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Abstract—This letter describes the performance characteristics
of single-layer 1-D periodic resonant structures embedded in a
metal-backed substrate. Such structures are known to behave as
an electromagnetic band-gap (EBG) layer that can suppress the
dominant substrate mode. For short distances in thin substrates, it
is shown that the dominant TMSdd with a zero cutoff frequency
can be approximated by a TEM wave inside and in the vicinity
of the thin substrate. The propagation of this TEM wave is then
modeled by an equivalent transmission-line model. The effect
of the resonant EBG structure on the wave propagation in the
equivalent transmission-line model is taken into consideration by
modeling the EBG structure in terms of an equivalent LC' circuit
and establishing the proper electric and magnetic mutual cou-
plings between the LC circuit and the transmission-line model.
The performance of the equivalent circuit model is compared to
the full-wave simulation of the actual structure, and a very good
agreement is shown.

Index Terms—Electromagnetic band-gap (EBG) materials, elec-
tromagnetic shielding, interference suppression, mutual coupling.

I. INTRODUCTION

N RECENT years, electromagnetic band-gap (EBG) struc-

tures have been widely utilized in applications where mu-
tual coupling between two or more closely spaced antennas is to
be suppressed. Such applications include reduction of the mu-
tual coupling among antenna elements of planar microstrip ar-
rays [1], reduction of crosstalk in miniaturized elements of com-
pact arrays [2], and more recently improved isolation among
antennas of multiple-input—multiple-output (MIMO) commu-
nication systems [3], [4]. In practice, EBG materials are made
of subwavelength magneto-dielectric structures with particular
resonant characteristics that can inhibit wave propagation near
their resonance [5], [6]. In such scenarios, usually the effec-
tive permeability of the equivalent medium becomes negative.
Similar behavior has also been demonstrated for designing an-
tennas over high impedance surfaces [7] and reactive impedance
surfaces [8].
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Fig. 1. Geometry of dielectric coated conductor.

Due to the assumption of periodicity of EBG structures, the
design procedure often relies on calculation of dispersion dia-
gram for a unit cell. Such analyses are based on Floquet theorem
and do not account for the truncation effects that are encoun-
tered in practical situations. The numerical simulation of finite
structures composed of numerous unit cells has features with di-
mensions much smaller than a wavelength. Thus, this requires
significant computational resources, and the computational er-
rors for such resonant structures usually exceed the required fi-
delity for an accurate design. One such problem is encountered
in the design of an EBG structure intended for creating high iso-
lation between two miniaturized antennas with subwavelength
separation implemented in a thin substrate [9].

In order to address these difficulties, a new equivalent cir-
cuit model for such EBG structures is presented in this letter. A
typical EBG structure, composed of two short-circuited vertical
pins connected by a series capacitor, is considered here to under-
stand the physical interactions between the substrate mode and
the EBG isolator. Based on a previous design [9], the lateral di-
mension of the interdigital capacitor is decreased, and the height
of the unit cell is increased to minimize the parasitic effects
from the ground plane. The proposed equivalent circuit model
employs a conventional transmission-line model embedding a
magnetically coupled parallel LC' resonant circuit. The circuit
simulation and full-wave simulation responses are compared to
show the validity of the proposed circuit model. It is shown that
the proposed circuit model can correctly predict the reflection
zero and the notch responses obtained from the full-wave sim-
ulation response.

II. INVESTIGATION OF SUBSTRATE MODES

In most practical applications, RF communication circuits
are built on dielectric substrates for system integration and
miniaturization. A single-layer dielectric substrate, commonly
used for many high frequency digital and RF circuits, has signal
traces on top and is backed by a conducting ground plane as
shown in Fig. 1.

In a source-free region, the electric and magnetic fields
can be obtained from the electric and magnetic Hertz vector
potentials that satisfy Helmholtz equations. According to the
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boundary condition at z = 0, it can be shown that only TMedd
and TE®™" modes can be guided through the substrate. For
the TM°4¢ solutions, the field quantities in each of regions are
given by [10]

Fi, = — ZﬂBl/e*”me"'ﬂZ
Eq. = — Bile V7B
Hy = - iBweve Ve 1)
and
Esp =i Ak, COS(]i:gcm)e'iﬁz
By, = Ak%C Sill(k'Qc'«I;)ei,ﬁz
HQy = ’1L4w52k:26 COS(]{;ZC.T)Eii‘BZ (2)
where the wavenumbers are given by
k3. =k3 — 2
v =i - i 3)

and A and B are some constants for each of regions.

From the continuity of the tangential electric and magnetic
fields at z = h and dispersion relations (3), the relations for k2,
and v can be written as

AXtanX =Y
€2

X?24+v2= (why/12es — u161)2

where X = ko hand Y = vh.
The cutoff frequency for TM modes is defined as a frequency
for which v = 0, thus it is given by

fC'l' M =

“

m
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Here, it should be noted that Tl\/[8dd has a zero cutoff frequency
regardless of the substrate thickness, and only TM‘O)dd mode
can be guided through a thin substrate. Therefore, TMgdd mode
mainly contributes to the mutual coupling observed in planar
circuits.

To examine the characteristics of the dominant substrate
mode, let us consider a relatively thick substrate near Bluetooth
operating frequency. Solving (3) and (4) for h = 3.18 mm,
€1y = 1,9, = 2.2, and f = 2.46 GHz, the propagation con-
stant and attenuation constant are obtained as k2. = 56.252,
v = 4.599, and 8 = 51.727. The radio of the normal to
horizontal components of the electric field at the interface in
Region 1 (at # = ht) is about —21 dB. Thus, the electromag-
netic wave near the thin substrate can be approximated by a
transverse electric and magnetic (TEM) wave. In fact

form=0,1,....

(&)

2
B Vi e = e (B) - X2
| | \/47r252r (’X’)Q - X2
from which one can determine the region of validity of

quasi-TEM approximation. Numerical simulation indicates that
|E.|/|Ez] < —20 dB can be maintained for substrates with

atz = ht (6)
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Fig. 2. Unit cell of the EBG isolator: (a) geometry of the EBG isolator; (b) ge-
ometry of the interdigital capacitor.

gay < 10 when h/X\ < 0.02, and A /A can be as high as 0.03
for g9, < 2.2. The characteristic impedance of this quasi-TEM
wave is given by

|Em| _ /3 (7)

|H,y|  wey

Zt™m =
which equates to Zryip = 171.8066 (2 at f = 2.46 GHz.

III. ELECTROMAGNETIC BAND-GAP ISOLATOR

The metamaterial-based EBG isolator is composed of single
array of parallel LC resonant circuits that is magnetically cou-
pled to the dominant substrate mode [9]. As can be seen in Fig. 2,
the unit cell of the EBG isolator consists of vertical wires and
horizontal conducting strips. The loop behaves like an inductor,
and the interdigital metallic strips act as a series capacitor in
the loop. For the quasi-TEM substrate mode, the horizontally
polarized magnetic field is linked by the square loops of the
EBG, which in turn induces electric currents on the vertical
wires. This induced current generates a magnetic field in the
opposite direction according to Lenz’s law. When the unit cells
are closely spaced to each other, the inductance of the loops is
increased, and the periodic array acts like a solenoid. At res-
onant frequency, the periodic layer acts as a perfect magnetic
conductor (PMC) plane and disturbs the propagation of the sub-
strate mode.

Due to the mutual coupling between the adjacent loops, the
self inductance of the square loop shown in Fig. 2 can be ob-
tained from [6]

T A 00
LS — /‘L /’Lod loop (8)

where Ajgop = Ploop lleop 18 the surface area of the loop, and d
is the periodicity of unit cells.

As the induced current from the horizontal magnetic fields
flows through the top conducting strips, it generates electric
fields between the conducting strips. Since most of the electric
fields between these strips are in the gap and perpendicular to
the metallic edges, its capacitance can be computed from the
capacitance per unit length of two thin coplanar strips given
by [11]

K(kt e)
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TABLE I
DESIGNED PARAMETERS FOR THE EBG ISOLATOR
loop leap g w1 w2
6.10 mm 234 mm | 0.10 mm | 0.10 mm | 0.20 mm
hloop d T n
3.18 mm | 0.81 mm | 0.36 mm | 4

where 1 = wy /(w1 + g) is the metallization ratio and K (k) is
the complete elliptic integral of first kind defined by

w/2 d
K(k) = / L — (1)
Jo V1 -—k2sin?¢
Since the individual capacitors between strips are connected in
parallel, the total capacitance per unit length of interdigital ca-
pacitor is equal to

o CiC.
C=(n-3)—+2

5 m forn > 3

(12)
where C; is the capacitance between inner strips, C., is between
outer and inner strips, and n is the number of strips. Hence, the
total capacitance of the proposed EBG isolator can be calcu-
lated easily from C'y = Cl..p, where .., is the length of the
strips. The designed parameters for operation at 2.46 GHz are
summarized in Table I. The corresponding inductance and ca-
pacitance of the unit cell are thus found to be Lg = 29.9237 nH
and Cs = 0.1139 pF, respectively.

IV. EQUIVALENT CIRCUIT MODEL FOR THE EBG ISOLATOR

As mentioned before, the substrate modes within a thin sub-
strate can be approximated by a TEM plane wave. Also, the
propagation of a TEM wave in a simple medium with mate-
rial parameters € and p+ can be modeled in terms of an equiva-
lent transmission-line with capacitance and inductance per unit
length equal to & and s, respectively [12]. Hence, the propaga-
tion of the substrate mode within a thin substrate can also be
represented using a transmission-line model as shown in Fig. 3.
Due to the propagation symmetry along z-axis of the substrate,
the II transmission-line model is adopted. The inductance and
capacitance per unit length of the transmission-line £, and C
are given by p, pto and €29, respectively.

As the EBG isolator is linked to the substrate modes through
the horizontal magnetic field, the inductance of the EBG struc-
ture can be modeled to have an inductive mutual coupling K
with the inductance of the equivalent transmission line as shown
in Fig. 3(b). The induced electric currents on two vertical wires
of the EBG flow in opposite directions, and therefore the equiv-
alent inductor of the EBG isolator is divided into two equal
inductances and connected to the ground plane of the trans-
mission-line model. The mutual coupling between the vertical
wires on the opposite sides is expressed by K. The mutual
coupling between the equivalent transmission-line and the hor-
izontal conducting strip of the EBG isolator can be described
through the capacitive coupling Cps. Furthermore, I2g and Cpq
are employed to show the finite quality factor (()) of the EBG
isolator and the parasitic capacitance between the strips and
ground plane, respectively.

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 11, 2012

Equivalent transmission-line

X oAl .|
Cr=F/ K, Ki\==Cr2
Rs Cs Rs
Co/2 Al=F i} =Cy/2 Al
Ls/2 Cri== =Cr Ls/2
ZTMO ~—1 Kk | ZTMO

(b)

Fig. 3. Transmission-line model for the EBG isolator: (a) geometry of the
equivalent transmission-line; (b) equivalent circuit model for the EBG isolator
embedded substrate.

(bottom)
(a) (b)

Fig. 4. (a) Boundary condition setup for full-wave simulation using finite ele-
ment method solver. (b) Propagation of T, mode within the substrate.

In order to verify the accuracy of the EBG isolator model,
a commercial full-wave solver (Ansoft’s HFSS ver. 12) is uti-
lized. As shown in Fig. 4(a), PMC walls are assumed to enforce
the periodic condition of the unit cells. To eliminate nonphys-
ical reflections at the boundaries of the upper free space and the
front and back sides, perfectly matched layers (PMLs) are as-
signed at these openings. Perfect electric conductor (PEC) is as-
signed at the bottom as an infinite ground plane. In addition, two
small thin pins are employed to generate the substrate modes
and measure the transmission coefficient through the EBG iso-
lator. Since only TMy mode can be supported, the substrate
mode is coupled to the EBG isolator as shown in Fig. 4(b).

In Section III, the inductance and the capacitance of the EBG
isolator are analytically evaluated from (8) and (12). The equiv-
alent transmission-line parameters are also analytically repre-
sented, and the set of values for the rest of circuit elements is
derived from the result of full-wave simulations. A curve-fit-
ting process using a high-frequency circuit simulator (Agilent’s
ADS 2008) is adopted to get the best fit between the circuit sim-
ulation and the full-wave response. It should be noted that a
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Fig. 5. (a) Comparison between full-wave and circuit simulation responses.

(b) Simulated mutual coupling coefficients according to length of the unit cell.

TABLE 11
EXTRACTED CIRCUIT ELEMENTS FOR THE PROPOSED EQUIVALENT CIRCUIT
MODEL
Lg Cs Rg Cp1 Cpy
29.9237 nH 0.1139 pF | 0.65 Q 10 fF 120 fF
ZTMO K1 Ks Al
171.8066 Q2 0.364 -0.139 6.45 mm

normalized frequency response is obtained by dividing the fre-
quency response (S21) of the short vertical pins with and without
the EBG. This approach is only valid to estimate the locations
of the reflection zeros and poles of the EBG isolator. In addi-
tion, extremely dense meshes (very small tetrahedra) and very
fine convergence in the finite element method (FEM) simulation
are required to get accurate and stable results. The small tetra-
hedral meshes are required to model the gap capacitances and
inductance of the loop accurately. The very fine convergence
criteria is needed to get the resonant frequency of the high @
circuit correctly. The values of the circuit elements are summa-
rized in Table II. As shown in Fig. 5(a), three different design
parameter sets and corresponding capacitance/inductance with
fixed circuit elements of Rg, Cp1, and Cpo are considered to
estimate the mutual coupling coefficients K; and K». The pro-
posed equivalent circuit model shows a good agreement with
the full-wave responses including a reflection zero at 2.396 GHz
and a bandstop response at 2.462 GHz.

Since the mutual coupling coefficients K; and K'» account for
the magnetic field linkage from the substrate mode and the EBG
isolator, these values are dependent on the physical dimensions
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of the EBG isolator. Using the same curve-fitting process be-
tween the full-wave simulation and the proposed circuit model,
the mutual coefficients are estimated according to the length
of the EBG isolator as shown in Fig. 5(b). As the unit cell
becomes longer, the inductive coupling between the substrate
mode and the unit cell becomes weaker. However, the mutual
coupling coefficient between the two vertical wires (K5) shows
little variations to the length of the unit cell within the small
range (A;/16 ~ A, /12).

V. CONCLUSION

In this letter, the performance characteristics of single-layer
1-D periodic metamaterial-based EBG structures embedded in
metal-backed substrates are described. It is shown that the dom-
inant substrate mode for thin substrates can be approximated
by a TEM wave inside and in the vicinity of the thin substrate.
Given this TEM approximation, the magnetic coupling between
the substrate mode and the EBG isolator is represented through
a mutual inductive coupling and some capacitive couplings. An
equivalent circuit model for the thin substrate embedding the
EBG isolator is developed and analyzed. The circuit simulation
response of the proposed equivalent circuit model shows a good
agreement with the numerical full-wave solution. The proposed
circuit model can be utilized to estimate the mutual coupling
coefficients and to find the locations of the reflection zero and
bandstop frequencies of the EBG isolator.
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