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ABSTRACT This paper presents the modeling and design of a frequency agile antenna using an anistropic
artificial dielectric layer (AADL) for multi-band phased array radar applications. The proposed AADL
material is placed underneath the patch radiator and is designed using periodically arranged metallic
cylinders in which varying height, diameter, and the distance used between them allows the control of the
effective permittivity of the patch antenna. Closed form design expressions are formulated to synthesize
the dielectric properties of the AADL as a function of the cylindrical unit cell dimensions. Design trade-offs
based on the proposed formulation and numerical simulations show the overall performance of the AADL on
microstrip patch (MS) antennas. To validate the proposed concept, five individual AADLMS patch antennas
in C-band were designed, fabricated, and tested. Simulated and measured results (s-parameters and radiation
patterns) are in good agreement with the results obtained from the theoretical model. The proposed AADL
concept has the potential to be used in the development of future reconfigurable tunable multiband antennas
that use liquid metal to dynamically change the heights of the cylinders.

INDEX TERMS Anisotropic, artificial dielectric layer, low-profile antenna, microstrip patch antenna, multi-
band antenna, reconfigurable, shared aperture array, tunable.

I. INTRODUCTION
Currently, multiple applications, including communications,
electronic warfare, weather radar, aircraft surveillance, secu-
rity, and defense, require diverse type of antennas to cover
from low frequencies to millimeter waves [1]. As the incor-
poration of new advanced sensors for these applications
increases, platforms get crowded and limited in space and
prime power. Moreover, adding more antenna apertures intro-
duces new challenges such as increased radar cross-section
(RCS), radio frequency (RF) blockage, and electromagnetic
interference in communication and radar systems [1]. This
enforces stringent requirements on system design specially
for military applications.Multi-function, shared aperture, and
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reconfigurable capabilities reduce the number of RF systems
needed during deployment and allow improved mobility
and operational agility, while maintaining high spectral effi-
ciency. Compact shared aperture array designs are required
to enable efficient integration of shipboard RF functions
including radar, communications, and electronic warfare
(EW) [1]–[6].

Recently, new antenna designs that offer features to achieve
reconfigurable radiation patterns, polarization, and frequency
diversity [7]–[15], and/or their combinations [16]–[19], have
been demonstrated. These antennas can be used to satisfy cur-
rent and future commercial and military requirements. How-
ever, such antennas have multiple constraints that increase
size, cost, and complexity. Additionally, array antennas for
multiband applications must achieve good impedance match
and high efficiency throughout all operation bands. In the
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FIGURE 1. Proposed AADL based antenna: a) Side view. b) 3D View. c) AADL unit cell.

case of frequency reconfigurability, antennas should also
exhibit a constant radiation pattern and consistent polariza-
tion performance across the entire frequency tuning range.
For reconfigurable and multiband arrays, this requirement is
difficult to achieve, since the element spacing is frequency
dependent. Research articles that discuss reconfigurable and
agile beam patterns for multiband applications can be found
in [20]–[25]. The proposed architectures useMEMS switches
and PIN diodes to achieve shared and reconfigurable fea-
tures on an array. However, these antennas produce different
radiation patterns at different frequencies. Arrays for large
conical scanned angles (±60o) require an element spacing
not larger than 0.5λo to avoid grating lobes. Grating lobes
deteriorate the performance of a multi-band array, especially
for the low portion of the frequency range. This problem
is discussed in [26], where a switch based L/S frequency
band adaptive antenna aperture is replaced with non-adaptive
elements (works at S-band) in the antenna array.

Theoretical and numerical analysis of artificial dielectric
layers (ADLs) for microwave substrates and multiple exper-
iments using anisotropic materials for antenna applications
are presented in [27]–[31]. It is important to mention that
previous research on AADL’s structures has not been done or
applied for multiband antenna array application. To achieve
frequency reconfigurable antennas, ferrite material was used
as a substrate to tune a desired frequency by changing mag-
netic fields [32], [33]. However, these antennas had low
efficiency and distorted radiation patterns. Liquid crystal
material was also used for the same purpose [34], [35], but
produced a very narrow frequency tuning range.

In this paper, an alternative approach to obtaining a recon-
figurable and shared aperture array antenna is discussed.
Instead of using an adaptive aperture element, an anisotropic
artificial dielectric layer (AADL) on a radiating antenna is
used. This AADL enables adaptive permittivity that allows
changing the resonant frequencies, while the element dimen-
sions and spacing remain unchanged. This concept provides
invariant radiation characteristics of the array at different
frequencies while maintaining the same aperture size and
element spacing. Closed-form design equations to synthesize
the AADL unit cell are presented. The proposed AADL is
based on a metal-loaded dielectric that effectively changes

the dielectric constant of the antenna substrate, allowing
the use of same antenna for different frequency operations.
To validate the proposed formulation, five antenna prototypes
are designed, fabricated, and tested. This formulation enables
efficient design methodology for reconfigurable array anten-
nas that will facilitate the implementation of multiband and
multifunction phased array systems that reduce the overall
number of sensors in crowded platforms.

II. PROPOSED AADL ANTENNA AND FORMULATION
The geometry of the AADL unit cell proposed is composed
by a host substrate with loaded metallic cylinders and its
use to design a microstrip patch antenna is discussed in
this section. Closed form design expressions are derived to
synthesize the dielectric properties of the AADL as a function
of the cylindrical unit cell dimensions.

A. AADL SUBSTRATE UNIT CELL
As illustrated in Figure 1c, the dimensions of the cylin-
der can be altered to change the host substrate in order to
achieve different permittivities. The effective permittivity (εz)
can be calculated by using the proposed piece-wise analyti-
cal expression in (1) and (2). These equations are obtained
by using the curve fitting technique based on a parametric
analysis.

εz = (εr − 0.04)efv + 0.04e(εr+F)fv (1)

where

F = 371.55
(

a
Px,y

)2

− 503
(

a
Px,y

)
+ 0.0821

(
a
Px,y

)−3.594
+ 185 (2)

Px,y (Px or Py) are the dimensions of the unit cells that
represent the spacing between cylinders, and Pz is the overall
dielectric thickness of the AADL. The proposed formulation
works for symmetric AADL unit cell, i.e Px = Py. The
volume of the cylinder is fv = π (a/Px,y)2h1/(4 Pz), where
a and h1 are the diameter and height. This formulation was
used to design two AADL structures in which metallic vias
were placed into two different host materials with relative
permittivities of εr = 2.2 and 3.48 respectively. A cylinder
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FIGURE 2. AADL geometry with PEC/PMC boundary conditions to extract
εz . s-parameters are obtained using de-embedding ports, indicated by
arrows in red.

FIGURE 3. Calculated and simulated effective permittivity (εz ) vs. the
cylinder’s height using different dielectric hosts (εr = 2.2 and εr = 3.48).

with a a = 0.5 mm diameter and a material thickness of
Pz = 2.413 mm is used. To validate the proposed equa-
tions, AADL unit cells with different dielectric hosts were
simulated in Ansys HFSS. Figure 2 illustrates the proposed
unit cell with the required perfect electric (PEC) and perfect
magnetic (PMC) boundary conditions for a HFSS simulation
setup. Length of red-arrow is representing the distance of
de-embed port into the proposed model. The constitutive
parameters of the AADL structure (εz) are extracted using the
Smith algorithm proposed in [36]. The comparative results of
the effective permittivity as a function of the cylinder height
using the proposed formulations (1)-(2), and simulated results
in HFSS are shown in Figure 3. This figure shows good
agreement between calculated and simulated results.

B. AADL ANTENNA
The proposed antenna geometry with the anisotropic AADL
structure is illustrated in Fig.1. Periodic metallic cylinders are
inserted in the antenna dielectric layer to convert an isotropic
substrate to an anisotropic substrate with a dielectric property
is frequency dependent. The height, diameter, and separations
between cylinders are used to synthesize the permittivity as
a function of the frequency of the AADL. To model the
microstrip patch antenna with an AADL substrate, a conven-
tional cavity model is used [37], [38]. This model is com-
posed of top and bottom perfect electrical conductor (PEC)
walls and side perfect magnetic conductor (PMC) walls in
order to generate the dominant TM-modewhere εz is sensitive
to the AADL structure proposed.

FIGURE 4. Calculated effective permittivity (εz ) vs. cylinder’s height using
a dielectric host of εr = 3.48 for different diameters (a = 0.3 mm to
0.6 mm). a) Px,y = 1 mm. b) Px,y = 2 mm.

The resonant frequency of the dominant TM-mode for the
proposed AADL based antenna can be calculated using (3)
to (6) [38].

fmnl =
c

2π
√
εz

√(
mπ
We

)2

+

(
nπ
Le

)2

+

(
lπ
h

)2

(3)

whereWe = W

Le = L + 21L = L[1+ δ(L)]
√
εeLεeW

εz

(4)

δL =
h
L

(
0.882+ 0.162

(εz − 1)
ε2z

+
εz + 1
πεz

[
0.758+ ln

(
L
h
+ 1.88

)])
(5)

εeL,eW =
1
2

[
(εz + 1)+ (εz − 1)

(
1+

10h
L,W

)−0.5]
(6)

W and L are the physical dimensions of a patch antenna,
and We and Le are the electrical dimensions of the patch
antenna. εeL,eW represents the effective dielectric constant in
the z-axis that is dependent on εz, L, W and h.
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FIGURE 5. Effective permittivity (εz ) vs. resonant frequency of AADL MS
patch antenna (L = W = 14.7 mm) with different cylinder’s height,
diameter a = 0.5 mm and distance (Px,y ) of 1 mm between them in a
dielectric host εr = 3.48.

FIGURE 6. Simulated s-parameters vs. resonant frequency of AADL MS
patch antenna (L = W = 14.7 mm) with different cylinder’s height,
diameter a = 0.5 mm and distance (Px,y ) of 1 mm between them in a
dielectric host εr = 3.48.

FIGURE 7. Effective permittivity (εz ) vs. resonant frequency of AADL MS
patch antenna (L = W = 14.7 mm) with different cylinder’s height,
diameter a = 0.5 mm and distance (Px,y ) of 2 mm between them in a
dielectric host εr = 3.48.

III. DESIGN TRADE-OFFS
Using (1)-(2), the effective permittivity of the MS patch
antenna (εz) is calculated for different cylinder dimensions
(radius, height, and spacing). Roger Duroid 4350B with a

FIGURE 8. Simulated s-parameters vs. resonant frequency of AADL MS
patch antenna (L = W = 14.7 mm) with different cylinder’s height,
diameter a = 0.5 mm and distance (Px,y ) of 2 mm between them in a
dielectric host εr = 3.48.

FIGURE 9. Simulated s-parameters of the AADL based MS square patch
antenna (L = W = 14.7 mm) after the inclusion of conducting rings onto
the cylinders.

relative permittivity of εr = 3.48 was used at different thick-
nesses (Pz) to demonstrate this formulation and highlight
the benefits of the proposed AADL structure in a multiband
antenna. The lower effective permittivity value of the AADL
is 3.48 and increases as the height of the metallic cylinder
increases. This is due to the high density of metallic cylinder
in a 2D lattice metallic array that increase the capacitive
storage energy. As illustrated in Figure 3, a unit cell with
Px,y = 1 mm and cylinder diameter of 0.5 mm produces
an effective permittivity that varies from 2.2 to 14 for a host
material with εr = 2.2, and an effective permittivity that
varies from 3.48 to 21.6 for a host material with εr = 3.48
and overall height of 2.032 mm. Increasing the unit cell size
to Px,y = 2 mm (see Figure 4) reduces the permittivity
range from 3.48 to 5.12. This is due to the low density of
metallic structure in a 2D lattice metallic array that reduce the
capacitive storage energy of the proposed AADL strcuture.
Another variable that can be used to change the effective
permittivity is the diameter of the cylinder. Figure 4 shows
the cases of using unit cells of 1 mm and 2 mm that have
different cylinder diameters ranging from 0.3 mm to 0.6 mm.
The larger the cylinder diameter, the greater the effective
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FIGURE 10. Prototype of the proposed AADL based frequency agile MS square patch antenna a) Top
layer b) Bottom layer with AADL geometry. c) Side view of the proposed AADL based patch model.
d) Side view of the AADL with an SMA connector. e) Bottom layer of top sub-dielectric. f) Bottom
layer of bottom sub-dielectric. (Dimensions: L = W = 14.7 mm, a = 0.5 mm and dc = 4.25 mm.

FIGURE 11. Calculated, simulated, and measured results of the proposed AADL MS square patch antenna a) Frequency vs.
effective permittivity (εz ) b) Reference c) h1 = 0.51 mm, h2 = 1.52 mm d) h1 = 0.77 mm, h2 = 1.27 mm e) h1 = 1.01 mm,
h2 = 1.01 mm f) h1 = 1.27 mm, h2 = 0.77 mm.

permittivity that can be obtained. Figure 4 also shows the
tunable capability of the AADL proposed as a function of
the metallic cylinder height. Liquid metal can be used to
dynamically reconfigure cylinder height in order to have a
tunable AADL in the proposed antenna.

Figure 5 illustrates the calculated and simulated results
of the effective permittivity (εz) underneath of a MS patch
antenna as a function of frequency. Cylinders heights (h1)
from 0.51 mm to 1.27 mm are changed to obtain an effective
permittivity from 3.48 to 15.8 when the frequency of the

source are changed from 2.3 GHz to 4.9 GHz. In this par-
ticular case, the design includes a cylinder radius of 0.5 mm,
AADL unit cell size (Px,y) are 1 mm. Numerical simulation
in HFSS is performed to evaluate the impedance frequency
response of the AADL antenna. Figure 6 illustrates the sim-
ulated results of the reflection coefficient (S11 in dB) ver-
sus frequency for the AADL antenna for different cylinders
heights (h1). changing the high cylinders heights (h1) from
0.51 mm to 1.27 mm, the resonance frequency the antenna
change from 4.9 GHz to 4.34 GHz. Figure 6 also shows the
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FIGURE 12. Simulated (dashed) and measured (solid) radiation patterns of the proposed AADL MS square patch antennas. a)
Reference, b) h1 = 0.51 mm, h2 = 1.52 mm c) h1 = 0.77 mm, h2 = 1.27 mm d) h1 = 1.01 mm, h2 = 1.01 mm e) h1 = 1.27 mm, h2 =

0.77 mm. Blue represents the E-plane, red represents the D-plane, and green represents the H-plane. Simulated realized gain from
6.0 dB to 6.6 dB was obtained for frequency range from 4.17 GHz to 4.0 GHz.
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S11 decreases as the frequency increases, this is attributed
to the narrow-band characteristic of the MS patch antenna,
where the probe feed position is sensitivity to the coupling
factor between the feed and antenna. This situation can be
improved using MS patch with a different feed mechanism,
for example using the proximity coupling of aperture coupled
patch antenna or increasing the antenna impedance band-
width using a parasitic patch antenna.

Figure 7 shows simulated and calculated results of AADL
substrate with a unit cell where Px,y is increased to 2 mm.
As it was expected, the effective permittivity offers a small
range of operation from 3.48 to 5.12. Using this AADL
substrate, simulated results of the reflection coefficient
(S11 in dB) versus frequency for AADL MS patch antenna
are illustrated in Figure 8. An AADL MS patch antenna with
narrow range frequency of operation was obtained. Conduct-
ing rings with a diameter of 2a were added in the top of each
cylinder to facilitate the PCB fabrication process. Comparing
the results between the AADL MS patch antennas with and
without conducting rings (see Figure 8 and Figure 9), can be
observed. The conducting rings added a capacitive effect that
compensates the inductive loading of the cylinders that typi-
cally increases for the lower frequencies. Tunable frequency
range increase from 4.34 GHz −4.9 GHz to 4.17 GHz to
4.9 GHz.

IV. MEASURED RESULTS AND VALIDATION
Five C-band antenna prototypes were designed, fabricated,
and tested to validate the proposed method. Figure 10 shows
pictures of different layers of the proposed AADLMS square
patch antenna. Figure 11 and Figure 12 show the geometries
of each antenna with comparative results between calcu-
lated, simulated, and measured s-parameters and radiation
patterns. The cylinder diameter (a) of 0.5 mm and spac-
ing (Px,y) of 2 mm are kept fixed for all cases. Circular
metal plates of 1 mm diameter were placed on each cylin-
der to insure a proper fabrication process. For all AADL
antenna cases, Rogers 4350B is used as a host dielectric layer.
The first dielectric core (see top and bottom in Figure 10a
and e) contains the square MS patch antenna. The second
one (Figure 10b and f) contains the periodic AADL metallic
cylinders. In all cases, both substrates were put together
using four nonmetallic screws. Different material heights
of the bottom and top layers of each antenna were used
while keeping the overall thicknesses of the antennas constant
(i.e. 2.032 mm).

1) s-PARAMETERS
The calculated, simulated and measured results are shown
in Figure 11. The frequency range of the proposed AADL
is from 4.17 GHz to 4.9 GHz and results from changing
the permittivity of the AADL from 3.48 to 5.12, as shown
in Figure 11a. The measured results varied slightly compared
to the numerical and simulated results. This is attributed to a
very small air gap between the dielectric layers and the slight

off-center placement of themetallic disks above the cylinders.
The variations may also be attributed to the variability of
the dielectric constant of the host material, in this case,
3.48± 0.05 for Rogers 4350B. An antenna without an AADL
was also fabricated and used as a reference (See Figure 11b).
In all cases, the frequency response for the S11 parameters
over a frequency range from 4.17 GHz to 4.9 GHz match
well with the simulated and calculated responses using the
proposed analytical model.

2) ANTENNA PATTERNS
The radiation patterns of five prototypes were measured in
the far-field chamber at the Radar Innovation Laboratory at
TheUniversity of Oklahoma. Co-polar and cross-polarization
patterns of the five H -polarized MS patch antenna pro-
totypes for E-, D-, and H -planes are obtained and com-
pared with simulated results in HFSS (see Figure 12). The
Ludwig-3 polarization definition is used for this antenna [39].
The antennas present the same behavior in beam-width and
backlobe radiation. Therefore, the proposed AADL based
antenna can provide invariant radiation characteristics for
the entire frequency tuning range. Co-polar pattern shapes
match very well with simulated results in all frequencies and
planes. However, a discrepancy in the cross-polar patterns
in the E-planes is observed. This discrepancy is attributed
to the misalignment between the AUT and probe antenna
during the measurements and cross-polarization contamina-
tion of the probe, since it is not rated for measurements
below −35 dB.

V. CONCLUSION
In this work, a AADL based frequency agile reconfigurable
antenna is proposed. This antenna uses a metal-loaded arti-
ficial material that effectively changes the dielectric con-
stant of the antenna substrate, thus allowing the use of the
same antenna for different frequency operations. Closed-
form design equations to synthesize the AADL unit cell are
presented. The accuracy and ease of use of these equations
allow expediting the design process of the proposed antenna
using reconfigurable AADLs.The proposed AADL material
enables the use of the same aperture to achieve a multiband
antenna with invariant radiation patterns. Simulated realized
gain from 6.02 dB to 6.61 dB was observed for a frequency
range from 4.17 GHz to 4.9 GHz, respectively. For proof of
concept, several antenna prototypes limited frequency range
(4.17 GHz to 4.9 GHz) are used. The simulations and mea-
surements are in good agreement and in line with the behavior
of the proposed theoretical model. This technique can be
extended for other frequency bands. The proposed low profile
architecture provides a wide tuning range with better effi-
ciency and high cross-polarization isolation. The proposed
AADL antenna concept has the potential to be used in the
development of reconfigurable tunable multiband antennas
that use liquid metal to dynamically change the heights of
the cylinders.
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