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Abstract—An investigation of the mutual coupling between
reduced surface-wave microstrip antennas is presented and com-
pared with that for conventional microstrip antennas. Numerical
results are presented from a theoretical analysis of the mutual
coupling along with confirming experimental results. It is shown
that for electrically thin substrates, the space-wave coupling, not
the surface-wave coupling, is predominant for typical element
spacing, for both the conventional and reduced surface-wave
antennas. In addition, the mutual coupling behavior is exam-
ined using an asymptotic analysis, which demonstrates how the
coupling falls off much faster with patch separation for reduced
surface wave antennas compared to conventional microstrip patch
antennas.

Index Terms—Antenna array mutual coupling, microstrip an-
tennas, printed antennas, surface waves.

I. INTRODUCTION

REDUCED surface-wave (RSW) microstrip antennas are a
new class of microstrip radiators that produce only a small

amount of surface-wave excitation [1], [2]. If these antennas are
printed on an electrically thin substrate, they also only weakly
excite a lateral wave field [3]–[5]. (The lateral-wave field is the
continuous spectrum or “radiation field”—the total field minus
the surface-wave field—that propagates along the air-dielectric
interface far away from the antenna.) As a result, these antennas
do not suffer from the deleterious effects of surface- and lat-
eral-wave scattering, or the mutual coupling associated with the
surface and lateral waves. These characteristics make the RSW
antenna ideal for applications where the supporting substrate or
ground plane of the antenna is small, in which case diffraction of
surface and lateral waves from the edges of the structure may be
quite significant for conventional microstrip antennas [6]. RSW
antennas also show promise for array applications, where the
usual presence of surface and lateral waves can produce signif-
icant mutual-coupling effects.

In this paper, we will consider the shorted annular ring re-
duced surface-wave (SAR-RSW) antenna. However, the anal-
ysis is general and the results we will present are applicable to
the general class of RSW antennas introduced in [1]. The prop-
erties of the single element SAR-RSW antenna, shown in Fig. 1,
have been investigated extensively [1], [2]. In the following sec-
tions we will summarize our study of the mutual coupling be-
tween pairs of SAR-RSW antennas and present numerical re-
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Fig. 1. Shorted annular ring reduced surface-wave (SAR-RSW) antenna.

sults from a theoretical analysis of the mutual coupling along
with confirming experimental results. A numerical study of both
the radiation-field and surface-wave contributions to the cou-
pling will be performed to investigate their relative importance,
for the case of a typical substrate thickness of approximately
0.01 . In addition, the mutual coupling behavior will be ex-
amined using an asymptotic analysis, which demonstrates how
the coupling varies with patch separation.

II. SHORTED ANNULAR RING REDUCED SURFACE-WAVE

ANTENNAS

The vertical component of the electric field along the ground
plane for the TM surface wave excited by an equivalent edge
magnetic current corresponding to the TM
mode of a circular patch antenna is given by [1]

(1)

where
propagation wavenumber for the TMsurface wave;
radius of the patch;
constant that depends on the substrate geometry.

From this equation it is apparent that the amplitude of the sur-
face wave will be zero when we choose the radiussuch that

(2)

where is the first zero of . (The first zero is selected
to give the smallest possible patch size.) Hence, any circular
ring of magnetic current that has a azimuthal variation
and a radius satisfying (2) will not excite the dominant TM
surface wave of the grounded dielectric substrate. In addition, if
the substrate is electrically thin, then

(3)
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Fig. 2. MeasuredE-plane radiation patterns for a conventional circular patch (dashed line) and a SAR-RSW antenna (solid line) on a 1-m-diameter circular
ground plane.

where is the free-space propagation wavenumber. This sug-
gests that RSW patch on a thin substrate will also have reduced
lateral-wave excitation, since the lateral wave propagates with
a wavenumber . Equation (3) also suggests that the radius
obtained from (2) is nearly independent of the permittivity for
electrically thin substrates.

For the SAR-RSW antenna, the outer radius is selected to
satisfy the RSW condition given by (2). The radiusof the
short-circuit inner boundary is then selected to make the antenna
resonate at the RSW design frequency. This is accomplished by
selecting an inner radius that satisfies the following transcen-
dental equation [1]

(4)

where is the wavenumber for the dielectric of the substrate.
Equation (4) has at least one solution for all values ofand
additional solutions as increases. To get two solutions the
relative permittivity of the substrate must be greater than 8.4
[1]. Each of these solutions result in different values of the inner
radius . Since the outer radius is generally larger than that
of a conventional circular patch, the RSW structures are multi-
moded, with resonances at frequencies above and below that of
the RSW mode.

In Fig. 2, we show a comparison of the experimental-plane
radiation patterns for a conventional circular patch and a
SAR-RSW patch mounted on a 1-m-diameter circular ground
plane at an operating frequency of 2 GHz. The substrate has
a relative dielectric constant of 2.94 and a thickness of 0.15
cm. At this operating frequency, the SAR-RSW antenna has an
inner radius of 2.42 cm and an outer radius of 4.39 cm. The
conventional circular patch antenna has a radius of 2.66 cm.
A 50- coaxial probe is used to feed both antennas at their
respective match points.

In Fig. 2, we immediately notice that the RSW antenna is
more directive, and also radiates very little power along the
horizon. As a result there is little power diffracted to the back-
side of the ground plane. The significant scalloping on the front
side and strong field levels on the backside for the conventional
patch are due to the edge diffraction of the strong fields radi-
ated along the horizon in the-plane of this antenna. Fig. 3
shows a comparison of the experimental-plane radiation pat-
terns for the two antennas. We observe that the two patterns are
nearly identical except that the conventional circular patch has a
strong, yet narrow, backside lobe at . This is due to the
fact that at this angle diffraction from the entire edge of the cir-
cular ground plane contributes to the-pattern. Hence, strong

-plane diffraction affects the -plane pattern of the conven-
tional patch at (and also , where a bump in
the pattern is visible). For the SAR-RSW antenna, this back-
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Fig. 3. MeasuredH-plane radiation patterns for a conventional circular patch (dashed line) and a SAR-RSW antenna (solid line) on a 1-m-diameter circular
ground plane.

side lobe has been significantly reduced and the pattern lacks
the characteristic diffraction bump at .

Clearly, the radiation patterns demonstrate that the RSW an-
tennas produce less fields along the horizon than do conven-
tional microstrip antennas. It is natural to therefore investigate
whether this translates into a reduced mutual coupling between
RSW antennas, compared to conventional microstrip antennas.
This is explored in the remainder of the paper, where the mutual
coupling between RSW antennas is obtained both numerically
and experimentally, and the nature of the mutual coupling is in-
vestigated.

For all of the experimental results presented in this paper,
the conventional circular patch and the SAR-RSW antennas are
designed to operate at a frequency of 2 GHz, with the same
substrate and antenna parameters as in Fig. 2. The thickness of
this substrate is approximately 0.01.

III. M UTUAL COUPLING

A. Theoretical Analysis

The geometry used in the calculation of the mutual coupling
between two identical antennas is shown in Fig. 4. In order to
obtain an expression for the mutual coupling, we model the

Fig. 4. Geometry used in the calculation of the mutual coupling between two
conventional circular microstrip patch antennas and two SAR-RSW antennas.

two antennas as a general two-port network, where the mutual
impedance is written as

(5)

where is the open-circuit voltage at feed port 1 due to a cur-
rent that is applied to feed port 2. Referring to Fig. 4, port 1 is
connected to antenna A and port 2 to Antenna B. By using the
equivalence principle in conjunction with the reciprocity the-
orem [7] we write (5) as

(6)



1584 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 10, OCTOBER 2000

where is the equivalent sheet of magnetic current at the
edge(s) of antenna B with a feed currentand is the sheet
of magnetic current at the edge(s) of antenna A with a feed cur-
rent . Note that the square brackets in (6) indicate that we are
calculating the magnetic field due to the magnetic current sheet

. For thin substrates ( ), the sheets of magnetic cur-
rent are well approximated by rings of magnetic current located
at the center of the substrate. Setting , the expres-
sions for these equivalent magnetic current rings, are given as

(7)

and

(8)

The terms and correspond to the amplitude of the modal
magnetic surface currents densities (electric fields at the edges
of the patches) for modes and on antennas A and B, re-
spectively. The thickness of the substrate is denoted by, and

denote local polar coordinates on the two patches. The
electric fields at the edges of the patches were calculated using
the cavity model [8]. In this model the edge conductance was
determined using a spectral-domain calculation of the power ra-
diated by the magnetic current ring, including space-wave and
surface-wave power [9].

Using (7) and (8) the mutual impedance in (6) is written as

(9)

where

(10)

and is the outer radius of antenna A. In (10), represents
the reaction between two unit strength rings of magnetic current.
As derived in the Appendix, the final expression for (10) is given
by

(11)

where

(12)

(13)

(14)

(15)

, , and . Referring to
Fig. 4, and are the center-to-center patch separations in
the and directions. In this work we will consider patches
separated along the-, -, and -planes, which correspond to

, , and , respectively. The functions
and are the currents obtained from a spectral-domain

transmission line analysis of the background structure [10]. In
particular, these currents correspond to the currents at
in the TM and TE transmission line models, due to a 1-V series
feed at the same location. They are given by

(16)

and

(17)

where

(18)

(19)

(20)

(21)

The integrals in (12) and (13) are evaluated numerically using
a Sommerfeld contour that detours above the surface-wave pole
located at and the branch point located at .
Numerically, this contour was implemented as a path, starting at
the origin, which initially follows a rectangle in the complex
plane, of height 0.05 and width . The path then proceeds
along the real axis to a value of , which was sufficient
to obtain convergence for the antennas in this study.

Once the mutual impedance has been obtained, thescat-
tering parameter is calculated using

(22)

where we typically assume . For the re-
mainder of this work we will refer to as the coupling mag-
nitude.



KHAYAT et al.: MUTUAL COUPLING BETWEEN RSW MICROSTRIP ANTENNAS 1585

B. Comparison of Theoretical and Measured Mutual Coupling

In this section, we will compare the mutual coupling theory
from the previous section with experimental results. Since the
conventional circular microstrip patch has been extensively
studied in the past, we will first compare our theoretical
results for the mutual coupling between a pair of circular patch
antennas with -plane and -plane measurements obtained
from [11]. These antennas have a radius of 0.93 cm, a substrate
thickness of 0.15 cm, and a dielectric constant of 2.64. In
[11], data is not given for the conductivity of the copper, the
dielectric loss tangent, or the radius of the feed pin. Therefore,
we chose values of 3 10 S/m for the conductivity, 0.0012
for the dielectric loss tangent and 0.0625 cm for the radius
of the feed pin. The radius of the feed pin is that of a 50-
coaxial SMA probe. Note that because of surface roughness,
the effective conductivity of the copper patches and ground
plane was chosen to be less than that of pure bulk copper (5.8

10 S/m). This data is used specifically in the calculation
of the input impedance [2]. As a result, the match point is
located at a radius of 0.23 cm from the center of the patch and
the resonant frequency is 5.369 GHz. Although the mutual
impedance expression in (9) contains the sum over all possible
cavity modes for each of the antennas, the first 16 combinations
(four modes on each patch) were found to be sufficient to
accurately compute the mutual coupling for all the cases we
have considered. The theoretical results for the mutual coupling
versus the center-to-center separation are plotted with the
measured data in Fig. 5. Notice that there is good agreement
for both -plane and -plane coupling. The slightly lower
values measured for the-plane coupling are probably due
to scattering within the local environment of the measurement
and possible mismatches between the antennas tested.

We will now compare our mutual coupling theory with a
set of carefully measured results we obtained for the-plane
mutual coupling between a pair of conventional circular
microstrip patches and a pair of SAR-RSW antennas. Both
sets of antennas were fabricated using Rogers RT/duroid
6002 double-sided copper clad substrates. Standard ultraviolet
lithography and chemical etching techniques were used to
fabricate the SAR-RSW antennas and the conventional circular
patch antennas. The design of the antennas and physical
properties of the substrate have been discussed in Section II.
The antennas were attached to a supporting ground plane that
allowed us to obtain a maximum center-to-center separation
of approximately four wavelengths for a design frequency of
2 GHz.

For ideal mutual coupling measurements, the two antennas
should be perfectly matched and resonant at the same fre-
quency. This, of course, is difficult to achieve in practice. For
this reason, practical restraints were placed on the relative
operation of the two antennas. In our measurements, the input
reflection coefficient for each antenna was kept below20 dB
and the operating frequency of each of the two antennas was
kept within the other’s 2 : 1 VSWR bandwidth. To avoid effects
from scattering within the measurement environment, the test
structure was mounted inside the throat of a 27-ft tapered
anechoic chamber.

Fig. 5. E-plane andH-plane mutual coupling results for the conventional
circular microstrip patch antenna.

Fig. 6. E-plane mutual coupling for conventional circular microstrip patch
antennas 1 SAR-RSW antennas.

The results for the -plane mutual coupling between con-
ventional circular microstrip patch antennas and SAR-RSW an-
tennas versus separation are shown in Fig. 6. For both sets of an-
tennas there is excellent agreement between the theory and the
measurement. Some deviation occurs for distances greater than
three wavelengths. This is probably due to the fact that at these
separations the antennas are relatively close to the edge of the
supporting ground plane. It is important to note that the edges of
the conventional circular microstrip patch are touching at a sep-
aration of approximately 0.4 wavelengths, while the SAR-RSW
antennas are touching at approximately 0.6 wavelengths.

We observe in Fig. 6 that the -plane mutual coupling
between SAR-RSW antennas decreases much more rapidly
with separation than that for conventional circular microstrip
antennas. This is in agreement with the radiation patterns of
Section II, which showed a much lower field level radiated
from the antenna along the interface. A detailed investigation
of this mutual coupling behavior will be given in the following
sections, in order to determine the radiation mechanism that is
primarily responsible for the mutual coupling.

C. Modal Contributions to the Mutual Coupling

In this section, we show that the mutual coupling between
adjacent elements is predominately due to the dominant mode
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of each antenna ( and ). This is demonstrated for the
-plane case, which is the case with the largest coupling. The

dominant-mode coupling versus the mutual coupling calculated
using the first 16 mode combinations (four modes on each patch,

and ) for the conventional circular microstrip patch
antenna is shown in Fig. 7. From these results, we observe that
for patch separations up to at least ten wavelengths, the mutual
coupling between conventional microstrip patches is accurately
predicted by using only the dominant mode contribution.

By design, the dominant mode magnetic current of the
SAR-RSW antenna does not excite any surface waves. There-
fore, it is not readily apparent whether or not the higher
order modes will be needed when calculating the mutual
coupling for these antennas. In Fig. 8 we compare the mutual
coupling between SAR-RSW antennas calculated using only
the dominant mode and calculated using the first 16 mode
combinations. It is seen that the higher order modes have more
of an effect as compared to the conventional circular microstrip
patch antenna. However, below approximately three to four
wavelengths separation the dominant mode is still sufficient
to accurately predict the mutual coupling between SAR-RSW
antennas. This is an indication that for these separations the
majority of the mutual coupling is not due to the surface wave,
a fact that will be verified in the next section.

From (9)–(13) the mutual impedance due to the dominant
mode of each patch can be written as

(23)

where

(24)

and

(25)

Fig. 9 shows theoretical plots for the-plane, -plane, and
-plane mutual coupling for both conventional and RSW

antennas, based on dominant-mode coupling. Interestingly,
for the SAR-RSW antenna the -plane exhibits the strongest
coupling for patch separations greater than approximately one
wavelength, as opposed to the-plane for the conventional
circular microstrip patch antenna. For the SAR-RSW antenna,
the lowest coupling magnitude for separations between 0.6–0.8
wavelengths is in the -plane. Between 0.8–1.5 wavelengths,
the lowest coupling is in the -plane and, for greater separa-
tions, the -plane mutual coupling is the smallest.

IV. PHYSICAL CONTRIBUTIONS TO THEMUTUAL COUPLING

In this section, we will analyze the conventional microstrip
patch antenna to determine the physical radiation mechanism
that is primarily responsible for the mutual coupling. This will
provide insight into the mutual coupling and help explain why it
is reduced for the SAR-RSW antennas. First, some background
information on the physics of radiation from sources in layered

Fig. 7. E-plane mutual coupling between conventional circular microstrip
patch antennas calculated using only the dominant mode and calculated using
the first 16 modes.

Fig. 8. E-plane mutual coupling between SAR-RSW antennas calculated
using only the dominant mode and calculated using the first 16 modes.

media such as microstrip is reviewed in order to define the ter-
minology and aid in the subsequent discussion.

A typical microstrip patch antenna (or any other type of mi-
crostrip source) will excite one or more surface wave modes
as well as a “continuous-spectrum” field, also denoted as the
radiation field [5]. Assuming that only the TMsurface wave
mode is above cutoff, the surface-wave field along the interface
will propagate with a wavenumber and will decay radi-
ally from the antenna as ( is the horizontal distance away
from the axis of the antenna).

For observation angles (measured from theaxis) less than
90 , the surface-wave field becomes negligible and the radiation
field asymptotically evolves into the space-wave field, which is
the usual far-field of the microstrip antenna. This field varies as

( is the radial distance away from the antenna) and propa-
gates outward with a wavenumber of.

Along the air-dielectric interface, the radiation field asymp-
totically evolves into a field that propagates with a wavenumber

, but decays with distance along the interface as (instead
of ). This field is referred to as the lateral-wave field. Hence,
far away from a microstrip source, the field along the interface
will consist of two parts: a surface-wave field that decays as

and a lateral-wave field that decays as . At extreme
distances, the surface-wave field will be dominant.

For thin substrates, the amplitude of the surface-wave mode
excited by a microstrip antenna is small; thus, the surface-wave
field is fairly weak compared to the radiation field for small or
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Fig. 9. Dominant mode mutual coupling for the conventional circular microstrip patch and SAR-RSW antenna.

moderate distances from the antenna. Furthermore, when the
substrate is thin, the radiation field for small or moderate dis-
tances will closely resemble a space-wave type of field, de-
caying as along the interface. Eventually the radiation field
along the interface will transition into the lateral-wave field,
varying as ; however, this transition occurs at large dis-
tances when the substrate is thin (in the limit of a vanishingly
thin substrate, the radiation field remains a space-wave field for
all distances).

The spectral-domain method provides a convenient means
to quantify the different contributions to the mutual coupling.
Fig. 10 shows a general Sommerfeld path that defines the con-
tour of integration used in the spectral-domain integrals for mu-
tual coupling. When integrating along this path the total mutual
coupling, which includes the continuous spectrum (i.e., radia-
tion field) and surface-wave contributions, is obtained. In order
to calculate these two effects separately, the integration path is
deformed to an integration around the branch cut and an inte-
gration around the surface-wave pole, as also shown in Fig. 10.
Once this has been done, residue calculus is applied to calcu-
late the mutual coupling associated with the surface wave. The
mutual coupling due to the radiation field can be found by in-
tegrating around the branch cut, or alternatively, by subtracting
the surface-wave contribution from the total mutual coupling.
When the observation point is along the interface, far away from
the source, the branch-cut integration reduces asymptotically to
the branch-point contribution, which yields the lateral wave dis-
cussed above [5]. We will consider the dominant-mode-plane
coupling in the detailed analysis that follows.

From (23)–(25) we note that the mutual coupling is deter-
mined by separately calculating the TE and TM components.
In the calculation of the surface-wave contribution to the mu-
tual coupling the TE component can be neglected since the cor-
responding integrand does not contain the (TM) surface-wave

Fig. 10. Integration paths used in the calculation of the mutual coupling.

pole. To be able to deform the path, the limits of the integrand in
(25) must extend over the range . Using Bessel func-
tion identities and noting that is an even function with re-
spect to allows us to write

(26)

The integration path has now been transformed into the path
shown in Fig. 10. (The branch cut along the negative real axis as-
sociated with the Hankel function has been omitted from this di-
agram.) Using Cauchy’s integral theorem, this path is deformed
to the path around the lower branch cut and the path surrounding
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Fig. 11. Different components of the dominant modeE-plane mutual coupling between conventional circular microstrip patch antennas.

the surface-wave pole. From residue calculus, the surface-wave
pole contribution to the reaction integral (26) is

(27)

where is the normalized location of the
surface-wave pole, which was found numerically to exist
at for the substrate parameters given in
Section II. From (23) we write the surface-wave contribution to
the mutual impedance as

(28)

The residue in (28) is calculated using

(29)

where represents the numerator of (16) evaluated at
and is the derivative of the denominator

in (16) with respect to evaluated at . The derivative
in (29) is written as

(30)

where

(31)

(32)

and

(33)

Plots of the total -plane mutual coupling between a pair of
conventional circular microstrip patch antennas, with the radia-
tion field and surface-wave contributions shown separately, are
given in Fig. 11. For this thin substrate example ( ),
the mutual coupling is dominated by the radiation-field compo-
nent up to a separation of approximately seven to eight wave-
lengths. The surface wave does not dominate the behavior until
the separation is greater than approximately ten wavelengths.
For the SAR-RSW antenna the surface-wave contribution to the
mutual coupling is even less since (by design) the magnetic cur-
rent of the dominant mode does not excite the surface wave.
Hence, for both antennas the majority of the coupling is due to
the radiation field, for moderate separations.

V. ASYMPTOTICANALYSIS OF THEMUTUAL COUPLING

An asymptotic analysis can be used to explain the behavior
of the mutual coupling results shown in Figs. 6 and 9. In the
previous section we demonstrated that the radiaton field is the
dominant coupling mechanism for patches on thin substrates.
Therefore, in an asymptotic analysis of the mutual impedance
formula (23), we will neglect the surface-wave contribution. We
will begin by outlining the general asymptotic procedure fol-
lowed by a detailed analysis for the-plane coupling due to the
TM contribution in (23). A summary of the final results for the
asymptotic behavior for the - and -plane mutual coupling
(dominated by TM and TE contributions, respectively) is pre-
sented at the end of this section.

Referring to (23), the mutual impedance can be written as

(34)

where and . In gen-
eral, each term in (34) has the following form:

(35)

where TE, TM. As the separation between the patches
( or for - or -plane coupling) becomes large, an
asymptotic expansion of (obtained by asymptotically
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approximating the Bessel function terms in the integrand) yields
the form

(36)

where is a constant and is an exponent that depends on the
particular case (TM or TE), as well as the coupling plane (i.e.,

-plane, -plane, or -plane).
We now deform the path of integration in (36) to the extreme

steepest descent path (for observation along the horizon), as
shown in Fig. 12. Making the change of variable
and neglecting the surface-wave pole, as well as any leaky-wave
poles captured by the path deformation, the branch-cut integra-
tion (radiation-field contribution) is put in the form

(37)

where . The positive
subscript in indicates that we are integrating the
function on the top (proper) Riemann sheet, while the negative
subscript in indicates that we are integrating on
the bottom (improper) sheet. For a given antenna and substrate
geometry, can be approximated as

as (38)

where is a constant and is another exponent that depends
on the case considered (TE or TM). Hence, for large(37)
becomes

(39)

Applying Watson’s lemma [12] to (39) yields

(40)

Equation (40) is the final result from the general asymptotic
analysis.

Following this general approach we will now detail the
asymptotic analysis for the specific cases of the-plane mu-
tual coupling for conventional circular microstrip patches and
SAR-RSW antennas, due to the TM contribution. As we will
show, the TM part is the dominant contributor to the-plane
coupling. By noting that , the TM component of (23)
is given by

(41)

Neglecting higher order terms, the asymptotic expansion for
the Hankel function in (41) is written as [13]

(42)

Substituting this into (41) yields

(43)

Fig. 12. Steepest-descent path used in the asymptotic analysis of the mutual
coupling. The dashed line is used to indicate the lower (improper) sheet of the
Reimann surface, while the solid line represents the upper (proper) sheet.

Denoting

(44)

we write

(45)

Deforming the integration path to the path of steepest descent
allows us to write (45) as

(46)

Using the approximation in (38) yields

(47)

Applying Watson’s lemma to (47) gives us the result

(48)

This is the final expression we need to analyze the asymptotic
behavior for the TM, -plane mutual coupling. Comparing (48)
with (40) we can immediately determine that for the
TM, -plane case. Further analysis is required to determine the
constant A and the value of.

The behavior of depends on . To approximate
the function for , it is assumed, for simplicity, that

is vanishingly small. This means that surface-wave and lat-
eral-wave effects are neglected, and only the space-wave field
is important for the mutual coupling. A more sophisticated uni-
form asymptotic analysis, such as that given in [14], would ac-
count for the surface wave. From (16) we then have

. Using (18) together with results in
as . This, in turn, implies that

as ; hence, for this case . Substituting
this result into (48) gives the result that the TM, E-plane mutual
coupling for the conventional circular microstrip patch antenna
has a behavior as becomes large.
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The function has the same behavior for the SAR-RSW
antenna as it does for the conventional circular microstrip patch
antenna, since it does not depend on the antenna geometry. How-
ever, there is one very important difference between the two an-
tennas. This difference lies in the term in (44),
which is part of the function in (46). Taking the first
two terms of the Taylor series expansion of this Bessel function
about yields

(49)

By design, for the SAR-RSW antenna (assuming
). This is not the case, however, for the conventional

circular microstrip patch antenna. The square of the expression
in (49) thus yields an behavior for the SAR-RSW antenna.
This result, coupled with the behavior of , gives the
SAR-RSW antenna an overall behavior described by .
Therefore, the TM, -plane mutual coupling for the SAR-RSW
antenna has behavior as gets large.

Following a similar procedure to that described above, the
asymptotic behavior for the -, -, and -plane mutual cou-
pling can be determined. The results are summarized in Tables I
and II. In Table II, the “Total” asymptotic formula for the cou-
pling comes from considering the slowest decaying component
(TE or TM).

A plot of the theoretical and asymptotic -plane mutual
coupling is shown in Fig. 13. As expected, the asymptotic be-
havior matches the theory as increases. The slight differ-
ence between the results for the conventional circular patches
for large separations is due to residual surface-wave coupling,
which was neglected in the asymptotic analysis. In this figure,
the individual asymptotic curves have been normalized to the
exact values at .

The results in Table II confirm the calculated results in Fig. 9.
In particular, Fig. 9 shows that the-plane coupling falls off
much faster with patch separation for the SAR-RSW antennas
than for the conventional circular microstrip antennas. How-
ever, the -plane coupling is similar for the conventional and
SAR-RSW antennas. The-plane coupling falls off faster for
the SAR-RSW patches.

VI. CONCLUSION

We have investigated the mutual coupling between shorted
annular ring reduced surface-wave (SAR-RSW) antennas and
compared the behavior with conventional circular microstrip
patch antennas. We saw excellent agreement between theory
and measurement for both structures. The- and -plane mu-
tual coupling was significantly less for the SAR-RSW antennas
compared to the conventional circular patch antennas for sepa-
rations greater than a wavelength.

We then investigated the relative contributions of the sur-
face-wave field and radiation field to the mutual coupling. We
showed that for a conventional microstrip antenna on an elec-
trically thin substrate ( ), the mutual coupling is
dominated by the radiation field (continuous spectrum) for small
or moderate patch separations. This is also true for the mutual
coupling between SAR-RSW antennas. Furthermore, for thin

TABLE I
THE PARAMETERS IN (40) FOR THEMUTUAL COUPLING BETWEEN PAIRS OF

CONVENTIONAL CIRCULAR MICROSTRIPPATCHES AND PAIRS OF SAR-RSW
ANTENNAS, ASSUMING A THIN SUBSTRATE

TABLE II
ASYMPTOTIC BEHAVIOR FOR THEMUTUAL COUPLING BETWEEN PAIRS OF

CONVENTIONAL CIRCULAR MICROSTRIPPATCHES AND PAIRS OF SAR-RSW
ANTENNAS, ASSUMING A THIN SUBSTRATE (THE MUTUAL COUPLING

IS DUE ONLY TO THE SPACE-WAVE FIELD, AND THE SURFACE-WAVE

HAS BEEN NEGLECTED)

Fig. 13. E-plane mutual coupling for conventional microstrip patches and
SAR-RSW antennas.

substrates the radiation field along the interface has the char-
acter of a space wave (the type of wave that would be radi-
ated by the antenna in free-space, without the substrate). An
asymptotic analysis for the mutual coupling based on the space
wave was then developed. For relatively large patch separa-
tions, the asymptotic analysis accurately predicted a falloff
for the -plane mutual coupling between conventional circular
patch antennas and for the SAR-RSW antennas, where

is the center-to-center separation between antennas. In the
-plane the mutual coupling has a dependence for both

antennas. In the -plane the mutual coupling varies as
between conventional circular patches and as between
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SAR-RSW antennas. Hence, as the patch separation increases
the mutual coupling becomes much smaller for SAR-RSW an-
tennas compared to conventional circular patches, in both the

- and -planes. The mutual coupling is not significantly re-
duced in the -plane, but in this plane the mutual coupling is
inherently small.

Hence, while the antenna under investigation is referred
to as a “reduced surface wave” antenna, the mutual coupling
is mainly reduced by virtue of a significant reduction in the
space-wave excitation along the interface, at least for thin
substrates and moderate patch separations. For larger separa-
tions or thicker substrates, the surface wave would become
more important, and then a lowering of the mutual coupling
would indeed occur through a reduction in the surface-wave
excitation.

APPENDIX

EVALUATION OF THE REACTION INTEGRAL

The reaction between two normalized rings of magnetic cur-
rent is given by

(A.1)

The magnetic field in (A.1) is written as

(A.2)

which yields

(A.3)

Writing and in terms of their Fourier transforms yields

(A.4)

and

(A.5)

The spectral domain immitance (SDI) method formulated in
[15], [16] will be used to calculate and . The fields can
be broken into TE and TM components with respect to the di-
rection of propagation by the use of a rotated coordinate
system [15], [17], which yields

(A.6)

and

(A.7)

where is the polar angle in the plane.
In the SDI approach, the TE component of the magnetic field

due to a ring of magnetic current, located at the center of the
substrate, is given by

(A.8)

where is defined as the current in the TE equivalent trans-
mission line model due to a series one-volt source at the center
of the substrate. The source term can be separated into
and components as

(A.9)

where and represent the transverse Fourier transforms
of the and components of the surface current corresponding
to the unit-strength magnetic current ring, which is given by

(A.10)

In this expression is the radius of the current ring and
is the Dirac delta function. From (A.10), we obtain

(A.11)

and

(A.12)

We can write (A.9) as

(A.13)

For generality, we will assume that the antenna is located at a
relative position with respect to the origin. Hence,
using (A.11) and (A.12), (A.13) becomes

(A.14)

Integrating (A.14) and substituting the result into (A.8) yields

(A.15)

The derivation for the TM component is very similar. Ap-
plying the SDI formulation yields

(A.16)

where is defined as the TM component of the current in the
equivalent transmission line model due to a series 1-V source at
the center of the substrate and

(A.17)

Using (A.11) and (A.12), (A.17) can be written as

(A.18)

Integrating (A.18) and substituting the result into (A.16) yields

(A.19)
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Substituting (A.6) and (A.7) into (A.3) and using well-known
trigonometric identities yields

(A.20)

where

(A.21)

and

(A.22)

The integrals in (A.21) and (A.22) can be evaluated in closed
form; hence, substituting (A.15) into (A.21) and (A.19) into
(A.22) yields

(A.23)

and

(A.24)

Finally, we normalize (A.23) and (A.24) using and
evaluate the integrals analytically, yielding the following re-
sults:

(A.25)

(A.26)

where

(A.27)

(A.28)

, and .
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