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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 «— b —»
results are presented from a theoretical analysis of the mutual shorted annular ring — 7,
coupling along with confirming experimental results. It is shown \ —a-| |

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 h
antennas. In addition, the mutual coupling behavior is exam- x
ined using an asymptotic analysis, which demonstrates how the ground plane / ¥~ feed
coupling falls off much faster with patch separation for reduced

surface wave antennas compared to conventional microstrip patch

T —rX

antennas. Fig. 1. Shorted annular ring reduced surface-wave (SAR-RSW) antenna.
Index Terms—Antenna array mutual coupling, microstrip an-
tennas, printed antennas, surface waves. sults from a theoretical analysis of the mutual coupling along
with confirming experimental results. A numerical study of both
|. INTRODUCTION the radiation-field and surface-wave contributions to the cou-

) ) pling will be performed to investigate their relative importance,
R EDUCED surface-wave (RSW) microstrip antennas aregy the case of a typical substrate thickness of approximately

new class of microstrip radiators that produce only asmgjlo1 ). In addition, the mutual coupling behavior will be ex-

amount of surface-wave excitation [1], [2]. If these antennas &jgined using an asymptotic analysis, which demonstrates how
printed on an electrically thin substrate, they also only weakjie coupling varies with patch separation.

excite a lateral wave field [3]-[5]. (The lateral-wave field is the

continuous spectrgm or “radiation field"—the total figld minus_ Il. SHORTED ANNULAR RING REDUCED SURFACEWAVE

the surface-wave field—that propagates along the air-dielectric ANTENNAS

interface far away from the antenna.) As a result, these antennas

do not suffer from the deleterious effects of surface- and lat- The vertical component of the electric field along the ground
eral-wave scattering, or the mutual coupling associated with tA&ne for the TN surface wave excited by an equivalent edge
surface and lateral waves. These characteristics make the REA@Netic current, = cos¢ corresponding to the Thi
antenna ideal for applications where the supporting substratépde of a circular patch antenna is given by [1]

ground plane of the antennais small, in which case diffraction of ; 2

surface and lateral waves from the edges of the structure may be ESY ~ BH{? (ks p) cos() 1 (Fra, ) @
quite significant for conventional microstrip antennas [6]. RS\Yare

antennas also show promise for array applications, where tthTM0 propagation wavenumber for the T\urface wave;
usual presence of surface and lateral waves can produce signif; radius of the patch:

icant mutual-coupling effects. _ B constant that depends on the substrate geometry.
In this paper, we will consider the shorted annular ring rg-,om this equation it is apparent that the amplitude of the sur-

duced surface-wave (SAR-RSW) antenna. However, the anglse yave will be zero when we choose the radissch that
ysis is general and the results we will present are applicable to

the general class of RSW antennas introduced in [1]. The prop- b= T )
erties of the single element SAR-RSW antenna, shown in Fig. 1, kg

have been !nvest|gatgd extensively [1], [2]. Inthe foIIowmg Se(\:/vherea:’u is the first zero of/{ (). (The first zero is selected
tions we will summarize our study of the mutual coupling be- . . : .
. ; 0 give the smallest possible patch size.) Hence, any circular

tween pairs of SAR-RSW antennas and present numerical [e- . . "
ring of magnetic current that hascas ¢ azimuthal variation

and a radius satisfying (2) will not excite the dominant M
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Fig. 2. Measured-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.

wherek, is the free-space propagation wavenumber. This sug-In Fig. 2, we show a comparison of the experimeiigblane
gests that RSW patch on a thin substrate will also have reducadiation patterns for a conventional circular patch and a
lateral-wave excitation, since the lateral wave propagates withAR-RSW patch mounted on a 1-m-diameter circular ground
a wavenumbek,. Equation (3) also suggests that the radiusplane at an operating frequency of 2 GHz. The substrate has
obtained from (2) is nearly independent of the permittivity foa relative dielectric constant of 2.94 and a thickness of 0.15
electrically thin substrates. cm. At this operating frequency, the SAR-RSW antenna has an

For the SAR-RSW antenna, the outer radius is selecteditmer radius of 2.42 cm and an outer radius of 4.39 cm. The
satisfy the RSW condition given by (2). The radimof the conventional circular patch antenna has a radius of 2.66 cm.
short-circuitinner boundary is then selected to make the anterk&0-2 coaxial probe is used to feed both antennas at their
resonate at the RSW design frequency. This is accomplishedrbgpective match points.

selecting an inner radius that satisfies the following transcen-|n Fig. 2, we immediately notice that the RSW antenna is

dental equation [1] more directive, and also radiates very little power along the
(k) horizon. As a result there is little power diffracted to the back-
Ty (k1a) J1 <kTM ) s?de of the groun_d plane. The significant_scalloping onthe f_ront
Vi (k) = 3 x,o (4) side and strong field levels on the backside for the conventional
1 Y/ <k1 11) patch are due to the edge diffraction of the strong fields radi-
TM,

ated along the horizon in th&-plane of this antenna. Fig. 3
wherek; is the wavenumber for the dielectric of the substratshows a comparison of the experimeni&bplane radiation pat-
Equation (4) has at least one solution for all values,0bnd terns for the two antennas. We observe that the two patterns are
additional solutions as, increases. To get two solutions thenearly identical except that the conventional circular patch has a
relative permittivity of the substrate must be greater than 8sfrong, yet narrow, backside lobeflat- 180°. This is due to the

[1]. Each of these solutions result in different values of the innéact that at this angle diffraction from the entire edge of the cir-
radiusa. Since the outer radiusis generally larger than that cular ground plane contributes to tihEpattern. Hence, strong

of a conventional circular patch, the RSW structures are mulfi-plane diffraction affects théf -plane pattern of the conven-
moded, with resonances at frequencies above and below thaiafial patch a¥ = 180° (and alsod = 0°, where a bump in

the RSW mode. the pattern is visible). For the SAR-RSW antenna, this back-
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Fig. 3. Measuredd -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 Ty
the characteristic diffraction bump é&t= 0°.

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 Fig. 4. Geometry used in the calculation of the mutual coupling between two

. . i conventional circular microstrip patch antennas and two SAR-RSW antennas.
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 sarfY¢o antennas as a general two-port network, where the mutual
substrate and antenna parameters as in Fig. 2. The thickned§@edance is written as
this substrate is approximately 0.84.

Zig = — 5
2= 70, (®)

whereV is the open-circuit voltage at feed port 1 due to a cur-

. M uUTUAL COUPLING rentI, 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
A. Theoretical Analysis equivalence principle in conjunction with the reciprocity the-

_ ) _orem [7] we write (5) as
The geometry used in the calculation of the mutual coupling

i . ) i 1 o B
betvv_een two |dent!cal antennas is shown in Fig. 4. In order to Ziy = 7 [M?} WA ds ©6)
obtain an expression for the mutual coupling, we model the Ll Js, : :
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where]\7[§ is the equivalent sheet of magnetic current at the v=AZcosa + Aysin o (15)

edge(s) of antenna B with a feed currénand M/ is the sheet )

of magnetic current at the edge(s) of antenna A with a feed c¥ = 2%/Ao, AY = Ay/A,, andj = k,/k,. Referring to
rentI; . Note that the square brackets in (6) indicate that we dréd- 4, Ax andAy are the center-to-center patch separations in
calculating the magnetic field due to the magnetic current shédg # andy directions. In this work we will consider patches
MB. For thin substratesi(< Ao), the sheets of magnetic cur-Separated along thé-, D-, andH -planes, which correspond to
rent are well approximated by rings of magnetic current locaté = 0. Az = Ay, andAz = 0, respectively. The functions
at the center of the substrate. Settiig= I, — 1, the expres- 1+ ' andI;™ are the currents obtained from a spectral-domain

sions for these equivalent magnetic current rings, are given dgansmission line analysis of the background structure [10]. In
particular, these currents correspond to the currents=at. /2

KA =} A, A in the TM and TE transmission line models, due to a 1-V series
° =0 Z cos(me”) " feed at the same location. They are given by

m=0

and

i IE]\’I(I“/?)
KB =hnY" A, cos(ng?). (8) kT
« ;::0 ( ) ZIM 4 7T oy < % )

The terms4,,, andA4,, correspond to the amplitude of the modal ~— k.h k.h
1 (5] ey (5

magnetic surface currents densities (electric fields at the edges ZMZ ™M

of the patches) for modes andn on antennas A and B, re- (16)

spectively. The thickness of the substrate is denoted, and

0“4, ¢ denote local polar coordinates on the two patches. TR

electric fields at the edges of the patches were calculated usihqéE(kp)

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™ kA . kA

surface-wave power [9]. ZIEZ " [1 — tan? < 5 )} +‘72(Z1TE)2tan< 5 )
Using (7) and (8) the mutual impedance in (6) is written as

k. h
ZEE + i ZTE tan < 2L>

17)
Z12 = _h2 Z Z ArnAnann (9) Where
m=0 n=0
where 2 — )2
om V. 7 (18)
Ry = — H, [cos(np?)] cos(me)bdet (10) Weo
0 k3 — k3
andb is the outer radius of antenna A. In (1@,.,,, represents ZM=¥ (19)
the reaction between two unit strength rings of magnetic current. . fj;’(’f"
As derived in the Appendix, the final expression for (10) is given Zy "= T (20)
by k3 — k2
TE Who
Rypn = REE + RT™M 11 Zy " = ——— (21)
2L mn + mn ( ) 5,,,]{3 _ k%
where
B e 1 , [ The integrals in (12) and (13) are evaluated numerically using
Ry =m(=3)"" """ mn(k,b) / a Sommerfeld contour that detours above the surface-wave pole
Ton(koB0)] [, (()k ) located af? = k1w, /ko and the branch point located/at= 1.
SITR(R) { "’k ;b } { "k 03b } Numerically, this contour was implemented as a path, starting at
o of of - the origin, which initially follows a rectangle in the complgx
7" cos[(n — m)alJp_m(27By) — T plane, of height 0.05 and width5, /.. The path then proceeds
-cos[(n + m)a)Jpim (27 67) } 3 dS (12) along the real axis to a value ©00,/¢,, which was sufficient
™ el el 5 [ to obtain convergence for the antennas in this study.
Ry =m(=1)" 75" (kob) /0 Once the mutual impedance has been obtainedSthscat-
™ e 1 tering parameter is calculated usin
IIN(B)IL (ko B0) ) (ko 30) ing p 's calculated using
: {jnim COS[(TL - m)a]']n—m(ZWﬁ’Y) + jn+m 27,712

|512 |(lB = 20logy (22)

-cos[(n + m)a]Jpm (27 37) 13 dB (13) (Zu + Z,)? - Z3,

where we typically assumg&,;; = Z, = 50 €. For the re-
1 { Ay mainder of this work we will refer tS; | as the coupling mag-
_ 1
a = tan <_a:> (14) nitude.
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B. Comparison of Theoretical and Measured Mutual Coupling

a E-Plane Measured [11]
o H-Plane Measured [11]
i/ - - - -E-Plane (First 16 Modes) |

-
O\ N
a Tttee-

LN
o o
i

In this section, we will compare the mutual coupling theory
from the previous section with experimental results. Since th
conventional circular microstrip patch has been extensivel
studied in the past, we will first compare our theoretical

Coupling Magnitude [dB]
A bR :
O O O 0 O

F A
results for the mutual coupling between a pair of circular patct E 4 ° \ | A 4
antennas withZ-plane andH -plane measurements obtained g ‘ S
from [11]. These antennas have a radius of 0.93 cm, a substre i °\C>\
thickness of 0.15 cm, and a dielectric constant of 2.64. Ir § 45 S
[11], data is not given for the conductivity of the copper, the 50 e

dielectric loss tangent, or the radius of the feed pin. Therefore 0 04 08 12 16 2 24 28 32
we chose values of & 10° S/m for the conductivity, 0.0012
for the dielectric loss tangent and 0.0625 cm for the radiuc
of the feed pin. The radius of the feed pin is that of a{50- _ ) )

. Fig. 5. E-plane andH -plane mutual coupling results for the conventional
coaxial SMA probe. Note that because of surface roughnea;%ular microstrip patch antenna.
the effective conductivity of the copper patches and ground
plane was chosen to be less than that of pure bulk copper (5.8
x 107 S/m). This data is used specifically in the calculation 0

Separation [Wavelengths]

) . . . F ; 4  SAR-RSW Measured
of the input impedance [2]. As a result, the match point is A0 A e o SAR-RSW (First 16 modes)
located at a radius of 0.23 cm from the center of the patch and 8 -20 + -+ &\wei ot ©  Conventional Measured

E O e L Conventional (First 16 modes)

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 E-plane andH-plane coupling. The slightly lower
values measured for th&-plane coupling are probably due_ ) ) i ) )
. L . Fig. 6. E-plane mutual coupling for conventional circular microstrip patch
to scattering within the local environment of the measuremefffannas 1 SAR-RSW antennas.
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 Zhplane

Coupling Magnitude [dB

80, .
0 05 1 1.5 2 25 3 35 4
Separation [Wavelengths]

The results for theE-plane mutual coupling between con-
mutual coupling between a pair of conventional circula\fentional circular microstrip patch antennas and SAR-RSW an-
nas versus separation are shown in Fig. 6. For both sets of an-

microstrip patches and a pair of SAR-RSW antennas. B X
sets of antennas were fabricated using Rogers RT/durdgnas there is excellent agreement between the theory and the

6002 double-sided copper clad substrates. Standard ultravigi2Surement. Some deviation occurs for distances greater than
lithography and chemical etching techniques were used t[Hee ngelengths. This is probably due to the fact that at these
fabricate the SAR-RSW antennas and the conventional circufgParations the antennas are relatively close to the edge of the
patch antennas. The design of the antennas and phys porting ground_plane. It.is impprtant to note that j[he edges of
properties of the substrate have been discussed in Sectior ?gonvent|onal F:lrcular microstrip patch are 'touchmg ata sep-
The antennas were attached to a supporting ground plane g{aion of apprOX|mt_=1terO.4 wavelengths, while the SAR-RSW
allowed us to obtain a maximum center-to-center separatieﬂtennas are touching at approximately 0.6 wavelengths.

of approximately four wavelengths for a design frequency f We observe in Fig. 6 that thé-plane mutual coupling ,
2 GHz. etween SAR-RSW antennas decreases much more rapidly

with separation than that for conventional circular microstrip

For ideal mutual coupling measurements, the two amenrgﬁctennas. This is in agreement with the radiation patterns of

should be perfectly matched and resonant at the same é%_ction I, which showed a much lower field level radiated

guency. This, of course, 15 d|.ff|cu|t to achieve in practice. F(}Fom the antenna along the interface. A detailed investigation
this reason, practical restraints were placed on the relat'c\)/ﬁhis mutual coupling behavior will be given in the following

operatllon of th? .tWO antennas. In our measurements, the InBgctions, in order to determine the radiation mechanism that is
reflection coefficient for each antenna was kept bele20 dB v\ylarimarily responsible for the mutual coupling
as ’

and the operating frequency of each of the two antennas
kept within the other’s 2: 1 VSWR bandwidth. To avoid effects
from scattering within the measurement environment, the st
structure was mounted inside the throat of a 27-ft taperedin this section, we show that the mutual coupling between
anechoic chamber. adjacent elements is predominately due to the dominant mode

Modal Contributions to the Mutual Coupling
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of each antennaf = 1 andn = 1). Thisis demonstrated for the 15 ¢
E-plane case, which is the case with the largest coupling. The ) 20 Ty L S O SO
dominant-mode coupling versus the mutual coupling calculated ‘g FN —— Dominant mode |
using the first 16 mode combinations (four modes on each patch, 3 25 4\ L -Firt 16 modes e
m < 4andn < 4) for the conventional circular microstrip patch B a0t N
antenna is shown in Fig. 7. From these results, we observe that = E TN j ;
for patch separations up to at least ten wavelengths, the mutual £ -35 £ g o
coupling between conventional microstrip patches is accurately 3 40 £ T ]
predicted by using only the dominant mode contribution. o o § !

By design, the dominant mode magnetic current of the B
SAR-RSW antenna does not excite any surface waves. There- o+t 2 3 4 5 6 7 8 9 10
fore, it is not readily apparent whether or not the higher Separation [Wavelengths]

order modes will be needed when calculating the mutual
Coupllng for these antennas. In Flg' 8 we Compare the mutﬂf& 7. E-plane mutual COUleng between anventional circular m|CrOStr|p
. . tch antennas calculated using only the dominant mode and calculated using
coupling between SAR-RSW antennas calculated using oﬁ& first 16 modes.
the dominant mode and calculated using the first 16 mode

combinations. It is seen that the higher order modes have more 0+

of an effect as compared to the conventional circular microstrip @ -10 rrrrr e rrrrrr rrrrrr
patch antenna. However, below approximately three to four ‘g -20 ¢ R e
wavelengths separation the dominant mode is still sufficient 3 :20 B
to accurately predict the mutual coupling between SAR-RSW § _58
antennas. This is an indication that for these separations the 2 4o =
majority of the mutual coupling is not due to the surface wave, £ -70 ¢
a fact that will be verified in the next section. §' -80 +
From (9)—(13) the mutual impedance due to the dominant © 1‘38
mode of each patch can be written as o 1 2 3 4 5 6 7 8 9 10
Zia = — h? A%( R}“IE + R;—“II\'T) (23) Separation [Wavelengths]
where Fig. 8. E-plane mutual coupling between SAR-RSW antennas calculated

using only the dominant mode and calculated using the first 16 modes.

koo /3b media such as microstrip is reviewed in order to define the ter-
) minology and aid in the subsequent discussion.
Lo(@mf) + cosl2al Jo(2nfy)}AdS - (24) A typical microstrip patch antenna (or any other type of mi-
00 crostrip source) will excite one or more surface wave modes
RM :w(kob)Q/ I (ko 80)]) as well as a “continuous-spectrum” field, also denoted as the
0 radiation field [5]. Assuming that only the T¢vlsurface wave
A Jo(2mpv) = cos[2a]2(2x3y)} BB (25)  mode is above cutoff, the surface-wave field along the interface
will propagate with a wavenumbeiry;, and will decay radi-
lly from the antenna als/ /p (p is the horizontal distance away
[om the axis of the antenna).

Py T e
i

and

Fig. 9 shows theoretical plots for th8-plane, H-plane, and
D-plane mutual coupling for both conventional and RS

antennas, based on dominant-mode coupling. Interesting YFor observation angles (measured from thaxis) less than

for th? SAR-RSW antenna_l the-plane exhibits the S.tronQEStQOO, the surface-wave field becomes negligible and the radiation
coupling for patch separations greater than approximately o

wavelength, as opposed to theplane for the conventional f?eeid asymptotically evolves into the space-wave field, which is

circular microstrip patch antenna. For the SAR-RSW antenr%e usual far-field of the microstrip antenna. This field varies as

the lowest coupling magnitude for separations between 0.6—8)./ ' (ris the radial distance away from the antenna) and propa-

wavelengths is in théd -plane. Between 0.8-1.5 wavelengthsi,]":1 es outvvard- W't.h a wgvgnumberlo,f. L

oo Along the air-dielectric interface, the radiation field asymp-
the lowest coupling is in thé-plane and, for greater separa- .. : ) .
. o totically evolves into a field that propagates with a wavenumber
tions, theE-plane mutual coupling is the smallest.

k., but decays with distance along the interface 4% (instead

of 1/7). This field is referred to as the lateral-wave field. Hence,

far away from a microstrip source, the field along the interface
In this section, we will analyze the conventional microstrigvill consist of two parts: a surface-wave field that decays as

patch antenna to determine the physical radiation mechani$yy/p and a lateral-wave field that decaysigg?®. At extreme

that is primarily responsible for the mutual coupling. This wiltlistances, the surface-wave field will be dominant.

provide insight into the mutual coupling and help explain why it For thin substrates, the amplitude of the surface-wave mode

is reduced for the SAR-RSW antennas. First, some backgrowetited by a microstrip antenna is small; thus, the surface-wave

information on the physics of radiation from sources in layerdgkld is fairly weak compared to the radiation field for small or

IV. PHYSICAL CONTRIBUTIONS TO THEMUTUAL COUPLING
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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 tr Im{f}

substrate is thin, the radiation field for small or moderate dis- A

tances will closely resemble a space-wave type of field, de-

caying asl/p along the interface. Eventually the radiation field Total field

along the interface will transition into the lateral-wave field,
varying asl/p?; 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 fol
all distances).

The spectral-domain method provides a convenient mean
to quantify the different contributions to the mutual coupling.
Fig. 10 shows a general Sommerfeld path that defines the cor
tour of integration used in the spectral-domain integrals for mu- Radiation” 2" Surface wave
tual coupling. When integrating along this path the total mutual — gag
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 inkég- 10. Integration paths used in the calculation of the mutual coupling.
gration around the surface-wave pole, as also shown in Fig. 10.

Once this has been done, residue calculus is applied to calghe 1o be able to deform the path, the limits of the integrand in

late the mutual coupling associated with the surface wave. &5) must extend over the rangeco, oc). Using Bessel func-

mutual coupling due to the radiation field can be found by i, identities and noting thdf*™™ is an even function with re-
tegrating around the branch cut, or alternatively, by subtractiggect to7 allows Us to write
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 RiM =m(k,b)? / LMNB) [ (ko )]
the branch-point contribution, which yields the lateral wave dis- 2y o
cussed above [5]. We will consider the dominant-métplane “H” (2rBAT)BdB. (26)

coupling in the detailed analysis that follows.

From (23)—(25) we note that the mutual coupling is detef-he integration path has now been transformed into the path
mined by separately calculating the TE and TM componenthown in Fig. 10. (The branch cut along the negative real axis as-
In the calculation of the surface-wave contribution to the mgociated with the Hankel function has been omitted from this di-
tual coupling the TE component can be neglected since the cagram.) Using Cauchy'’s integral theorem, this path is deformed
responding integrand does not contain the {)yBurface-wave to the path around the lower branch cut and the path surrounding
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Coupling Magnitude [dB]

6o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Separation [Wavelengths]

Fig. 11. Different components of the dominant mddeplane mutual coupling between conventional circular microstrip patch antennas.

the surface-wave pole. From residue calculus, the surface-wav®lots of the totalF’-plane mutual coupling between a pair of
pole contribution to the reaction integral (26) is conventional circular microstrip patch antennas, with the radia-
™ _ . - R , tion field and surface-wave contributions shown separately, are
RIM =w(kob)® [-2mjRes {I7™ (komo) }] [J1 (kokrvob)]”  givenin Fig. 11. For this thin substrate examplgXo = 0.01),
. H:E Y (27 Frani, AT) Brag, (27) the mutual coupling is dominated by the radiation-field compo-
nent up to a separation of approximately seven to eight wave-
whereky, = krm,/ko. is the normalized location of the lengths. The surface wave does not dominate the behavior until
surface-wave pole, which was found numerically to exishe separation is greater than approximately ten wavelengths.
at ETMO = 1.00077 for the substrate parameters given ifror the SAR-RSW antenna the surface-wave contribution to the
Section Il. From (23) we write the surface-wave contribution tmutual coupling is even less since (by design) the magnetic cur-
the mutual impedance as rent of the dominant mode does not excite the surface wave.
IS = 12 A2 (hoh)? [ o jRes {I,UTM (ETMO)}] Hence, for both antennas the majority of the coupling is due to

, the radiation field, for moderate separations.
. [‘]1 (/{JOI{JT]\qOb)] H£2) (27T/€TMOAE) kTMo- (28)

) ) ) ) V. ASYMPTOTIC ANALYSIS OF THE MUTUAL COUPLING
The residue in (28) is calculated using

An asymptotic analysis can be used to explain the behavior
N (krm,) of the mutual coupling results shown in Figs. 6 and 9. In the
D' (krm,) previous section we demonstrated that the radiaton field is the
dominant coupling mechanism for patches on thin substrates.
where N (kry, ) represents the numerator of (16) evaluated @herefore, in an asymptotic analysis of the mutual impedance
B =k, and D’ (kryy, ) is the derivative of the denominatorformula (23), we will neglect the surface-wave contribution. We
in (16) with respect t@ evaluated a8 = ki, . The derivative will begin by outlining the general asymptotic procedure fol-
in (29) is written as lowed by a detailed analysis for tieplane coupling due to the
TM contribution in (23). A summary of the final results for the

Res {I;™ (krwm,) } = (29)

D’ (ko) = Dy + Dy + Ds (30) asymptotic behavior for th&- and H-plane mutual coupling
(dominated by TM and TE contributions, respectively) is pre-
where . .
_ sented at the end of this section.
/ krvoms [k | Fzo Referring to (23), the mutual impedance can be written as
Dj=—-——>"= T + " (31)
Ep z0 z1 Z12 — Z]’gF‘ + ZT]\T (34)
I 2k i kot whereZEE = —h2 A2REE and ZEM = —h2A2RTM. In gen-
D)y = ZEMoTlo [(k_ﬂ + ZO) tan2 <§> eral, each term in (34) has the followmg form
Ep z0 z1
z kzh — 7
+hk.,tan <k2h> sec? <T>} (32) Zj, = / f(kp, A)dE, (35)
and wherei = TE, TM. As the separatiorh between the patches

D JakTan, 2 ¢ k. h k:h 5 (kD 33 (A, or A, for E- or H-plane coupling) becomes large, an
T g, ant o ) s )| (33) asymptotic expansion gf (k,, A) (obtained by asymptotically
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approximating the Bessel function terms in the integrand) yields Im{k }
the form A
Zig e L[ i yeied i 36
12~ Ap: . (kp)e P (36)

whereC is a constant ang; is an exponent that depends on the
particular case (TM or TE), as well as the coupling plane (i.e.,
E-plane,H-plane, orD-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= %, — ;5
and neglecting the surface-wave pole, as well as any leaky-wave

X I Re{k }
S

poles captured by the path deformation, the branch-cut integra- \ 7
tion (radiation-field contribution) is put in the form
o>
ZiQ ~ c e IkeA / Gi(S)e*SA ds (37) Fig. 12. Steepest-descent path used in the asymptotic analysis of the mutual
AP 0 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.
whereG*(S) = —j[I (ko —jS) — I (k, — jS)]. The positive
subscript inFjr(ko — 75) indicates that we are integrating theben
function on the top (proper) Riemann sheet, while the negative
subscript inF” (k, — j.5) indicates that we are integrating on .~ 5 [ 2 o TM i3Im0
the bottom (improper) sheet. For a given antenna and substrafe  (kp) = hAL W—kp[']{(k/’b)] I, (kp)fej( /%l kp

geometry,G*(S) can be approximated as

oting

(44)
"(S) ~ ASE .
G*(S) S, ass — 0 (38) we write
where A is a constant ang; is another exponent that depends , 1 00 , o
on the case considered (TE or TM). Hence, for largyé37) VACRES \/A_/ FM (ke )em M2 dE,. (45)
becomes ¥ oo
‘ o . 00 Deforming the integration path to the path of steepest descent
Ziy ~ FC_JIC"A/ ASSie™52 48, (39) allows us to write (45) as
’ 0 .
—jkoAx oo
Applying Watson’s lemma [12] to (39) yields ZIM & = / G™(8)e="27 48, (46)
: vAz Jo
i C —jk, A AF(Sz + 1) C_JkDA . . . . .
VAR N J [ AL NS (40) Using the approximation in (38) yields
—jkoAx  poo
Equation (40) is the final result from the general asymptotic ZIM ~ ¢ / ASEe™52% 48, (47)
analysis. var  Jo
Following this general approach we will now detail théApplying Watson's lemma to (47) gives us the result
asymptotic analysis for the specific cases of Hfiplane mu- AT ik A ko Az
: : : : - ™ (§+ L)e™7™ e It

tual coupling for conventional circular microstrip patches and Ly~ e = (48)
SAR-RSW antennas, due to the TM contribution. As we will VAz(Awtt) *

show, the TM part is the dominant contributor to theplane This is the final expression we need to analyze the asymptotic
coupling. By noting thak, = k,/3, the TM component of (23) behavior for the TME-plane mutual coupling. Comparing (48)

is given by with (40) we can immediately determine that= 1/2 for the
0o TM, E-plane case. Further analysis is required to determine the
Ziy" = —h A3 / LM (k)L (K0T constant A and the value gf
, T The behavior ofz™(S) depends od'™. To approximate
B (k,Az)k, dk,. (41) theI™ function forS — 0, it is assumed, for simplicity, that

Ih 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-

/ g ~ 2 ik A form asymptotic analysis, such as that given in [14], would ac-
HY (k,Az) ~ —jed /97 | e et (42)
14

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

count for the surface wave. From (16) we then h&y&! ~
o o _ 1/Zg™M. Using (18) together wittk, = k, — jS results in
Substituting this into (41) yields I™ & §—1/2as§ — 0. This, in turn, implies thaGT™(S) o
9 S§—1/2 asS — 0; hence, for this cas¢ = —1/2. Substituting
this result into (48) gives the result that the TM, E-plane mutual
kp Az coupling for the conventional circular microstrip patch antenna
T (kb PR AT dE . (43) has al/Ax behavior asAz becomes large.

ZIM ~ hAT I VTR / I (k)

—o
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The I™ function has the same behavior for the SAR-RSW TABLE |
antenna as it does for the conventional circular microstrip patc@*E PARAMETERS IN (40) FOR THEMUTUAL COUPLING BETWEEN PAIRS OF
. . ONVENTIONAL CIRCULAR MICROSTRIPPATCHES AND PAIRS OF SAR-RSW
antenna, since it does not depend on the antenna geometry. How- ANTENNAS, ASSUMING A THIN SUBSTRATE
ever, there is one very important difference between the two an-
tennas. This difference liesin tI(]é{_[(ko_ —3S)h])? termin (4A_f), TE ™
which is part of theG™($) function in (46). Taking the first
two terms of the Taylor series expansion of this Bessel function E-plane 32 12
aboutS = 0 yields P H-plane 12 3/2
D-plane 172 12
Ji (ko — 7S] = J{(kob) + (—jbS)J] (kob). 49
1[( 0~J ) ] 1( 0 ) ( J ) ! ( 0 ) ( ) ¢ Conventional 12 -172
By design,J; (kob) = 0 for the SAR-RSW antenna (assuming SAR-RSW 12 32

Brm, = ko). This is not the case, however, for the conventional
circular microstrip patch antenna. The square of the expression
in (49) thus yields ars? behavior for the SAR-RSW antenna. TABLE I
This result, coupled with the—1/2 pehavior OfI,,j:M, gives the  ASYMPTOTIC BEHAVIOR FOR THEMUTUAL COUPLING BETWEEN PAIRS OF

. . CONVENTIONAL CIRCULAR MICROSTRIPPATCHES AND PAIRS OF SAR-RSW
SAR-RSW antenna an overall behawor' descnbe@ by 3/2' ANTENNAS, ASSUMING A THIN SUBSTRATE (THE MUTUAL COUPLING
Therefore, the TME-plane mutual coupling for the SAR-RSW  1s DUE ONLY To THE SPACEWAVE FIELD, AND THE SURFACE-WAVE

antenna has/Ax? behavior as\z gets large. HAS BEEN NEGLECTED)

Following a similar procedure to that described above, th~
asymptotic behavior for th&-, H-, and D-plane mutual cou- TE ™ TOTAL
pling can be determined. The results are summarized in Table Conventional ar VA VAx
and Il. In Table I, the “Total” asymptotic formula for the cou- E-plane

. o . SAR-RSW 1/Ax? 1/85° 1/Ax?
pling comes from considering the slowest decaying compone
(TE or TM). Conventional NG /Ay NG

. . H-plane

A plot of the theoretical and asymptotic £-plane mutual SAR-RSW /A /' /a7

coupling is shown in Fig. 13. As expected, the asymptotic be - >
; . : X C 1 1/A 1/A 1/A

havior matches the theory @sz increases. The slight differ-  p-plane onventlons / / /
ence between the results for the conventional circular patch SAR-RSW 1/a? /& /At

for large separations is due to residual surface-wave couplir _;
which was neglected in the asymptotic analysis. In this figure,
the individual asymptotic curves have been normalized to the
exact values a2 \.

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

—— Theoretical
—-e I/Ax
| —— Theoretical (SAR-RSW)

[

Coupling Magnitude [dB]

1 10
VI. CONCLUSION Separation [Wavelengths]

We have investigated the mutual coupling between shorteg. 13. E-plane mutual coupling for conventional microstrip patches and
annular ring reduced surface-wave (SAR-RSW) antennas &rftR-RSW antennas.
compared the behavior with conventional circular microstrip
patch antennas. We saw excellent agreement between thesdystrates the radiation field along the interface has the char-
and measurement for both structures. Hyand D-plane mu- acter of a space wave (the type of wave that would be radi-
tual coupling was significantly less for the SAR-RSW antennaged by the antenna in free-space, without the substrate). An
compared to the conventional circular patch antennas for sepaymptotic analysis for the mutual coupling based on the space
rations greater than a wavelength. wave was then developed. For relatively large patch separa-

We then investigated the relative contributions of the sutions, the asymptotic analysis accurately predictéga falloff
face-wave field and radiation field to the mutual coupling. Wior the E-plane mutual coupling between conventional circular
showed that for a conventional microstrip antenna on an elgmatch antennas ang'(A)? for the SAR-RSW antennas, where
trically thin substrate/{/ Ao = 0.01), the mutual coupling is A is the center-to-center separation between antennas. In the
dominated by the radiation field (continuous spectrum) for smail-plane the mutual coupling had A(A)? dependence for both
or moderate patch separations. This is also true for the mutaatennas. In thé-plane the mutual coupling varies agA
coupling between SAR-RSW antennas. Furthermore, for tHietween conventional circular patches andl AA? between
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SAR-RSW antennas. Hence, as the patch separation increagesre/ " is defined as the current in the TE equivalent trans-

the mutual coupling becomes much smaller for SAR-RSW amiission line model due to a series one-volt source at the center

tennas compared to conventional circular patches, in both thfethe substrate. The source tek@™ can be separated into

E- and D-planes. The mutual coupling is not significantly reandy components as

duced in theH -plane, but in this plane the mutual coupling is ~ ~

inherently small. Vit = — (Maz cos g + M, Sina) (A.9)
Hence, while the antenna under investigation is referred R R

to as a “reduced surface wave” antenna, the mutual couplingereM, and M, represent the transverse Fourier transforms

is mainly reduced by virtue of a significant reduction in thef thexz andy components of the surface current corresponding

space-wave excitation along the interface, at least for tHithe unit-strength magnetic current ring, which is given by

substrates and moderate patch separations. For larger separa- _

tions or thicker substrates, the surface wave would become Mg = ¢6(p — b) cos(ng). (A.10)

more important, and then a lowering of the mutual couplinﬁl

. o this expression is the radius of the current ring adfp — b)
would indeed occur through a reduction in the surface-wa\I/Se,[he Dirac delta function. From (A.10), we obtain

excitation.
M, =—6(p —b)cos(ny)sing (A.11)
APPENDIX
and
EVALUATION OF THE REACTION INTEGRAL
] ) ) ) M, =6(p— b)cos(ny) cos ¢. (A.12)
The reaction between two normalized rings of magnetic cur-
rent is given by We can write (A.9) as
27 =) [e9)
Ry = — A H_[cos(ng®)]| cos(mpbde®. (A1) VIE = _/ / (M, cos + M, sin3)
The magnetic field in (A.1) is written as - ? e R Y) oy (A.13)
H, = —H,sinp™ + H, cosp™ (A2)  For generality, we will assume that the antenna is located at a

which yields relative position(Az, Ay) with respect to the origin. Hence,

using (A.11) and (A.12), (A.13) becomes

27
Ry = — / [~ H, sin o + H, cos o] cos(me™)b dp™. 27 ' B
’ Vit =— / sin(@ — @) cos(ngp)e?keb cos(F=#)
0

(A.3)
oI ks Axtky, Ay)
Writing H,, andH,, in terms of their Fourier transforms yields ¢’ Pbde. (A.14)
H, — (21)2 /oo /oo Hoemiter b g gk (A4) Integrating (A.14) and substituting the result into (A.8) yields
g B, = — IE5(1,) ()" (2x0b) sin(np)
1 RO . Jn(k,b) 3 (ky Aztky Ay)
H, :W /_OO /_OO Hye i kaatkow) gp dk,.  (A5) [ b ¢ . (A.15)

The spectral domain immitance (SDI) method formulated in The derivation for the TM component is very similar. Ap-
[15], [16] will be used to calculatél, and H,. The fields can plying the SDI formulation yields

be broken into TE and TM components with respect to the di-
rection of propagation by the use of a rotated v coordinate

system [15], [17], which yields whereI™ is defined as the TM component of the current in the
1 oo 2w, . equivalent transmission line model due to a series 1-V source at
H, = W / / (Hu cosp — H, sin <p)
0 0

H, = [FMy™ (A.16)

5

the center of the substrate and

—jk,bcos(G—g — ~ ~
Lokt @ e dzdk, (A.6) yIM (_Ma} sin @+ M, COSG) , (A.17)

1 oo 27 N o . _
Hy:W/o /o (Husm<p+chos<p)

eIkt eos @=L s dl, (A7)

whereg is the polar angle in th&, — k, plane. eI Arthy A0 . (A.18)

In the SDI approach, the TE component of the magnetic fie

d . - . .
due to a ring of magnetic current, located at the center of thetegratlng (A.18) and substituting the result into (A.16) yields

substrate, is given by H, = =TT (k,)(5)" " (2nb) cos(n@) . (k, b)ed (ke Aty Av).
H, = ItPvE® (A.8) (A.19)

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

27
VeM = — /0 cos(p — @) Cos(mp)cjkﬂbms(a_@)
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Substituting (A.6) and (A.7) into (A.3) and using well-known [2] V. B. Davis, M. A. Khayat, S. Jiang, D. R. Jackson, J. T. Williams, and

trigonometric identities yields S. A. Long, “Characteristics of the shorted-annular ring reduced surface

wave antenna,” IEEE Trans. Antennas Propagat., to be published.
_ pTE TM [3] J. R. Wait, Electromagnetic Waves in Stratified MediaNew York:
R = By + By (A.20) IEEE Press, 1996.

where [4] ——, “Electromagnetic surface wavesfdv. Radio Res.vol. 1, pp.

157-217, 1964.
1 2% poo 27 [5] L. B. Felsen and N. Marcuvitz,Radiation and Scattering of
TE _ _ T in( oA A Waves New York: IEEE Press, 1994.
Ry = (27r)2 /0 /0 /0 Hy Sln((p ¥ )Cos(m<p ) [6] V. B. Davis, J. T. Williams, D. R. Jackson, S. A. Long, and S. Jiang,

kb cos(Fpt) 4 “Effect of ground plane size on radiation patterns of reduced surface
seTReveosiem e bk dp dk, de (A.21) wave antennas,” IEEE Trans. Antennas Propagat., to be published.
[7] R.F. Harrington,Time-Harmonic Electromagnetic Fields New York:

and oo McGraw-Hill, 1961. _ _
T™M 1 = _ A A [8] W. F. Richards, Y. T. Lo, and D. Harrison, “An improved theory for
R =— W / / / H, cos( — ¢™) cos(my™) microstrip antennas and applicationdSEE Trans. Antennas Propagat.
0 Y 0 vol. AP-29, pp. 38-46, Jan. 1981.
.o ikeb COS(?-@‘A)ka dp dkp d<pA. (A.22) [9] A. K. Bhattacharyya, “Characteristics of space and surface-waves in a

multilayered structure,fEEE Trans. Antennas Propagatol. 38, pp.

A . ; 1231-1238, Aug. 1990.
They integrals in (A.21) and (A.22) can be evaluated in Closed[10] K. A. Michalski and D. Zheng, “Electromagnetic scattering and radia-

form; hence, substituting (A.15) into (A.21) and (A.19) into tion by surfaces of arbitrary shape in layered media—Part |: Theory,”
(A_22) yields IEEE Trans. Antennas Propagatol. 38, pp. 335—-344, Mar. 1990.
[11] M. D. Deshpande and M. C. Bailey, “Analysis of finite phased arrays of
27w poo circular microstrip patchesJEEE Trans. Antennas Propagatol. 37,
RME :(—j)m_lj"_l(man)/ IT™(k,) pp. 13551360, Nov. 1989.
0 0 [12] N. Bleistein and R. A. Handelsmaisymptotic Expansion of Inte-
. . . ,]m(kpb) grals. New York: Dover, 1986.
-sin(mp) sin(np) | ——= [13] M. Abramowitz and I. E. Stegutjandbook of Mathematical Functions
k/’b Nat. Bureau Stand. AMS 55, 1972.
. . 14] S. Barkeshli, P. H. Pathak, and M. Marin, “An asymptotic closed-form
. [M} ¢ (ka Aztky Ay) k,dk,dp (A.23) 1l microstrip surface Green’s function for the eﬁici):enf moment method
kpb analysis of mutual coupling in microstrip antenna&EE Trans. An-
and tennas Propogatvol. 38, pp. 1374-1383, Sept. 1990.
y 27 poo y [15] T. Itoh, “Spectral domain immittance approach for dispersion charac-
TM _ ¢ jym—1,n—-112 TN > > teristics of generalized printed Transmission lind&EE Trans. Mi-
B =(=J) T /0 /0 L7 (kp) cos(mip) cos(np) crowave Theory Techvol. MTT-28, pp. 733-736, July 1980.
(e / © A 16] N. Marcuvitz, Waveguide Handbook London, U.K.: Peter Peregrinus,
T (kW)L (s by B Aok A0 gt s (A24) 181 M 9 g
. . . [17] T. Itoh, “A full-wave analysis method for open microstrip structures,”
Finally, we normalize (A.23) and (A.24) using, = k. and IEEE Trans. Antennas Propogatol. AP-29, pp. 63-68, Jan. 1981.
evaluate thes integrals analytically, yielding the following re-

sults:
Ro = (=)™~ 3" 'mn(kob)? / )
0
15 o [T (kof30)] [ (ko f30)
LB { ob } { o b }
A" cos[(n — m)a]Snmp (20 By) — 5T
~cos[(n + m)a)Jem(208y)}3dB  (A.25)
R =m(=i)" " (kob)? /0
- IM(B) T, (koBY) T, (Ko/3D)
5" cos[(n — m)a] S (278Y) + 5
-cos[(n + m)a|pym(2787)}3d3  (A.26)
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