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Abstract—The effect of embedded capacitance material on the 
size reduction and filtering performance of electromagnetic band 
gap (EBG) structures etched on a power plane has been 
investigated. Due to the high permittivity of the embedded 
material the  effective band shifts to much lower frequencies. The 
impact of these EBG structures on resonances in power 
distribution network has been modeled using an equivalent 
circuit model, and simulated using a SPICE circuit simulator. 
The model and simulation results has been compared with 
measurement results. The effect of EBG on common mode 
radiation was evaluated. 
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I.  INTRODUCTION 
The fast signal rise times of digital logic circuits imply fast 

current surges in the devices’ power supply lines. If many 
outputs are switched simultaneously, such as in a synchronous 
system, these transient currents flow in the power distribution 
network, causing voltage drops due to the finite impedance of 
the power and ground planes [1]. At high frequencies the 
power-ground planes start to resonate and the power 
distribution network shows large impedance which leads to 
voltage fluctuations towards the connected devices. This 
phenomena is also known as simultaneous switching noise 
(SSN) 1, causing Signal Integrity (SI) and Power Integrity (PI) 
problems. The noise developed in the reference or ground 
plane results also in antenna currents in connected cables 
leading to Electromagnetic Interference (EMI) 0. Several 
methods to decrease the impedance in the power distribution 
network have been used in the last decade, including the use of 
embedded decoupling capacitors [1]- [3].  Another way is to 
implement Electromagnetic Band Gap structures (EBG) 0-[8]. 
However, EBGs can mitigate noise only in the GHz range due 
to the limited size. In this paper the combination of EBG 
structures with embedded capacitance material has been 
investigated. This solution leads to miniaturization of EBGs 
and results in large and wideband suppression of power/ground 
noise. The filtering performance of EBG structures on 
embedded capacitor material was investigated both by 
measurements and simulations. 

 

II. EQUIVALENT CIRCUIT MODEL OF EBG STRUCTURE 
 Power distribution is generally achieved by low impedance 

conductors such as power and ground planes. In conventional 
design approach the power plane mirrors the ground plane and 
creates a transmission line sandwich which behaves as an 
electromagnetic resonant cavity. Transient current flows 
between power and ground plane and creates a noise voltage 
across the impedance of the plane causing noise voltages in the 
ground plane. This noise voltage creates common mode current 
emission either by direct radiation from the board or by 
coupling to connected cables. In addition, a transients current 
flowing around the loop formed by power and ground planes 
makes an efficient loop antenna. The frequency of the power 
plane resonance is determined by its physical size and 
dielectric constant of the insulator 0. The parallel plane 
resonances can also be represented as an interaction of low loss 
inductances with low loss capacitances. Via this equivalent 
circuit model the interaction of parasitic effects can be 
implemented easily. The most troublesome interactions are 
usually the parasitic inductance towards the integrated circuit 
(IC) die capacitance and the parasitic inductance to the PCB, 
i.e. the interconnects.  

Electromagnetic band gap (EBG) structures can reduce the 
resonances in PDN and decrease common mode noise 0. The 
Power Distribution Network (PDN) employing EBG structures 
becomes a low-pass filter reducing unwanted resonances and 
radiated electromagnetic fields. By implementing EBG in PDN 
its symmetry is changed drastically towards an asymmetric 
design by using smaller power patches over the large ground 
plane. The beneficial effect of asymmetry on reduced EMI has 
been shown in [9]-[12]. The EBG patches are interconnected 
by thin traces. The resulting structure acts as a low-pass EBG 
filter. The exact frequency characteristic is determined by 
parameters of the EBG structures. To model the behaviour of 
2-dimensional EBG structures an equivalent circuit have been 
used and a  SPICE circuit simulator was used to simulate the 
effect [13]. The first experimental board (Figure 1 and 2) was 
built on a standard FR4 substrate. This board contains several 
fragments of EBG structures, each of them has different size of 
patch and different trace length (Table I). The meander is used 
as inductive decoupling, while the EBG patch itself can be 
considered as a capacitor. The SPICE model considers thus 



both patches and traces above the ground reference plane 
modelled as loss-less transmission lines. 

 

 
Fig. 1. Five Sets of Interconnected Power Islands, over the bottom ground 

plane, acting as an low-pass EBG 
 

TABLE I.  DIMENSIONS OF ISLANDS AND TRACE LENGTHS 

Set Patch size Connecting Trace Length 
- mm mm 
1 40x40 15 
2 30x30 35 
3 20x20 55 
4 10x10 75 
5 5x5 85 

 

To model the effect of noise voltage in the ground reference 
plane, the effective inductance was obtained from the coupled 
flux [14]. 

 
Fig. 2. Cross Sectional View of Power Patches and Trace 
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While Equation 2 calculates the partial magnetic induction 
as a result of the current in the trace, the same equation was  
used using the width of the power patch, w, instead of the trace 
width, ws, to calculate the field resulting from the current in the 

patch. 

 
Equations 4 and 5 show the results for the power patches and 
ground reference plane respectively. The results for many other 
geometries were described in [14]        

      (4) 
       

(5) 
 

Each trace was modelled as L - C sections shorter than 
2π
λ

 

where λ  is the wavelength of the highest excitation frequency. 
Each patch was meshed into squares with dimensions smaller 

than 
2π
λ

. 3GHz=Fmax  was considered as the highest 

frequency in this analyses, the shortest wavelength was given 

by Equation 6.  0.05m=
τF

1
=

2π
λ

PDmax

Patchmin,     (6) 

To model the source and load connector in the middle of the 
patch, each side of a patch had an even number of squares. 
Each patch was meshed as shown in Figure 3. The edges of 
each square in Figure 3 were replaced by small inductors and 
the nodes on each corner by small capacitors. The same 
process was used for the ground reference plane. All node 
capacitors were “vertical”. The SPICE model for a patch is a 
matrix of capacitors interconnected by inductances as shown in 
Figure 7. Each capacitor was connected to the triangular 
ground symbol, provisionally showing the reference plane as 
an ideal conductor with zero resistance and inductance in order 
not to complicate the picture too much. The final model 
included also the reference plane as a grid of inductances 
where the capacitances were connected to the nodes in this 
grid. The actual wavelength, needed to calculate the maximum 
section or mesh dimension, depends on the propagation delay, 

PDτ , of the transmission line under consideration. 

 
Fig. 3. Subdivision of the Largest Power Island 

 
The effective permittivity depends on the geometry of the 

transmission line. For the patches, which are much wider than 
twice the base material thickness, d, the effective permittivity 
was calculated using Equation 7. 

 (7) 

sw



In which W is the width of the patch and d  the thickness 
of the base material as defined in Figure 2. The base material 

permittivity, rε  were found from the parallel plate capacitor 
expression, Equation 8,  resulting in Equation 9. 

d
εεArea

=C r0cap
pplate  (8)    

0cap

pplate
r εArea

dC
=ε  (9) 

4.2=ε Patcheff With 
m
F

108.85=ε 12
0 ,     (10) 

the measured value pF40Cpplate = for the 40 x 40mm patch 

with 23
cap m106.1Area = , the permittivity of the base 

material was found as 5.4εr = . Equation 10, the effective 
permittivity for the patch, was evaluated as 2.4ε Patcheff = . The 
propagation delay for the patch area was defined as then 

m
ns

9.6τPD = . The maximum side of each mesh (S in Figure 3) 

then was mm8
π2

λ Patchmin, = .  For the largest patch on our board 

(#1 in Table I) with dimensions W x H = 40 x 40mm, each side 
got hence at least 5 squares. But the middle of the patch should 
also be available in the model. That requires an even number of 
meshes. So at least six meshes, S = 6:7 mm, on each side for 
the patch as shown in Figure 3. This model had 49 nodes per 
power patch. For a total patch capacitance of pF40C patch =  this 
means each capacitor in the model was 

pF8.0C patch,node = .

 
Fig. 4. SPICE Model for 1 Power Patch (Partial View) 
 

To validate the model measurements of the attenuation S21 
were performed. The measurement and simulation results are 
plotted in Fig. 5. These graphs illustrate that the measurements 
match simulations and the proposed model has sufficient 
accuracy. The calculated results are generally consistent with 
the experimental data. The  band gap frequencies are shifted to 
a higher value. It can be related to the frequency dependencies 
of the FR-4 material, which were neglected in the SPICE 
models and to the couplings outside the EBG structures, which 
were neglected in the SPICE models. The calculated stop bands 
are reasonably accurate. 

 
Fig. 5: Measurements and simulation of transfer function of EBG structure 

 
Most EBG are mitigating noise in a limited bandwidth (GHz 

range). To improve the filtering performance of EBG without 
increasing the size of the structure, EBG on high k substrate 
were manufactured.  

III. EBG STRUCTURE ON HIGH-k MATERIAL 
Four experimental boards were designed to demonstrate the 

influence of the substrate material, shape, length, inductance of 
meander line, size and capacitance of patches on resonances in 
power plane and common mode radiation (Figure 6). Board 1  
and 2 were designed on EURO-card printed circuit boards (100 
× 160 mm2). The dielectric of the PCB was FR4 with relative 
dielectric constant of 4.7. Board 3 and 4 were designed on 
embedded capacitor material with dielectric constant 22, which 
is almost 4 times higher than permittivity of FR4 material.  
Board 1 and 3 had the same design configuration. The first 
structure (board 1-a) represented conventional power plane 
which mirrors the ground plane creating a cavity. The 
geometries of three other arrays ( board 1-b-c-d and board 2- b-
c-d) were as follows. The size of each individual patch was 30 
× 30 mm2. Inductance of meander for the case 1-b) and 2-b) 
is 453 nH, EBG fragments 1-c), 2-c), 1-d), 2-d) have equal 
inductance of the interconnecting line which is 325 nH. All 
interconnection traces were 0.5 mm wide.  
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       Board3     Board4 

Fig. 6  Set of EBG structures etched on high-k material and FR4 substrates. 

a) c)b) d) a) c)b) d)a) c)b) d)a) c)b) d)



Board 2 and 4 were designed to estimate the influence of the 
size of individual patch of EBG on radiated emission. These 2 
boards also had the same design configuration. Dimensions of 
the island for each EBG fragment are listed in Table II. All 
interconnection traces were 0.5 mm wide and 35 mm long.  
The transfer function of the boards shown in Figure 6 was 
measured and plotted in Fig.7 and 8. The graph demonstrate 
that the EBG reduces resonances in the PDN. Significant noise 
reduction is achieved by combination of EBG and high 
capacitance substrate in comparison with standard power plane.  
 

 
 
Fig. 7: S21 of EBG with different meander lines on FR4 and high-k, board 1 

 
Measurement results of S21 of the board with different size 

of the patches are plotted on Figure 8 which demonstrates that 
EBG etched on high dielectric material show better 
performance at low frequencies. The EBG with the smallest 
patch size (5x5mm) etched on high-k substrate shows 5 dB 
better attenuation than EBG on FR4 (30x30). This 
demonstrates the fact that combination of EBG structure and 
embedded capacitance material could be used to suppress SSN 
noise in high speed electronics  

 

 
Fig. 8: Attenuation of EBG with different patches on FR4 and high-k,  

board 2 

 

 

TABLE II  DIMENSIONS OF ISLANDS AND TRACE LENGTHS 
 

Set Patch size  
- mm 
1 30x30 
2 20x20 
3 10x10 
4 5x5 

IV. CURRENT CLAMP MEASUREMENTS 
One of the most important immunity tests is assessment of 

common mode radiation which can be realized by measuring of 
common mode currents on the cables. The radiation from the 
cables is directly proportional to the common-mode current on 
that cable. Common mode emission can be modelled as a 
dipole, or monopole antenna (the cable) driven by a noise 
voltage (the ground voltage). For a short dipole antenna of 
length l, the magnitude of electric field strength measured, in 
the far field, at a distance r from the source is  

,
r

θsin)flI(10π4
E cm

7×
=               (11) 

 
where E is in volts/meter, f is in hertz, I is the common-mode 
current on the cable (antenna) in amperes, l and r are in meters, 
and θ is the angle from the axis of the antenna that the 
observation is made. The maximum field strength will occur 
perpendicular to the axis of the antenna where θ = 90°. The 
measurements of common mode current were performed with 
Absorbing Clamp EM 101 and PNAL Network Analyzer (NA) 
Agilent technologies N5230A. The current clamp is an RF 
current clamp, having inductive and capacitive coupling and 
allowing the induction of large currents on cables in the 
frequency range of 0.15 MHz to 1 GHz. The absorbing clamp 
is both a current probe and an «antenna impedance» formed by 
a number of ferrite ring cores arranged in a row that surround 
the cable of the equipment under the test (EUT). Some of these 
ring cores are part of the current transformer. The output 
voltage of this current transformer is taken to the measuring 
receiver via an internal RF cable also loaded by ferrite rings. 
With power cables, the measurement result is not affected by 
the magnitude of the current since the currents of the forward 
and return leads cancel each other out. The clamp consists of a 
two-part plastic case that can be opened. Each part includes a 
set of ferrite ring core halves. The halves are arranged in 
spring-loaded holding devices to form a channel to surround 
the cable of the EUT to be inserted. By closing the upper part 
of the plastic case, the magnetic loop around the cable is 
completed. Practical eccentric catches provide the necessary 
contact pressure. 
 



 
Fig.9 Set up for common mode measurements 

The major advantage of the clamp is the highly repeatable and 
comparable common mode current measurements, compared to 
common mode measurements using current probe only .  Fig.9 
shows the measurement set up used for our experiments. The 
measured cable (1 m length) was placed on a non-conducting 
surface (test table) so that it was at least 40 cm away from a 
conductive floor or wall. It was connected to port 2 of the NA 
and stretched out over the length of absorbing clamp. Then 
different board configurations with 50Ohm load termination 
were connected to the cable. The current transformer was 
facing the equipment under of the test (EUT) . The generator in 
the network analyser was feeding the inner circuits with a test 
signal:  
� Case a) standard power plane,  
� Case b) EBG structured power plane  
� Case c) EBG structured power plane on high k substrate 

 
Fig.10 Common mode measurements setup scheme 

Another port of NA was connected to absorbing clamp. Via the 
absorbing clamp the cable acts as an antenna tuned at all 
frequencies. The clamp induces a current on a cable by using 
inductive and capacitive coupling at the same time. Inductive 
coupling is realised by transformer having a one turn primary 
circuit  which uses the clamp`s ferrite tube of 60 cm length as 
magnetic core. The mechanism of capacitive coupling between 
the cable under the test and the  primary turn (semi cylinder of 
a metal foil in the groove of the clamp) is as follows : the 
resistance in the impedance of the primary turn enhances the 
directional effect and diminishes the influence of the load at the 
"back side" of the clamp. A ferrite absorber provided in the 
clamp surrounds the power cable and acts as resistance for the 
high-frequency RFI power. The incoming current is measured 
at the absorber input by using a current transformer and an 
EMI measuring receiver. Since there is no matching between 
the disturbance source, the cable, and the absorber in this setup, 
the clamp is slid along the cable to obtain maximum current. 
 

 
Fig.11 Electromagnetic Absorbing Clamp 

Measurements of these 4 experimental boards demonstrated 
that the length of the meander has no influence on common 
mode current (Fig.6) and the standard PDN design approach, 
which corresponds to board 1 a), shows the highest emission 
level. 

 
Fig.12 Common mode radiation, board1, board 3 

It is possible to achieve almost 35 dB difference in radiated 
emission implementing EBG on high permittivity substrate. 
Fig. 6 shows the measured common mode currents for board 2 
and board 4. The measurements demonstrate that even with 
the smallest patch of EBG on high permittivity substrate it is 
possible to achieve better common mode noise mitigation than 
with standard power plane solution. 

 
Fig.13 Common mode radiation, board 2, board 4 



All measured amplitudes are written in terms off dBpW, 
according to the convention that the absorbing clamp is 
measuring the radiated power.   

 

V. CONCLUSION 
Implementation of Electromagnetic Band Gap (EBG) 

structures reduces unwanted resonances in Power Distribution 
Network (PDN). This leads to mitigation of common mode 
current and therefore  reduced common mode radiation. By 
modelling in SPICE design parameters of EBG structures, 
different  transfer function were achieved. Measurements 
show that created model is valid and that the EBG structures 
are acting as low-pass filter.  

The high k material can be used as a substrate to  
miniaturize the EBG structures. Moreover combination of 
EBG and high k embedded material substrate leads to better 
filtering performance of EBG even at lower frequencies.  
Measurements of transfer function and common mode current 
of EBG on high k material proved that its possible to achieve 
almost 40 dB difference in common mode radiated emission 
comparing with standard PDN solution. 
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