the fourth-order net-type microstrip
BPF [13] and the third-order hairpin-type microstrip BPF [14]
that were implemented on a 0.8 mm thick FR4 substrate and a
0.64 mm thick Duroid substrate, respectively. Both microstrip
BPFs were designed to have the same half-wavelength resonant
frequency of approximately 2.4 GHz, in which the latter BPF
has a smaller size than the former one.
Fig. 2 shows a microstrip BPF inserted into the center hole

of the BCI probe to measure the common-mode conversion co-
efficients with a network analyzer. To verify measurement re-
sults of the common-mode conversion coefficient, the common-
mode current based on the loop integral of the magnetic field
around a microstrip BPF is investigated [15]. Fig. 3(a) and (b)
show EM modeling of the closed-loop coil to determine the
common-mode current of net- and hairpin-type microstrip BPF,
respectively. The common-mode currents can thus be estimated
in terms of the transmission coefficient and the BCI probe
transfer impedance as follows:

(1)

where denotes the input voltage wave amplitude of the
microstrip BPF. The transmission coefficient in (1) can
be treated as a conversion coefficient from microstrip mode to
common mode. Notably, the BCI probe used in this work was
manufactured by Fisher Custom Communications, Inc. with a
model number F-150 [16]. Designed for operating frequencies
ranging from 0.8 to 2.1 GHz, the BCI probe has been extended
to operate up to 3 GHz in this work. Therefore, the BCI probe
is calibrated to determine the transfer impedance in the 0.8–3
GHz frequency range. Consequently, the BCI probe has a
frequency-dependent transfer impedance of 24–29 across
the entire calibration frequency range.
Fig. 4 compares the common-mode conversion coefficient

obtained by the proposed method using a network analyzer
with a BCI probe and by electromagnetic (EM) simulation
using Ansys-Ansoft HFSS. Comparing the results from both

Fig. 2. Experimental setup for measuring common-mode conversion coeffi-
cient of the microstrip BPFs.

Fig. 3. EM simulation configurations for common-mode conversion coeffi-
cient of the microstrip BPFs.

Fig. 4. Comparison of common-mode conversion coefficient magnitude of the
net- and hairpin-type microstrip BPFs between the proposed method and the
EM simulation.

approaches reveals a satisfactory correlation throughout the
measurement frequency range. It is clearly seen from Fig. 4 that
the net-type microstrip BPF has an approximately 13 dB higher
maximum conversion coefficient than that of the hairpin-type
microstrip BPF in the passband frequency range.

III. REDUCTION OF RADIATED EMISSIONS

By assuming a uniform common-mode current distribution
in a microstrip component, the far-field radiated emissions
from the component can be estimated using the Hertzian dipole
model, as given by [17]

(2)
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Fig. 5. Comparison of radiated emissions from the net- and hairpin-type mi-
crostrip BPFs obtained in a fully-anechoic chamber with predictions by the pro-
posed method and EM simulation.

where denotes the length of the component, denotes the
thickness of substrate, denotes the phase constant of free
space, and denotes the distance between the measurement
point and the component.
With (1) and (2), the - and -directed common-mode current

components on the microstrip BPF and their respective radiated
emission in the far field are obtained. The overall radiated emis-
sions are evaluated by taking the root of the sum of the square of
each respective radiated emission. For validation, radiated emis-
sions at 1 m distance are estimated by (2) at an input power of
0 dBm (i.e., ) and, then, compared with the FAC
measurement results and the EM simulation results, as shown
in Fig. 5. This comparison reveals a sufficient correlation in the
passband frequencies of the microstrip BPFs. Notably, in this
comparison, the input power to the microstrip BPFs is 0 dBm.
According to this figure, the strongest radiation from the both
microstrip BPFs occur in the passband owing to the use of net-
and hairpin-type resonators with a resonant frequency close to
the passband. This figure also compares the results of radiated
emissions between the net- and hairpin-type microstrip BPF.
Coinciding with the difference of the common-mode conver-
sion coefficients in Fig. 4, the former BPF has an approximately
13 dB higher maximum radiated emissions than the latter one in
the passband.Miniaturizing the physical size of microstrip BPFs
significantly reduces the far-field radiated emissions. Fig. 5 con-
firms the ability of the proposed common-mode conversion co-
efficient measurement method using a VNA with a BCI probe
to accurately predict the far-field radiated emissions from the
microstrip components on a PCB.

IV. CONCLUSION

This work proposes a novel measurement method for
using a network analyzer with a BCI probe to measure the
common-mode conversion coefficient in order to characterize
the common-mode radiation from a microstrip component. Ad-
ditionally, the far-field radiated emission predictions obtained

by the proposed method can confirm the contribution of a mi-
crostrip component to the EMI effect of a PCB when pre-tested
for compliance with the EMI regulations. Furthermore, FAC
measurements and EM simulations validate the accuracy of the
proposed method. By using the proposed method, reduction
of radiated emissions by miniaturizing the physical size of
microstrip BPFs is evaluated. Results of radiated emission re-
duction obtained by the FAC measurements closely correspond
to the predictions made by the common-mode conversion
coefficients.
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