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Abstract. A novel approach to the estimation of radiated 
electric field of small horizontal submodules is presented. 
The principle idea is to describe the radiating submodule-
on-motherboard structure with a lumped-element equiva-
lent circuit which includes both the geometrical and the 
electrical parameters. The electromagnetic emission from 
the structure is approximated by the radiation characteris-
tics of a Hertzian dipole driven by the antenna voltage 
resulting from the connector equivalent circuit. Therefore, 
no time consuming numerical field simulations are needed 
to evaluate the radiated electric field. Instead, a fast fre-
quency circuit analysis with e.g. PSPICE is sufficient. 
Moreover, this modeling approach provides a clear insight 
concerning the influence of geometrical and electrical 
parameters with respect to radiated emissions. Finally, the 
computational solutions are compared with experimental 
results, demonstrating a good correspondence regarding 
engineering purposes. 
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1. Introduction 
The submodule-on-motherboard structure is a very 

popular solution to deal with limited space in the physical 
design of modern electronic equipment. However, a small 
potential difference between the reference planes of the 
motherboard and the subboard drives the submodule 
against the motherboard as a very short monopole antenna. 
The potential difference Vant originates from the small but 
non-negligible signal-return impedance in the interboard 
connector provided by the ground pins. The radiation may 
reach relatively high levels when harmonics of a high-
speed signal routed through the connector are close to the 
structure resonance frequency [1], [2]. Hence, a submodule 
introduces an efficient unintentional radiator of electro-
magnetic fields into the design of an electronic device. This 

can lead to significant problems regarding the compliance 
to electromagnetic interference standards. A redesign of the 
device due to the non-conformance to EMC standards is 
very costly especially because of a design freeze in the 
testing phase before the serial production. This is the moti-
vation for engineers to deal with this EMC issue at the 
early design stage of the submodule. 
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Fig. 1. The horizontal submodule on a motherboard (schematic). 

The investigations presented in this paper focus on small 
horizontal submodule structures schematically illustrated in 
Fig. 1. The numerical field simulations of the horizontal 
submodule-on-motherboard structures have been already 
published in [3].  

In contrast to [3], this paper introduces a novel ap-
proach to the radiated field estimation, based on a lumped-
element equivalent circuit of the interboard connector from 
[2] extended with an antenna model. The driving antenna 
voltage Vant can be computed by a fast frequency analysis 
of the lumped-element circuit and consequently applied to 
the antenna model. The main advantage of this approach is 
that only the commonly used circuit-analysis tools such as 
PSPICE are necessary to evaluate the electromagnetic 
interferences (EMI) instead of more time consuming and 
sophisticated field simulators.  

2. Lumped-Element Model  
The lumped-element model comprises the following 

parts: 
• An equivalent circuit of the interboard connector 
• An antenna model of a small horizontal submodule.  

The physical characteristics of each part are described 
by means of lumped elements. The connector equivalent 
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circuit is indicated on the left side from Vant in Fig. 2, while 
the antenna structure is defined by the electrical parameters 
Rrad and Cant in Fig. 2.  

The idea to separate the driving antenna voltage Vant 
from the antenna structure was mentioned in [2] for the 
first time. However, the field simulations are still needed 
for the antenna transfer function in [2]. In this paper, the 
antenna transfer function is approximated by the electric 
far field of a Hertzian dipole [4]. 

To assign the correct lumped element to each of the 
physical characteristics of the submodule-on-motherboard 
structure further approximations are necessary, as shown in 
Fig. 1. The motherboard and the subboard are considered 
as perfectly conducting planes [1]. The connector pins may 
be simply represented by short wires [2], [3]. The wire 
length h corresponds to the height of the interboard con-
nector.  

According to the concept of partial inductances [4], a 
segment of a conductor embodies an external inductance 
which can be expressed by means of a self partial induc-
tance. The external self partial inductance Lp of a thin wire 
dominates the internal wire inductance and it is frequency 
independent. The coupling between the pins is considered 
by mutual partial inductances Mn (Fig. 2). 

The pins are assumed to be parallel to each other. 
Each new ground pin added into the connector introduces 
an additional partial self inductance Lp in parallel. The 
signal source is represented by the Thévenin equivalent, 
comprising the voltage generator Vs and the internal im-
pedance of the source, which is lumped with the load im-
pedance to the total signal impedance Zt.  

    . . .  

    . . .  
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Fig. 2. The lumped-element model of small horizontal sub-

modules. 

2.1 Model of the Interboard Connector 
The self partial inductance Lp of a pin with circular 

cross section can be computed from [4]  
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In terms of known physical dimensions: the pin radius ρ 
and the connector height h. Each pin is coupled with all 
neighboring pins by a mutual partial inductance Mn [2], [4] 
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where n = 1, 2, 3 … N is an integer index and s is the uni-
form pin separation as given by the connector pitch. Ex-
pressions (1) and (2) differ from those published in [4] as 
the presence of the large motherboard reference plane is 
considered by the image principle [5]. The mutual coupling 
can be alternatively expressed by the coupling factor 

p

n
n L

MK = . (3) 

The mutual inductance Mn decreases with increasing 
multiple distance n ּs. Thus, the following applies:     
K1>K2 >K3 … >KN. 

2.2 Antenna Model of a Small Horizontal 
Submodule  
Assuming the dimensions of the submodule to be 

considerably smaller than the signal wavelength, the an-
tenna impedance of the structure can be described by a 
lumped-element model comprising the capacitance Cant and 
the radiation resistance Rrad. The subboard is usually much 
smaller than the motherboard. Hence, the parameter Cant in 
Fig. 2 is well approximated by the capacitance of a metallic 
patch above an infinite ground plane. Because of the 
fringing effects, the effective area of the subboard is larger 
than the physical area. With reference to the h/2 rule [7] to 
account for the fringing fields, we obtain the formula 

h
hbhaCant

)2)(2(
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where a and b are the dimensions of the subboard.  

As already observed in [3], the radiation pattern of a 
horizontal motherboard-on-subboard structure is virtually 
identical to the far field of a Hertzian monopole. This ap-
plies to the frequency region up to the first resonance of the 
structure. The structure radiation resistance Rrad is given by 
one half of the radiation resistance of a Hertzian dipole [4], 
according to the image principle 
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where c0 is the light velocity in vacuum in meters per 
second, h is the connector height in meters and ω is the 
frequency in radians per second. For a worst-case estima-
tion, only the maximum magnitude of the electric field 
strength Emax in the far field is considered. Accounting for 
the ground plane on the motherboard by the factor of two 
(image principle), Emax of a Hertzian dipole [4] is 
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with the free-space permeability μ0 and the observation 
distance r. Expressing the dipole current Idip in terms of the 
antenna voltage Vant (Fig. 2): 
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we alternatively obtain 
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The frequency response of Vant is obtained as result 
of simulation of the equivalent circuit in Fig. 2. 

3. Resonance Frequency  
The magnitude of the antenna voltage Vant and the 

resonance frequency of the lumped-element model are the 
most relevant parameters for further EMC analysis. The 
magnitude of Vant determines the radiated electric-field 
level Emax, according to (8). The resonance frequency ωres 
defines the peak in the frequency response of Emax. The 
antenna voltage Vant from the equivalent model of the sub-
board-on-motherboard structure (Fig. 2) can be computed 
with a customary circuit-simulation tool such as PSPICE. 
However, the value of the parameter Rrad must be found 
beforehand. This requires an estimation of the resonance 
frequency ωres. The suggestion how to roughly estimate 
ωres has been done in [6]. The resonance issue is in more 
detail discussed in the subsection 3.1.  

3.1 Basic Investigations 
The impedance conditions in the model of Fig. 2 can 

be summarized by the equivalent circuit shown in Fig. 3. 
The interboard connector model with its pin induct-
ances Lpn in parallel, mutual inductances Mn as well as the 
generator voltage Vs and the total signal impedance Zt are 
transformed to Z0 and V0. The capacitance Cant and the 
radiation resistance of the antenna model are lumped to the 
parameter Zant. The magnitude of Zant decreases at -
20 dB/decade which is typical for a capacitive impedance 
[5], while the magnitude of Z0 has an inductive character 
with the typical increase of 20 dB/decade [5]. 
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Fig. 3. General representation of the lumped-element model. 

The series combination of Z0 and Zant exhibits a minimum 
at the resonance frequency ωres as the asymptotic im-
pedance characteristics in Fig. 4 demonstrates. 
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Fig. 4. An asymptotic impedance characteristics of the general 
representation of the lumped-element model. 

To illustrate the case, a simple passive interboard connec-
tor has been analyzed. This is the case of a connector with 
one signal and one ground pin. Therefore, the connector 
model of Fig. 2 includes only Lp1, Lp2, M, Zt and Vs. Con-
sidering Lp1 = Lp2 = Lp and M1 = M, we obtain the connec-
tor model shown in Fig. 5. Hence, the voltage V0 is   

)(2
)(

0 LjZ
LjVV

t
s Δ+

Δ
=

ω
ω  (9) 

where ΔL = Lp - M. Then, Z0 is expressed as 
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Fig. 5. Connector model with one signal and one ground pin for 

the calculation of Z0. 

Since Rrad can be neglected, the antenna impedance is  
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From the general representation of the lumped-element 
model in Fig. 3, the driving antenna voltage Vant equals 
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The combination of (16) and (9) leads to the following 
transfer function  
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Substituting Z0 from (10) and Zant from (11)  
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where  
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Equations (15) and (16) identify the two limiting values for 
the resonance frequency ω  of the transfer function (13). 
The actual

res

 ωres lies within the closed interval <ω1; ω2>. The 
situation is illustrated in Fig. 6 for the parameters Lp, M 
and Cant computed from the expressions (1), (2) and (4) and 
geometrical dimensions according to Tab. 1. A usual value 
of Zt = 50 Ω has been considered for the total signal im-
pedance Zt. The width of the resonance interval is given by 
the relation 
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The coupling factor K has values within the open interval 
(0; 1). Hence, ω1 is the lower and ω2 is the upper limit 
resonance frequency. 
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Fig. 6. The lower and the upper limits for the resonance fre-
quency ωres. 

 

Motherboard 230 mm x 220 mm 

Subboard b = 70 mm, a = 50 mm 

Connector h = 15 mm,  s = 2.5 mm,  ρ = 0.4 mm 

Tab. 1. Dimensions of the submodul-on-motherboard structure 
for the computational examples. 

3.2 Estimation of the Resonance Frequency 
The expressions (15) and (16) differ only by the in-

ductance values, corresponding to the two limiting cases of 
the total pin inductance Ltot, depending on the value of Zt. 
The total pin inductance Ltot of the connector according to 
the equivalent circuit in Fig. 5 varies between the value of 
Lp in the case of |Zt| >> ω(Lp + M) and the value of (Lp + 
M)/2 in the case of |Zt| << ω(Lp + M). Hence, the expres-
sions (15) and (16) can be rewritten as  
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where N is the number of all pins. Equations (18) and (19) 
can be applied for an arbitrary number of all connector pins 
with the following approximations, in order to enable the 
derivation of a simple closed-form expression. 

• All connector pins have the same self partial 
inductance Lp (the same geometry). 

• Only the contribution M1 from the closest neighboring 
pins is considered, as shown in Fig. 7. 

The actual occurrence of the resonance within the interval 
<ω1; ω2> is strongly dependent on the relationship between 
|Zt| and ω(Lp + M). However, the resonance frequency ωres 
appears close to the middle of the interval for the common 
values of Zt, Lp and M. 
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Fig. 7. Simplified coupling model of the connector. 

For the modeling approach introduced in this paper, the 
arithmetic mean value of ω1 and ω2 is an acceptable ap-
proximation for ωres. Thereby, the resonance of the 
lumped-element model can be described with an approxi-
mative formula  

anttot
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The total pin inductance Ltot in the case of the 
simplest connector configuration with one signal and only 
one ground pin (NG = 1) is  
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The total pin inductance for the interboard connectors with 
more than one ground pin (NG > 1) can be approximated by 
the following formula [6] 
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4. Computational Examples 
The approach to the estimation of the electric field ra-

diated from small horizontal submodules is demonstrated 
by two computational examples, referring to the numerical 
results of full-wave simulations. The geometrical parame-
ters of the submodule-on-motherboard structure used in the 
computational examples are given in Tab. 1.  

The first example represents the simplest case of an 
interboard connector configuration with one signal and one 
ground pin. The corresponding PSPICE circuit of the 
structure is shown in Fig. 8, with the following parameters 
calculated from the expressions (1) to (4): Lp1 = Lp2 = 
12 nH, M1 = 6.8 nH, K1 = 0.562, Cant = 4.72 pF. The value 
of the radiation resistance Rrad was estimated equal to 2.0 Ω 
according to (20). The amplitude of the signal-source 
Vs and the total signal impedance Zt from the lumped-ele-
ment model of Fig. 2 have been chosen 1 Volt and 50 Ω, 
respectively. Despite the relatively small value of Rrad, the 
inclusion of the radiation resistance was found to be neces-
sary, in order to avoid greater errors in the computation of 
the resonance amplitude. 

 
Fig. 8. PSPICE model of the subboard-on-motherboard structure 

with a connector containing one signal and one ground 
pin. 

The frequency response of the antenna voltage Vant 
across the capacitor Cant was computed by PSPICE and 
used for the subsequent calculation of the maximum radi-
ated electric field Emax as given by the equation (8).  

10
2

10
3

20

40

60

80

100

120

Frequency [MHz]

E
m

ax
 [d

B μ
V

/m
]

field simulation
model

+60 dB
/de

ca
de 

 
Fig. 9. Maximum electric field strength at 1 m distance for a 

connector with one signal and one ground pin. 

Fig. 9 shows the resulting frequency response of Emax at the 
distance r = 1 m from the structure. As a reference, also 
the results of a full-wave field simulation (MoM [8]) are 
included. A very good correspondence of the presented 
model is observed. 

In the next example, the same geometrical parameters 
as in the previous example are considered. However, in this 
case, the interboard connector includes four ground pins 
instead of one. The connector equivalent model is extended 
by the additional three self inductances Lp3 = Lp4 = Lp5 = 
=12 nH in parallel to Lp2 and the corresponding mutual 
inductances (Fig. 2). The radiation resistance increases to 
Rrad = 4.3 Ω due to the higher resonance frequency of the 
structure as a consequence of the lower total inductance 
Ltot. Additional coupling factors K must be included: K2 = 
= 0.41, K3 = 0.33 and K4 = 0.2. The results of our model 
and the field simulation are shown in Fig. 10. Also in this 
case, the results of the modeling approach match quite well 
to the field-simulation results. 
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Fig. 10.  Maximum electric field strength in the far field at 1 m 

distance for a connector with one signal and 4 ground 
pins.
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5. Experimental Validation 
As a further validation of the presented modeling ap-

proach, a measurement was performed in a 3 m semi-an-
echoic chamber. For this purpose, a test-board structure 
was constructed [3], [6] with identical physical dimensions 
as given in the computational examples (Fig. 11).  

 
Fig. 11. Test-board structure for experimental validation of the 

suggested radiation model. 

The emission measurement was performed with an EMI 
receiver (Rohde&Schwarz  ESVS 30). The structure was 
fed through an SMA connector by the harmonic signal of 
the tracking generator (output power 0 dBm). An attenu-
ator of 20 dB was used to reduce reflections on the feeding 
cable due to the impedance mismatch between the genera-
tor output and the interboard connector input. In the simu-
lations the signal amplitude of the voltage generator Vs was 
set to 22.3 mV corresponding to the power of -20dBm on 
the total signal impedance Zt = 50 Ω. In the equivalent 
model and in the field simulation, an additional inductance 
of 10 nH was added in series to the signal pin to account 
for the influence of the SMA connector. The value of the 
connector inductance was empirically determined from an 
S-parameter measurement. 

Fig. 12 shows the comparison of the measurement re-
sults (solid line) with the results of the modeling approach 
(dotted line) and the field simulation (dash-dot line). Below 
300 MHz, the small radiation level is masked by the system 
noise. Considering a pical emission measurement uncer-
tainty of around 1.5 dB as well as parameter tolerances of 
the test board, an acceptable correspondence is obtained.  
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Fig. 12. Experimental validation of the suggested modeling 

approach. 

6. Conclusion 
A novel approach is presented to estimate the radiated 

emission of small horizontal submodule-on-motherboard 
structures. It is based on a lumped-element model which 
includes an equivalent circuit of the interboard connector 
and an antenna model of the structure. The main advantage 
of this modeling approach is the possibility to quickly 
estimate the radiated electric field just by a circuit analysis 
with no need for further numerical field simulations. The 
origin of the characteristic resonance of a horizontal sub-
module-on-motherboard structure has been found to be a 
series resonance of the connector total inductance and the 
capacitance of the submodule to the motherboard ground. 
Practical closed-form expressions for the estimation of the 
resonance frequency have been introduced. In contrast to a 
more time-consuming full-wave field simulation, the ap-
proach additionally provides a clear insight to the radiation 
mechanism and reveals how the individual geometrical and 
electrical parameters influence the radiation behavior. As 
shown by the comparison with 3D-field simulations as well 
as with measurements in a semi-anechoic chamber, the 
suggested model provides a sufficient accuracy for engi-
neering purposes. 
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