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Abstract. A novel approach to the evaluation of elec-
tromagnetic field radiated from electronic devices by us-
ing a small shielded enclosure is presented. Several EMC
problems can be identified by employing the computations
of a Radiated Model device, such as the model of the
Submodule-on-Motherboard structure described here. The
combination of a numerical approach, through a validation
model and measurements, must be done during the design
phase in multiple iterative loops to minimize the risk of non-
compliance of the final qualification process. This novel
combined approach requires little investment and is highly
efficient for industrial applications.
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1. Introduction
Electromagnetic compatibility (EMC) compliance

measurements using CISPR 22 [1] entail significant cost
and time demands which may be lessened by using pre-
compliance and pre-assessment measurements to character-
ize the equipment during their design and development. As
professional EMC pre-compliance measurement equipment
and accessories are too expensive for many small R&D com-
panies, the use of ”In-house” measurement equipment and
accessories has become popular.

This paper analyzes the usage of small shielded enclo-
sures for pre-compliance and pre-assessment measurements
of electromagnetic field emissions. The combined approach
is used to discover worst-case scenarios of EM-field emis-
sions, as demonstrated using the example of a Submodule-
on-Motherboard structure (Fig. 1).

According to CISPR 22 [1], the most critical frequency
range and peak value of an electric field emitted from a sub-
module are identified by the analytical solutions of a radiation
model (Fig. 2) in combination with emission measurements

using a small shielded enclosure and a semi-anechoic cham-
ber. The correlation of these three approaches demonstrates
the possibility of utilizing a small shielded enclosure with
a suitable receiving antenna for pre-compliance measure-
ments of radiated emissions.

2. Radiation Model
To analyze the electromagnetic fields radiated from sub-

modules, selected signals routed between the submodule
and motherboard were used. This is typically performed
through an inter-board connector while the return-signal
path is provided by ground pins. A simplified horizontal
Submodule-on-Motherboard structurewith the signal pin and
ground pins is shown in Fig. 1. The dimensions of the se-
lected motherboard are 230mm × 220mm and for the hori-
zontal submodule 70mm × 50mm.

The radiation model has two main parts: A) a Con-
nector Equipment Circuit; and B) an Antenna
Model (Fig. 2). The radiation model uses a circuit, which
is the equivalent of the inter-board connector, in combination
with an antenna model of the Submodule-on-Motherboard
structure. The situation is illustrated by the lumped-element
model [3] in Fig. 2. There is a potential difference Vant
between the reference planes of the motherboard and the
submodule. Vant originates from a small, but non-negligible
signal-return impedance in the inter-board connector pro-
vided by the ground pins [2]. Zt denotes the total signal
impedance. The Submodule-on-Motherboard structure acts
as a monopole antenna supplied by the voltage source Vant.

Fig. 1. Submodule-on-Motherboard structure.

DOI: 10.13164/re.2018.0640 ELECTROMAGNETICS



RADIOENGINEERING, VOL. 27, NO. 3, SEPTEMBER 2018 641

Fig. 2. The lumped-element model of a small horizontal sub-
module [3].

2.1 Connector Equivalent Circuit

The self-partial inductance Lp of a pin with a circular
cross section can be computed from [4] as:
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when the physical dimensions are known. Pin radius is ρ,
the connector height h (ρ = 0.4mm and h = 15mm for the
structure in Fig. 1), and µ0 represents the permeability of the
vacuum. Each pin is coupled with its neighbor by a mutual
partial inductance Mn:
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where n = 1, 2, 3. . . (N-1) and N are integer indices (num-
ber of pins) and s is the uniform pin separation given by the
connector pitch. The mutual partial inductance (2) can be
alternatively expressed by the coupling factor:

Kn =
Mn

Lp
. (3)

The mutual inductance Mn decreases with increasing multi-
ple distance ns. Thus, for the coupling factor K applies:

K1 > K2 > K3 · · · > KN−1.

2.2 Antenna Model

The Submodule-on-Motherboard structure behaves as
a natural radiator of electromagnetic fields, i.e. an an-
tenna. The radiation pattern, described in [5], of the hor-
izontal Submodule-on-Motherboard structure is similar to
the far field of the Hertzian dipole (in this case a Hertzian

monopole). The structure radiation parameters were simu-
lated using Method of Moments (MoM) and compared with
themeasurement in an anechoic chamber. This simplification
is correct for the frequency above the first resonance.

The resonance frequency of the structure used is deter-
mined by the LC components combination (explained be-
low). The inductance is based on the inductive character
of the inter-board connector pins described by the Connec-
tor Equivalent Circuit (Fig. 2) in the previous section. The
capacitance Cant between the boards is given by submod-
ule geometry and its value is different for horizontal and
vertical Submodule-on-Motherboard structures [6]. The pa-
rameterCant represents, together with the radiation resistance
which is shown as Rrad in Fig. 2 and is critical to radiation am-
plitude at the resonance, an antenna equivalent circuit known
as the Antenna Model. According to results presented in [5],
the antenna should be modeled as a Hertzian element. While
the submodule is usually much smaller than themotherboard,
Cant can be considered as the capacitance of a metallic patch
above a ground plane. The effective area of the submodule
is larger than the physical one due to fringing effects and the
reference plane to h/2 [7] is used to account for the fringing
fields. By applying the image principle we obtain:

Cant = εrε0
(l + 2h) (w + 2h)

h
(4)

where l (l = 70mm) and w (w = 50mm) are the dimen-
sions of the submodule board and εr and ε0 are the relative
permittivity and permittivity of the vacuum.

Radiation resistance Rrad is given by half of the radia-
tion resistance of a Hertzian dipole [8] according to the image
principle:
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The resonance in the lumped-element equivalent-circuit rep-
resentation of the structure (Fig. 2) occurs by combining the
capacitance Cant and the total inductance Ltot. The resonant
frequency fres can be determined as:

fres =
1

2π
√

LtotCant
. (6)

The total inductance Ltot (for NG > 1) can then be roughly
estimated [3]:
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where NG is the total number of grounded pins.

In the case of NG = 1 (only one ground pin) we can
roughly estimate:

Ltot ≈ Lp
1
2

(
1 +

1 + K1
2

)
. (8)

Approximations (7) and (8) are based on the omission of all
mutual couplings with n > 1.
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For the worst-case estimation, only maximum electric
field strength Emax in the far field is considered. Factor 2
in (9) accounts for the infinite ground plane (motherboard).
Hence, Emax of a Hertzian source [8], is:

Emax = 2
η0βIdiph

4πr
(9)

where η0 = 120π is the free space wave impedance, β is the
phase constant and r is the observation distance. Idip rep-
resents the antenna current flowing through Cant, as shown
in Fig. 2. The dipole current Idip given by the antenna voltage
Vant is:

Idip =
ωCantVant√
(ωCantRrad)

2 + 1
≈ ωCantVant. (10)

The amplitude of the radiated electric field is expressed:

Emax =
µ0ω

2CantVanth
2πr

. (11)

3. Measurements in the Shielded
Enclosure
Shielding enclosures protect the equipment against EM

disturbances from the environment outside the enclosure, or,
to provide a shield to radiated EM fields from sources inside
the enclosure.

3.1 Shielded Enclosure
A shielded enclosure with inner walls fully covered

with microwave absorbers measures radiated emissions from
a small submodule whose dimensions are reasonably smaller
in comparison to the wavelength (typically < λ/10).

The residual reflections contribute to the direct path
wave (Fig. 3) causing a fading effect [9] which increases
the measurement’s uncertainty. However, the reflections, as
well as the cable loss and connector reflections, can be partly
compensated for by the calibration [11].

The physical dimensions of the enclosure (in our case
600mm × 700mm × 1000mm as seen in Fig. 3) are de-
termined by the need for a resonance distance between the
equipment being tested and the top of the absorbers inside the
enclosure. Dimensions determine the resonance frequencies
of the metallic enclosure fr_ enclosure (12) (see Fig. 5). The en-
closure dimensions should be derived from any rectangular
shape e.g., a communication rack.

fr_ enclosure =
c0
2π

√(mπ
a

)2
+

(nπ
b

)2
+

( pπ
c

)2
(12)

where a, b and c are the dimensions of the enclosure and
m, n, p = 0, 1, 3, 4, . . . which are mode-order numbers.

3.2 Measuring Antenna
For radiation detection from submodules, planar spi-

ral antennas are often used. The spiral antenna is a self-
complementary structure that has a frequency independent
input impedance close to the theoretical value of 60π, how-
ever, in a real environment lower impedance is usually
achieved. The spiral antenna consists of two identical arms
which are shifted by 180° with respect to each other. The
shape of the spiral arms can be seen as the filling of two
identical curves shifted by 90°.

A self-complementary spiral antenna, with outer di-
mensions of 400mm × 400mm terminating into a short with
coaxial feeding, was designed [10] to perform the field mea-
surement and can be seen in Fig. 3. FR-4 substrate of 1mm
thickness with a relative permittivity of εr = 4.2 was used.
More details can be found in [11].

The designed self-complementary spiral antenna is
a circular polarized antenna. The gain of the antenna is mea-
sured in the enclosure by a method involving two identical
antennas (Fig. 3).

The antenna parameters, such as input impedance and
gain, are strongly affected by the environment where the
antenna is placed. To calculate the antenna factor AFr ac-
curately it is necessary to know the correct values of the
antenna gain inside the enclosure. Antenna gain and an-
tenna factor are valid for geometry configuration in Fig. 3
and Fig. 5. Finite reflection of the absorbers placed in the
antenna near-field region causes uncertainties, which are in-
cluded in the antenna gain and antenna factor. The condition
of the minimum radiated near-field zone is necessary.

The measurement setup (connection of the vector net-
work analyzer, coaxial cables), as well as the distance be-
tween the planar spiral antennas, was the same for the gain and
the radiated field measurements. Antenna gain Gr was com-
puted from the voltage transmission s21 values and its mea-
sured frequency dependence is depicted in Fig. 4. The gain
indicates that the bottom limit −3 dBi (see Fig. 4) in the
frequency domain is 261.6MHz. Consequently, below this
frequency antenna efficiency is too low and the minimum
dimensions of the direct path are not fulfilled.

Fig. 3. Measurement configuration for gain and calibration.
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3.3 Measurement Setup and Results from
Submodule Radiation

A magnitude of electric field emitted from
a Submodule-on-Motherboard structure was measured
within a shielded enclosure the size of a 19" communica-
tion rack (600mm × 700mm × 1000mm). The interior of
the enclosure was covered with pyramidal polyamide-carbon
absorbers APM12 and the front wall of the enclosure was
removable. Flat microwave absorbers for covering the inner
walls of the enclosure can be used too. The function of the
absorbers in this case is to decrease the enclosure quality
factor, not to simulate full anechoic chamber.

The distance d (see Fig. 5) between the submodule and
the receiver antenna in the shielded enclosure was 0.6m.
The submodule position corresponds to the bottom antenna
(see Fig. 3). The results (Emax) consist of maximum value
measured from the three submodules positions (see Fig. 5)
in coordinating system at the same frequency points.

The Submodule-on-Motherboard structure was fed by
a tracking generator at port #1 (transmitter) of the vector
analyzer Agilent E8364A while a voltage on the planar spi-
ral antenna output was evaluated by a built-in detector at
port #2 (receiver) of the same vector analyzer which oper-
ated in transmission mode whereby the tracking generator
was synchronized with the receiver. In order to compen-
sate for cable losses and connector reflections, the trans-
mission path between the transmitter and the receiver was
calibrated. The input power at the 50Ω SMA connector
of the Submodule-on-Motherboard structure was 20 dBmW.
The measurement set-up is schematically shown in Fig. 5.

The transmission path was calibrated using the standard
Open-Short-Match-Through calibrationmethod. The gainGr
of the planar spiral antenna was determined from the mea-
surements of parameter s21 which represents a transmis-
sion between the transmitter (bottom spiral antenna) and
the receiver (top spiral antenna), as you can see in Fig. 3.
In the second step, the voltage at the planar spiral an-
tenna Vant was determined from the measurement of param-
eter s21 which represents a transmission between the trans-
mitter (submodule-on-motherboard placed in the enclosure)
and the received antenna (top spiral antenna), as you can see
in Fig. 5. The mutual relationship between the incident field
and the voltage at the antenna connector is:

Emax [dBµV/m] = Vant [dBµV] + AFr [dB/m] . (13)

The antenna factor AFr (14) is a function of frequency and
the planar spiral antenna gain Gr:

AFr [dB/m] = 20 log f [MHz] − 29.8 − Gr [dBi] . (14)

The electric field magnitude Emax [dBµV/m] measured
within the shielded enclosure was recomputed from 0.6m
distance d to 3m distance D in the free space by adding
a free space loss L:

L = 20 log (D/d) [dB] . (15)
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Fig. 4. Gain of the spiral antenna as measured in the shielded
enclosure.

Fig. 5. Radiated electric field measurement in a shielded enclo-
sure, measurement setup.

We suppose that the Submodule-on-Motherboard struc-
ture is a source of a linear polarized wave [5]. Once a linear
polarized wave is received by a spiral antenna, a polarization
loss Lpol of 3 dB at the antenna should be added.

The environment within the shielded enclosure is sim-
ilar to the situation in a semi-anechoic chamber where only
a direct path wave occurs. Reflections from the ground con-
tribute to the total incident field at the antenna while being
measured in a semi-anechoic chamber (SAC). To translate
the experimental results presented in this paper to SAC level,
a correction factor LFS-to-OATS (FS stands for Free Space
andOATS stands for OpenArea Test Site) is applied resulting
in an approximate value of 5 dB [12]. This correction was
verified in GTEM cell. Ltotal comprises all losses and factors
mentioned above, thus:

Ltotal [dB] = L [dB] + Lpol [dB] − LFS-to-OATS [dB] . (16)

The final expression for the computation of electric field
magnitude Emax [dBµV/m] in the shielded enclosure, scaled
to OATS levels at a distance of three meters, is presented
in Fig. 6 (dash-dotted line). The expression for Emax is as
follows:
Emax [dBµV/m] = Vant [dBµV] + ARr [dB/m] − Ltotal [dB] .

(17)
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Fig. 6. Magnitude of radiated electric field at a distance of 3 me-
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The computational results using the radiation model
and the field measurements in the shielded enclosure are
compared with CISPR 22 compliancy measurements in
a semi-anechoic chamber. Measured results from the semi-
anechoic chamber, the shielded enclosure, and results cal-
culated from radiated emissions were scaled to a distance
of three meters. A comparison of the final measured and
calculated dependences is shown in Fig. 6. The same
Submodule-on-Motherboard structure was used for both
computations through the radiation model and the measure-
ment in the shielded enclosure.

The planar spiral antenna itself and the total setup do
not meet the necessary conditions when the first resonant
frequency is below 261.6MHz, though the overall maximum
field strength at 670MHz has been identified by both ap-
proaches: the shielded enclosure measurement and the radi-
ationmodel. The combined approach (a simplemeasurement
in a small enclosure together with a numerical model) is rec-
ommended to avoid the situation where the final test of the
product does not fulfill the level of EMI given by CISPR 22.

4. Advantages and Disadvantages
of Measurement in a Shielded
Enclosure
Low purchase cost, easy handling and short preparation

time for measurement setup make the shielded enclosure at-
tractive for qualification pre-assessments. Awideband planar
spiral antenna can further leverage the advantages of obtain-
ing measurements in a shielded enclosure.

The results have proven to be repeatable and variations
over several measurement trials meet expectations for engi-
neering applications, though the pre-assessment of radiated
emissions in the shielded enclosure does suffer from the lim-
ited space available for equipment being tested. In addition,
the field measured in lower frequency bands falls into the an-
tenna near-field radiating zone where their validity is limited.

The ultimate limitation of this method is given by the
self-resonance of the enclosure: below this frequency, mea-
surement uncertainty increases (see Fig. 6). Electric field
measurement is also strongly affected by the electrical pa-
rameters (return loss and gain) of the receiving antenna. It
is obvious (from Fig. 6) that the measurement error obtains
a value of 8 dB in the frequency band from the first reso-
nance of the enclosure up to 550MHz. This part of the band
(see Fig. 6) correlates with the shape of the antenna gain
(see Fig. 4) because the antenna gain values are too low in
this frequency band.

The antenna electrical parameters (low values of the
gain and high values of the antenna factor at low frequen-
cies) cause an increasing the system noise level in the under-
resonant frequency band (Fig. 6).

5. Conclusions
The advantages of the combined approach to a radiated

field evaluation include a high level of confidence in the deliv-
ered results, low initial investments and exceptional efficiency
in terms of time. The positive impact of the EMC measure-
ment, which was introduced into the design of printed circuit
boards with submodules, can be investigated in numerous
iterative design loops. It is recommended to use a combi-
nation of a modeling approach, such as the radiation model
used in the pre-assessment and experimental measurements
in the shielded enclosure to avoid situations in which critical
EMC events appear beyond the applicable frequency range
of the planar spiral antenna.

The combined approach creates a fast and cost-effective
way to obtain a pre-assessment of radiated electric fields for
design engineers.

The "small" shielded enclosure is also suitable for
under-resonant region measurements. Semi-anechoic cham-
bers are also often used in under-resonant region. Under-
resonant region influences are included in the correction fac-
tor (antenna factor).

Even if field measurements in a shielded enclosure have
limited accuracy, and the radiationmodel assumes significant
simplifications of the inter-board connector, the combination
of the two approaches attains a level of accuracy sufficient
for engineering purposes.

One of the possible method for decreasing uncertain-
ties is using a known reference noise source as device under
test to determine correct antenna factor (calibration) for the
geometry of configuration.

The final measurement uncertainty is a sum of par-
tial uncertainties in the measurement setup. Compare with
typical measurement setup in an anechoic or semi-anechoic
chamber we can, in this case, find an additional uncertainties.
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• Determination of the antenna factor from the antenna
gain measurement using the two identical antennas.

• Changing of the measurement distance for different
configuration of the DUT in the coordinating system.

• Imperfection of the measurement site, such as normal-
ization site attenuation (NSA). In our case, NSA val-
ues are higher than the values in full or semi-anechoic
chamber.

According to partial uncertainties, the final uncertainty
of the measurement in the "small" shielded enclosure will
be higher than the measurement uncertainty for full anechoic
chamber [13] and for semi-anechoic chamber [13].
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