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Abstract—New multi-conductor spectral domain immittance
functions are derived for modeling the mutual coupling between
printed dipoles of arbitrary length embedded in stratified uni-
axially anisotropic dielectrics. The coefficients for the newly
derived multi-conductor spectral domain immittance functions
are closed-form trigonometric functions, which shows that these
new expressions are as simple as the single-conductor spectral
domain immittance functions derived in previously published
literature. Many different configurations of printed dipoles in
stratified uniaxially anisotropic dielectrics are investigated for
the first time. In particular, the effects of the thickness and the
anisotropy ratio of each layer on the mutual coupling of the
printed dipoles are determined. The numerical results from the
new spectral domain immittance functions are compared to nu-
merical results from commercial software and published literature
with good agreement in all cases.

Index Terms—Anisotropic media, dipole antennas, mutual cou-
pling, spectral domain analysis.

I. INTRODUCTION

I N modern communication systems, printed antennas are
required to perform in ever more complex environments.

These environments can contain many other antennas, enclo-
sures, feed-networks, circuits or even severe weather [1], [2]. In
such complex environments, the coupling between the printed
antenna and its surroundings can be significant. Understanding
this coupling is very important for proper design, placement and
performance of printed antennas. A very useful application of
printed antennas is a printed dipole array [3], [4]. The phase
and amplitude of the current distributions on the elements can
be controlled to achieve a desired impedance and scan angle
[3]. However, it is well-known that a drawback of using printed
dipoles is their narrow bandwidth, and, in a printed dipole array,
the close proximity of each element can result in substantial mu-
tual coupling between the elements. This coupling can cause
loss of bandwidth, scan blindness and mismatches between feed
networks and elements of the array [2], [3]. This illustrates that
it is very important to be able to accurately model the coupling
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between the printed dipole and the surrounding environment for
successful antenna design and performance.
In the past, several researchers have studied the mutual cou-

pling between printed dipoles [4]–[8] in layered isotropic di-
electrics. They have shown how the properties of isotropic di-
electrics can affect themutual coupling between printed dipoles.
Other researchers, such as Krowne [9], have suggested that cer-
tain anisotropic dielectric properties could be used to reduce
or enhance the coupling properties of radiating elements in an
array. This knowledge would be very useful in many appli-
cations because it is well-known that many manufactured mi-
crowave substrates are anisotropic [10]. At this time, other than
for electromagnetic bandgap (EBG) feed networks and trans-
mission lines [11]–[13], very little work has been done to model
the mutual coupling between elements in stratified anisotropic
dielectrics. In fact, to the best of the authors’ knowledge, the
limited review of broadside coupled dipoles in [14] appears
to be the first investigation of the coupling between printed
dipoles embedded in stratified anisotropic dielectrics. Thus, be-
cause of the limited knowledge of the mutual coupling between
printed dipoles in anisotropic dielectrics and the very wide use
of printed dipoles, a much more thorough understanding is nec-
essary.
The effort of this work is twofold. First, new multi-conductor

spectral domain immittance functions are derived to evaluate
problems with different conductors on different anisotropic
layers. Even though previous work using the spectral domain
immittance functions on problems with single conductors
has been published [15]–[27], it is believed that the details
included in this paper add insight about the derivation process
for the new functions while also significantly extending pre-
vious work. Second, the mutual coupling between two printed
dipoles embedded in stratified anisotropic dielectrics is mod-
eled. The printed dipoles are evaluated in broadside, collinear
and echelon orientations with various layer anisotropy ratios
and thicknesses. Investigation of these problems leads to novel
results and provides significant new knowledge of the mutual
coupling between printed dipoles in anisotropic dielectrics.
As such, the functions derived in this paper can be used to

evaluate a large number of problems and have the following
features:
1) The functions are not necessarily limited to evaluating the

coupling between printed dipoles. Other examples would be the
evaluation of the coupling between printed elements in a mi-
crostrip array [2] or determining how the anisotropy in naturally
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occurring materials such as sapphire and alumina [15] could be
used to reduce or increase the coupling between elements.
2) The expressions could be very helpful in determining

which component of the field from a printed antenna is dom-
inant. In particular, information about the surface waves and
guided waves in each anisotropic layer could be determined
[16], [27]. Using this field information and by studying the
results of this paper, a designer could extract which component
of the permittivity affects the coupling between two antennas
and use this information to determine where the strongest
(or weakest) coupling may occur between two elements in a
design. This could result in novel anisotropic materials that
may be used to control the coupling between printed antennas.
3) Also, the expressions in this work are much easier to eval-

uate numerically because the expressions do not involve a tan-
gential derivative. This greatly simplifies the moment method
code associated with solving problems of printed antennas in
anisotropic layers [26]. This characteristic is desirable for the
double integration associated with the spectral domain moment
method (a review of the spectral domain moment method can be
found in [28]). Further discussion on the numerical time saving
advantages of using the spectral domain immittance functions
can be found in [26], although some results will be presented
here.
This paper is organized as follows. In Section II the problem

is defined and the fields in each region are written in terms of
the spectral domain Hertzian vector potentials. In Section III the
spectral domain immittance functions are derived. These spec-
tral domain immittance functions will be used with the spectral
domain moment method to solve for the unknown surface cur-
rents on the dipole. In Section IV the mutual coupling between
two printed dipoles in one, two and three anisotropic layers is
presented. Next, a discussion of the results along with design
guidelines is presented in Section V. Finally, conclusions are
presented in Section VI.
Finally, it should be noted that the term collinear includes all

cases in which the longitudinal axis of symmetry of each printed
dipole lies in the x-y plane.

II. FIELD REPRESENTATION USING HERTZ VECTOR
POTENTIALS

The problem presented in Fig. 1 will be used to determine the
mutual coupling between printed dipoles and to determine how
the coupling is affected by the anisotropic layers. This structure
consists of N layers of anisotropic dielectrics extending infin-
itely in the x- and z-directions. The surface currents are denoted
as and represent printed dipoles at arbitrary locations. It is
assumed that each layer has an optical axis in the y-direction
and that the th layer has a thickness of , a permeability of
and is uniaxially anisotropic with permittivity

(1)

Next, the Hertz vector potentials and [29], [30] are
introduced to solve for the fields in each anisotropic layer and

Fig. 1. Conducting strips in N anisotropic layers.

the region above the top layer. is denoted as the electric
Hertz potential, and is denoted as the magnetic Hertz po-
tential. Since the optical axis is chosen to be in the y-direction,
the y-components of and are chosen to yield a TM or TE
mode, respectfully, with respect to the optical axis. This then
gives

(2)

and

(3)

[15], [16]. The electric Hertz potential will result in a TM-to-y
solution and the magnetic Hertz potential will result in a TE-to-y
solution. Then, the total solution in each region will be the sum
of the TM and TE solutions [30]. Next, the fields in the th
region are written in terms of the Hertz vector potentials in the
following manner:

(4)

(5)

where the definitions in (2) and (3) should be solutions, respec-
tively, to the following wave equations [29]:

(6)

and

(7)

The two-dimensional Fourier transform of the func-
tion is defined as

(8)

and is applied to (6) and (7) to avoid the partial derivatives. This
greatly simplifies the numerical integration of (6) and (7). This
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then leads to the following spectral (or transform) domain wave
equations [29]:

(9)

and

(10)

where

(11)

and

(12)

The solutions to (9) and (10) for the th region are assumed to
be:

(13)

(14)

The solutions to (9) and (10) for the region above the top layer
(air) are assumed to be:

(15)

(16)

where

(17)

Note that (13) and (14) represent a solution in a region that
supports guided waves. Thus, the hyperbolic sines and cosines
are employed, and (15) and (16) represent a solution in a re-
gion that supports a decaying wave in the -direction. Next,
expanding (4), using the equation , using
the identity and expanding (5)
results in the following total electric and magnetic fields in the
th region [29]:

(18)

(19)

(20)

(21)

(22)

(23)

The total electric and magnetic field in the th region is the su-
perposition of the fields written in terms of and (i.e.,

Fig. 2. Two conducting patches on three grounded anisotropic substrates.

the total field is the sum of the TM and TE modes represented
by and , respectively). Then, by using the assumed so-
lutions in (13)–(17) in the spectral domain wave equations, en-
forcing the boundary conditions with (18)–(23) and factoring,
final expressions for and are obtained in terms of the
structural parameters of Fig. 1. Then and can be substi-
tuted into the spectral domain expressions of (18)–(23) to rep-
resent the field in the th layer.

III. DERIVING THE NEW MULTI-CONDUCTOR SPECTRAL
DOMAIN IMMITTANCE FUNCTIONS

The problem in Fig. 2 is defined to illustrate the use of
(18)–(23) in determining the new multi-conductor spectral
domain immittance functions. In this problem two printed
conductors are immersed in three anisotropic layers. Regions
1, 2 and 3 have a permeability of , relative permittivities of

and , respectively, and thicknesses of and
, respectively. The conducting patch between regions 1 and 2

is assumed to have an unknown current and the conducting
patch between regions 2 and 3 is assumed to have an unknown
current . Note that and are shown to exist on single
conducting patches in Fig. 2. This is not necessarily the case
for all problems. or could be modified to represent a
current on multiple conductors at or , respectively. But
for ease of derivation, and are defined on single printed
conductors. Also note that and are written as vectors in
the transform domain. The problem in Fig. 2 has the following
tangential boundary conditions:

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)
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where and are the x- and z-components, respectively,
of the surface current , and and are the x- and z-com-
ponents, respectively, of the surface current .
Applying the expressions in (18)–(23) to enforce the

boundary conditions in Fig. 2 is quite involved and will not be
shown here. A very thorough discussion of the new derivations
and applications can be found in [29]. Even though this substi-
tution process can be lengthy, it results in algebraic expressions
without a surface derivative. The x-component of the electric
field in region 2 is:

(38)

where

(39)

(40)

(41)

and

(42)

The z-component of the electric field in region 2 is:

(43)

where

(44)

(45)

(46)

and

(47)

and are referred to as the spectral do-
main immittance functions or the spectral domain Green’s func-
tions [27]. The expressions for through are shown in
Appendix A (and [29]). Now (38) and (43) can be used in the
spectral domain moment method [28] to enforce the tangential
boundary conditions on the conductors in Fig. 2. This will then
result in a solution of the unknown surface currents. Notice that
certain hyperbolic sines and cosines in the immittance functions
of (38) and (43) are written in terms of and not fixed at a certain
layer thickness. Leaving these terms arbitrary permits the flexi-
bility of defining multiple conductors both above and below the
second layer. Equations (38) and (43) can then be used to deter-
mine the mutual coupling between printed antennas on different
anisotropic layers.
The problem in Fig. 2 is much more general than the single

conductor problem definitions in [15]–[27]. In fact, (38) and
(43) significantly extend the capabilities of the spectral domain
immittance functions. By defining multiple conductors on dif-
ferent layers, a designer will be able to model the effects that an
anisotropic layer has on the mutual coupling between elements
at arbitrary locations. The next section presents the mutual cou-
pling between printed dipoles in several common orientations
(broadside, collinear and echelon).

IV. MUTUAL COUPLING RESULTS

The problem shown in Fig. 3 was used to calculate the mu-
tual coupling between printed dipoles of arbitrary length on dif-
ferent anisotropic layers. The problem consisted of two printed
dipoles of length L and width W on a grounded anisotropic
substrate. The separation between the dipoles along the - and
-axes was represented by the variables and , respectively.
Thin-wire assumptions were used in this work (i.e., the current
varied along the length of the dipole and not the width of the
conductor). This then requires only the -component of the elec-
tric field to enforce the tangential boundary condition on the
conductor. Expression (38) was used to enforce this boundary
condition and the piece-wise sinusoidal (PWS) basis functions
[2]

(48)

were used in the spectral domain moment method (Galerkin’s
method [31]) to solve for the unknown current. In (48),
is a unit pulse defined over the width of the conductor.
The mutual coupling between the two printed dipoles

was calculated for various values of and where
. In particular, mutual coupling was computed for
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Fig. 3. Expanded view of two printed dipoles in three layers of anisotropic
layers.

Fig. 4. Broadside, collinear and echelon orientations.

the broadside, collinear and echelon configurations shown
in Fig. 4. For the work presented here, the mutual coupling
was calculated as where was the mutual
impedance between the two printed dipoles. To obtain ,
two impedances were calculated: the input impedance
of the driven dipole with the second dipole open-circuited
(i.e., the second dipole removed) and the input impedance
of the driven dipole with the second dipole in place with a
short-circuited port. Then was calculated by using [31]

(49)

A. Computation Time and Validation

For this work, a significant effort was undertaken to compare
computation times and numerical accuracy between the spectral

Fig. 5. Resonant frequency of a printed dipole with a single anisotropic sub-
strate for various values of cm, mm and
mm.

domain immittance function in (38) and several commercially
available software tools. For validation, several of the dipole
problems presented in [17] were again analyzed here using (38)
and the commercial software packages ADS [32] and HFSS
[33]. HFSS was used for the first time to determine the accu-
racy of the anisotropic results of the immittance functions. The
number of segments of each dipole was increased for all prob-
lems until the values of interest converged. This helped ensure
that the calculations of (38) were being performed correctly and
enough unknowns were chosen.
For the first validation problem, a single printed dipole with

length cm and width mm was defined on
a single grounded anisotropic dielectric substrate of thickness

mm. An illustration of the problem is shown in
Fig. 3 where mm. The resonant frequency of
the printed dipole was computed using the spectral domain im-
mittance function in (38) with (i.e., second
dipole removed) and for various values of . The results of
these computations are shown (along with the isotropic ADS
results) for comparison in Fig. 5. Similar results can be found in
[17]. Next, to validate the anisotropic results, the same problem
was analyzed using HFSS. The computed resonant frequency in
HFSS for various anisotropic substrates is also shown to agree
very well with the values computed using (38) in Fig. 5.
As mentioned above, the spectral domain moment method

was used to solve for the unknown currents and then the reso-
nant frequency of the printed dipole on the anisotropic substrate.
Matlab was used to implement the spectral domain moment
method on a computer with 48 GB of RAM and two quad-core
INTEL Xeon X5550 processors operating at 2.67 GHz. The
computation time for the anisotropic results using Matlab to
evaluate (38) with 94 unknowns for a single resonant frequency
was approximately 1.21 hours. For this computation, 7% of the
processing power was used and approximately 1.26 GB of RAM
was utilized. In comparison, the time to compute a single reso-
nant frequency point using HFSS on the exact same computer
with the same dipole dimensions and anisotropic substrate was
approximately 12 to 51 hours. Computation time depended on
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the dielectric anisotropy value and the number of elements re-
quired to converge. During the HFSS computations, 7% of the
processing power was used and approximately 10 GB–47.5 GB
of RAM was utilized. Comparing these values reveals a signif-
icant savings in computation time and reduced computing re-
sources required to evaluate the immittance function in (38).
These overall benefits are due to the numerical methods used to
solve the dipole problem. The method of moments used to eval-
uate (38) in Matlab solves for the currents only on the printed
dipole conductors while the finite element method (FEM) [33],
used by HFSS, required that the fields and currents on and in
the region around the printed dipole be solved for simultane-
ously. Thus, the FEM method required more computation time
and computing hardware resources. Then again, HFSS provided
the numerical accuracy and flexibility required for validation of
this work.
Next, for further validation a printed dipole with an isotropic

substrate and an anisotropic superstrate was defined. The thick-
ness of each dielectric was mm
and for the dipole, cm and mm. The permit-
tivity of the grounded isotropic substrate was and
was varied. The resonant frequency of the printed dipole with
the anisotropic superstrate was computed using (38). The results
of these computations are shown in Fig. 6 for comparison. Ad-
ditionally, the isotropic computational results from Momentum
and the anisotropic results from HFSS are also shown to agree
very well with the results from (38) in Fig. 6. Computation times
were similar for the results in Fig. 6.
Finally, an indirect method of validating the following

anisotropic results was used. This was done by comparing the
ansiotropic coupling results in this work to the results presented
in . The problems in were also evaluated using the commercial
software HFSS, which uses the FEM to investigate the mutual
coupling between rectangular microstrip patches in layered
anisotropic dielectrics. Many of the effects the anisotropic
dielectrics had on the coupling between the rectangular patches
in are observed in this work. Also, several of the isotropic
results in the next section were validated with the commercial
software ADS. This further illustrates the accuracy of using
(38) to calculate the coupling between printed dipoles.
The problems presented in the sections that follow consist

of printed dipoles in one, two and three layers of isotropic and
anisotropic material. In general, the previously derived expres-
sions were for problems where each layer was anisotropic, and
it was these derived expressions that were used in this work.
However, only one layer of each problem was intentionally de-
fined such that , and of each remaining layer was
defined to have where (i.e., was defined
to be a vector with each component having the same value of
permittivity). This was done to determine particularly how each
component of the permittivity of each individual layer affected
the coupling between the printed dipoles.

B. One Anisotropic Substrate ( mm)

In the first configuration the substrates in Fig. 3 were set at
mm, mm and the anisotropic ratio

was varied. Each dipole had a length of 15 cm, a width of
0.5 mm and a source frequency of 500 MHz. This resulted in

Fig. 6. Resonant frequency of a printed dipole with a single isotropic substrate
and a single anisotropic superstrate for various values of cm,

mm and mm.

Fig. 7. Mutual coupling between printed dipoles on an anisotropic substrate
for various values of cm, mm, MHz and

mm (collinear).

two printed dipoles where is the free-space wave-
length at 500 MHz. This dipole length was chosen to reduce
the number of basis functions needed to represent the current
on each of the printed dipoles. This reduced the computation
time needed to calculate the mutual coupling. The separation
between the dipoles was then varied for the broadside, collinear
and echelon configurations. Again, an example of these three
configurations is shown in Fig. 4. The mutual coupling between
the printed dipoles can be seen in Figs. 7 and 8. Fig. 7 shows the
mutual coupling for the collinear orientations. The value of G
was varied from 152 mm to 350 mm with . Fig. 8 shows
the mutual coupling between two echelon printed dipoles. The
value of S was set at 10 mm, and G was varied from 0 to 200
mm.
It is shown that the mutual coupling between the dipoles in

Figs. 7 and 8 was increased for and .
This is because the mode is the dominant mode in the sub-
strate with no cutoff frequency. The mode has a y-directed
electric field component which corresponds to the direction of
the optical axis and the larger value. The strong
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Fig. 8. Mutual coupling between printed dipoles on an anisotropic substrate
for various values of cm, mm, MHz and

mm (echelon).

coupling is due to the surface wave being coupled to the sub-
strate as a result of a larger value of permittivity in the direction
of the optical axis. The collinear results shown in Fig. 7 show
a growing mutual coupling as the dipoles move further apart.
This is because in close proximity the coupling is mainly due to
direct coupling (i.e., capacitive and inductive) between the ele-
ments [8]. Then, as the dipoles move apart, the quasi-periodic
coupling due to the surface waves is the main contributor to the
coupling. This characteristic compares well with the isotropic
coupling results in [8] and the H-plane anisotropic coupling re-
sults in . The greatest coupling between the echelon configura-
tion occurs when the dipoles are broadside. Then, as the dipoles
move apart, the mutual coupling reduces to a quasi-periodic na-
ture. This is due to the configuration moving from a broadside
orientation to a collinear orientation.
The next configuration has values of and

for , and the thicknesses of the substrate chosen
were 1.58 mm, 7.9 mm and 15.8 mm. The mutual coupling
between the printed dipoles for these configurations can be
seen in Figs. 9, 10 and 11. Fig. 9 shows the mutual coupling
between two broadside printed dipoles. The value of S was
varied from 2 mm to 30 mm with . Fig. 10 shows the
mutual coupling for the collinear orientations. The value of G
was varied from 152 mm to 350 mm. Fig. 11 shows the mutual
coupling between two echelon printed dipoles. The value of S
was set at 10 mm and G was varied from 0 to 200 mm.
The increased coupling as a result of a larger substrate

thickness is due to the increased surface-wave modes and space
waves [8]. Since the dipoles are separated from the ground
plane as a result of thicker substrates, stronger space- and
surface-wave modes are launched. This results in more power
being radiated and more influence on parasitic elements in
proximity to the dipoles.

C. One Anisotropic Superstrate ( mm)

The next study considered the mutual impedance between the
printed dipoles in Fig. 3 with . The mutual coupling be-
tween dipole A on layer 1 and dipole B on layer 2 was computed
first. Both layer thicknesses were set at 1.58 mm and several

Fig. 9. Mutual coupling between printed dipoles on an anisotropic substrate for
various values of cm, mm and MHz (broadside).

Fig. 10. Mutual coupling between printed dipoles on an anisotropic substrate
for various values of cm, mm and MHz
(collinear).

Fig. 11. Mutual coupling between printed dipoles on an anisotropic substrate
for various values of cm, mm and MHz
(echelon).

values were chosen for . The length of each dipole was set
at 15 cm, the width of each dipole was set at 0.5 mm and the
source frequency was 500 MHz. The distances and were
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Fig. 12. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (collinear).

Fig. 13. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (echelon).

varied and the substrate permittivity was . First the
dipoles were placed in a collinear arrangement (i.e., ),
and the value of was varied. The dipoles were directly above
and below each other for , and the top dipole moved par-
allel to the -axis as was increased to 200 mm. The mutual
coupling results are shown in Fig. 12. As a check, it is shown
that the isotropic results agree very well with the results from
the commercial software Advanced Design System (ADS) [32].
Next, the dipoles were placed in an echelon arrangement. The
value of S was set at mm and was varied. The mutual
coupling results are shown in Fig. 13.
The results in Fig. 12 validate the immittance functions in a

very thorough manner. This is because both immittance func-
tions are included in the calculations. By comparing the numer-
ical results to ADS, it is shown that both the immittance func-
tions are correct and that they can be used to calculate problems
that contain antennas on different layers.
In the next problem both dipoles were placed on top of layer

1. The length of each dipole was set again at 15 cm, the width of
each dipole was set again at 0.5 mm and the source frequency
was 500 MHz. The substrate isotropic permittivity was set to

Fig. 14. Mutual coupling between printed dipoles on the same anisotropic layer
for various values of cm, mm, MHz
and mm (broadside).

. A superstrate permittivity with and
was selected, and was assigned values of 1.58

mm, 7.9 mm and 15.8 mm. Again, was varied from 2 mm
to 30 mm. The mutual coupling between the printed dipoles is
shown in Fig. 14. Next, the dipoles were placed in a collinear
orientation and the value of was varied from 152
mm to 350 mm. Initially, was set at 1.58 mm and was
varied. The mutual coupling results for this configuration are
shown in Fig. 15. The results in Fig. 15 are similar to the E-plane
anisotropic coupling results computed by HFSS in . Next, the
superstrate permittivity was set at
and the thickness of was selected as 1.58 mm, 7.9 mm and
15.8 mm. The results from these computations are shown in
Fig. 16. Finally, the dipoles were placed in an echelon orien-
tation with mm. The value of was varied from
0 to 200 mm. Initially, was set at 1.58 mm and was
varied. The mutual coupling results for this configuration are
shown in Fig. 17. Next, the superstrate permittivity was set at

and the thickness of was set to 1.58
mm, 7.9 mm and 15.8 mm. The results from these computations
are shown in Fig. 18.
The studies in this section were concerned with the effects

a second anisotropic layer has on the mutual coupling between
two printed antennas. In the first case the two printed dipoles
were separated by an anisotropic layer. There were two impor-
tant results relating to mutual coupling. The first is illustrated
in Figs. 12 and 13. For and the mutual
coupling is increased only slightly in both orientations. This is
a result of the value in the layer below the dipole on
the top of layer 2. By increasing the mode is coupled
more strongly to the substrate by the dipole on the top of layer
2 and hence increases the mutual coupling. The second impor-
tant result in Figs. 12 and 13 is that the second anisotropic layer
can be used to isolate the two printed dipoles by increasing the
permittivity in the direction orthogonal to the optical axis.
Several comments can be made about the case when both of

the printed dipoles were on layer 1 (Figs. 14–18) and the second
layer was anisotropic (i.e., the dipoles had an anisotropic cover).
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Fig. 15. Mutual coupling between printed dipoles on the same anisotropic layer
for various values of cm, mm,
MHz and mm (collinear).

Fig. 16. Mutual coupling between printed dipoles on the same anisotropic layer
for various values of cm, mm, MHz
and mm (collinear).

Fig. 17. Mutual coupling between printed dipoles on the same anisotropic layer
for various values of cm, mm,
MHz and mm (echelon).

The mutual coupling between the dipoles in the echelon orien-
tation was unchanged by the permittivity in the direction of the

Fig. 18. Mutual coupling between printed dipoles on the same anisotropic layer
for various values of cm, mm, MHz
and mm (echelon).

optical axis (i.e., ) in the second layer, while the permittivity
in the direction orthogonal to the optical axis in the second layer
(i.e., ) had an effect on the mutual coupling. This can be seen
in Fig. 17. But, when the dipoles were in the collinear orienta-
tion, both the and values had an impact on the mutual
coupling between the dipoles. This can be seen in Fig. 15. This
is thought to be a result of both direct- and surface-mode cou-
pling.
The results in Fig. 17 are very useful. It is shown that, for

array applications that may have radiating elements in an ech-
elon configuration, the value of could be used to control the
resonant frequency of each element [17] while not affecting the
coupling between the elements (this is also true for the broad-
side case [14]).

D. One Anisotropic Superstrate ( mm)

The last problem evaluated was the mutual coupling between
two printed dipoles in three layers of dielectrics. The three-layer
problem is shown in Fig. 3. Dipole A was located on the top
of layer 1 and dipole B was located on the top of layer 2. The
dipoles are separated by a distance and shifted from the broad-
side orientation by a distance . The first two layers are de-
fined to be isotropic and the third layer is anisotropic. The third
anisotropic layer is used here to study how a second superstrate
will affect the mutual coupling between the two dipoles.
The length of each dipole was set again to 15 cm, and the

width of each dipole was set again to 0.5 mm. The thickness
of each layer was chosen as mm, and
the permittivities of layers 1 and 2 were defined to be 3.25. The
source frequency was 500 MHz. Several values of and
were chosen and the distances and were varied. The mutual
coupling between the dipoles for the broadside case
can be seen in Fig. 19. was increased from 2 mm to 30 mm,
and was set at 1.58 mm. Good agreement between the results
from ADS and the immittance functions for the isotropic case
is also shown. This further validates the multi-conductor immit-
tance functions presented in Section III. The next problem con-
siders the superstrate permittivity as and
while was set at 1.58 mm, 7.9 mm and 15.8 mm. Again,
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Fig. 19. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (broadside).

Fig. 20. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (broadside).

Fig. 21. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (collinear).

was varied from 2 mm to 30 mm. The mutual coupling be-
tween the printed dipoles is shown in Fig. 20. Next, the dipoles

Fig. 22. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (collinear).

Fig. 23. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (echelon).

are placed in a collinear orientation , and the value of
was varied from 0 to 200 mm. Initially, was set at 1.58

mm and was varied. The mutual coupling results for this
configuration are shown in Fig. 21 (along with validation from
ADS). Then, the superstrate permittivity was set at

, and the thickness of was assigned values of
1.58 mm, 7.9 mm and 15.8 mm. The results from these com-
putations are shown in Fig. 22. Next, the dipoles were placed
in an echelon orientation with mm. The value of
was varied from 0 to 200 mm. The thickness of each layer was
set at mm, and the permittivities of
layers 1 and 2 were defined to be 3.25. Initially, was varied.
The mutual coupling results for this configuration are shown in
Fig. 23. Next, the superstrate permittivity was set at

, and the mutual impedance was calculated for thick-
nesses of 1.58 mm, 7.9 mm and 15.8 mm. The results of
these computations are shown in Fig. 24.
The most significant change as a result of the third layer was

in the broadside configuration. When comparing the broadside
results for the two-layer problem in [14] to the three-layer re-
sults in Fig. 19, it is observed that the third layer reduces the
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Fig. 24. Mutual coupling between printed dipoles separated by an anisotropic
layer for various values of cm, mm,

MHz and mm (echelon).

coupling between the two dipoles. This general reduction was
not as significant in the collinear and echelon results in Figs. 21
and 23. In general, the mutual coupling was the greatest for the
superstrate values of and . Also, when
the thickness of layer 3 was increased, the mutual coupling was
increased. This is a result of the guided waves supported by the
increased layer thickness [35].

V. OVERALL DISCUSSION AND DESIGN GUIDELINES

This work leads to the following original results:
1) The mutual coupling of the printed dipoles was mainly af-

fected by the value of permittivity in the direction of the optical
axis in the layer immediately below each individual dipole. This
is because the dominant mode was the mode. This mode
has an electric field component in the direction of the optical
axis.
2) Generally (not just for the broadside orientation found in

[17]), the mutual coupling was reduced between the printed
dipoles by placing an anisotropic layer above both dipoles. In
particular, an increase in the permittivity in the anisotropic cover
in the direction orthogonal to the optical axis reduced the cou-
pling between the dipoles in all configurations while an increase
in the permittivity in the direction of the optical axis generally
had no effect on the coupling. From a designer’s point of view,
this is very useful because the permittivity in the direction of the
optical axis below the dipole could be used to design a specific
resonant frequency [17] for a given dipole and the permittivity
orthogonal to the optical axis in the layer above the dipole could
be used to control mutual coupling.
3) As the thickness of the anisotropic layers was increased,

the effect on the mutual coupling was generally reduced. In
some cases (for example, the collinear case, Fig. 16) the mu-
tual coupling was only affected slightly.
4) In general, when the permittivity in the direction of the

optical axis was increased in the anisotropic layer separating the
printed dipoles, the mutual coupling was increased. The mutual
coupling was then reduced by increasing the permittivity in the
direction orthogonal to the optical axis in the anisotropic layer
separating the printed dipoles.

5) When an anisotropic layer was placed above the printed
dipoles separated by an anisotropic layer, the anisotropy ratio
had little effect on the mutual coupling between the dipoles.
6) In general, when the thickness of an anisotropic layer

placed above the printed dipoles separated by an anisotropic
layer was substantially increased beyond a certain threshold
value, the mutual coupling was affected only slightly.
7) When comparing the results in this paper to the single

printed-dipole results in [17], it is observed that certain compo-
nents of the permittivity can be used to control the mutual cou-
pling, and certain components of the permittivity can be used
to control the resonant frequency and impedance of each indi-
vidual dipole

VI. CONCLUSION

New multi-conductor spectral domain immittance functions,
based on the Hertz vector potentials, have been derived and the
mutual coupling between printed dipoles embedded in stratified
uniaxial anisotropic dielectrics was investigated. In particular,
the mutual coupling between two printed dipoles was deter-
mined for one-, two- and three-layer structures. Many novel re-
sults concerning the coupling were presented and summarized.
When comparing the mutual coupling results in this paper to
other printed-dipole results, it is shown that certain components
of the anisotropic permittivity can be used to control the mu-
tual coupling between printed dipoles and other components
of the anisotropic permittivity can be used to control the input
impedance and resonant frequency of individual dipoles.

APPENDIX A

The constants through for (38) and (43) are presented
in this Appendix. As mentioned before, the derivation of the
following expressions is quite extensive and not presented in
this paper. A very thorough discussion can be found in [29].
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