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Abstract

In this paper, we present an improvement of a closed-form formula for mutual impedance computation. Depending on the center-to-center
spacing between two rectangular microstrip patch antennas, the mutual impedance formula is separated into two parts. The formula based
on synthetic asymptote and variable separation is utilized for spacings of more than 0.5 Ao. When the spacing is less than 0.5 Ao, an
approximate formula is proposed to improve the computation for closely spaced elements. Simulation results are compared to computational
results of mutual impedances and mutual coupling coefficients as functions of normalized center-to-center spacing in both E- and H-plane

coupling configurations. A good agreement between simulation and computation is achieved.
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I . INTRODUCTION

The design of a finite array requires an accurate deter-
mination of the mutual impedance between two elements
and the mutual impedance matrix of whole array. An accu-
rate approach using the moment method has been proposed
for mutual impedance computation [1]. However, the mo-
ment method requires that each element be segmented into
many basis functions; therefore, this method becomes tedious
and time consuming as the number of elements in array
increases. Several methods have been proposed that deal with
the mutual impedance computation based on simplified mo-
dels such as the transmission line model [2], and the mag-
netic current approximation [3]. These methods are much
faster but may be inaccurate. Recently, a closed-form mutual
impedance formula has been proposed, which is based on
synthetic asymptote and variable separation [4—6]. In this

formula, only 12 unknown coefficients are determined by
matching with the simulated data or measured data. The-
refore, this method is very fast and accurate due to its use
of a synthetic asymptote form of the separated variables of
the center-to-center spacing and the azimuth angle between
two elements. However, when the center-to-center spacing is
less than 0.5 Ao (Ao is the free-space wavelength), the com-
putational result for very closely spaced elements is incorrect
if this formula is used.

In this paper, we propose a method to improve the clo-
sed-form formula for the mutual impedance computation
between two very closely spaced elements. The mutual impe-
dance formula is separated into two parts depending on the
center-to-center spacing between two elements. When the
spacing is more than 0.5 Ao, the mutual impedance is com-
puted by utilizing the synthetic asymptote formula [4]. An
approximate formula is proposed when the spacing is less
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microgstrip patches

feed points

Fig. 1. Geometry of two coupled rectangular microstrip patch an-
tennas.

than 0.5 Ao. The simulated and computational results agree
well in terms of mutual impedances and mutual coupling
coefficients between two closely spaced microstrip patches in
E-plane and H-plane.

. FORMULATIONS

Fig. 1 shows the geometry of two coupled microstrip pat-
ch antennas. These antennas are designed to operate at 5
GHz on the dielectric substrate with &, = 2.55 and thick-
ness » = 1.57 mm. The dimension of patch is determined as
W x L=226mm X 17.52 mm. The feed point is located
at the center of J¥ with the distance 2 = 5 mm. In this work,
we only focus on the mutual coupling between two patches
in E- and H-plane coupling configurations. The mutual im-
pedance formula is separated into two parts corresponding to
the spacing 7 less than 0.5 Ao and more than 0.5 Ao.

1. The Mutual Impedance Formula Based on the Synthetic
Asymptote and Variable Separation

When the center-to-center spacing r between two patches
is more than 0.5 Ao, the closed-form mutual impedance for-
mula based on the synthetic asymptote and variable sepa-
ration is utilized. In this method, the mutual impedance can
be written as a function of spacing r and the azimuth angle
@, as shown in Fig. 2(a). The use of a synthetic asymptote
form of separated variables of spacing r and angle ¢, gives
the following as the mutual impedance between the two
elements [4]
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where 7 is the intrinsis impedance of free space, 4o is the
free space wave number, and the unknown complex co-
efficients C,,, (= —1/2, 0, 1, 2 and m = 0, 2, 4) must be-
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Fig. 2. (a) Coordinates of two coupled patches and (b) skeleton
array configuration.

determined. These 12 coefficients can be found by matching
with the simulated results of mutual impedance between
center patch “0” and 12 coupled patches in a skeleton array,
as shown in Fig. 2(b). The 12 models consisting of the
center patch “0” and each of 12 coupled patches with the
respective spacing set in skeleton array are simulated to ob-
tain the mutual impedances at resonant frequency. From 12
values of the simulated mutual impedances, the Eq. (1) can
be used to establish a set of 12 independent equations to be
solved for the 12 coefficients C,, by matrix inversion.

2. The Approximate Mutual Impedance Formula for Closely
Spaced Elements

As mentioned above, when the spacing 7 is less than 0.5
Ao, the computation of mutual impedance for closely spaced
elements obtained using Eq. (1) is incorrect. Therefore, we
propose an approximate formula to improve the computation
for two very closely spaced elements. It is worth noting that
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the mutual impedance between two elements in E- or H-
plane coupling configuration only depends on the spacing 7.
Several sampling values of the spacing r are chosen and the
simulated results of mutual impedances are obtained through
simulation. By fitting some curves to the simulated data, the
mutual impedance formulas for E- and H-plane can be ex-
pressed as

_ —1.76r% +99.57r —1261
B r—16.13
Ny 0.0468r% —25.787 +635.5
r-16.31

Za

for E-plane coupling configuration, and

—6.479r +361.8]
r—19.65

12.17r-291.4
= +

a r—21.11

iso.s (3)

for H-plane coupling configuration. By combining Eq. (2) or
Eq. (3) with Eq. (1), the mutual impedance between two
elements in the E- and H-plane, respectively, can be accu-
rately computed even through the center-to-center spacing
is less than 0.5 Ao.

Il. RESULTS AND DISCUSSION

Fig. 3 plots the simulated reflection coefficients versus fre-
quency of two microstrip patch antennas at the center-to-
center spacing of 0.5 Ao. The simulation was conducted by
using Ansys High-Frequency Structure Simulator (HFSS)
based on the three-dimensional finite element method. The
two patches operate at the same resonant frequency of 5
GHz.

First, the 12 unknown coefficients C,,, in Eq. (1) must be
determined by matching with the simulated data. The 12
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Fig. 3. Simulated reflection coefficients of two microstrip patch
antennas.
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Table 1. The 12 complex coefficients G,

Con Value Con Value
C-120 1.9744 — 70.6211 Cio 9.5801 — 717.5902
Coo —11.9351 + ;j4.3854 Gy,  —24.7769 +;15.5993
Cio 67.8895 — ;29.3104 C-;ps —1.5619 +,;1.4258
Cyo —161.33 + j69.561 Cos 9.9945 — 78.5942
C_1p, —0.0881 — ;0.8532 C,,  —62.7809 + 750.3547
Coz —0.1876 + j4.3003 Gy 14711 — j112.41

coupled patches on the skeleton array are arranged with the
fixed sampling points as shown in Fig. 2(b). The 12 co-
efficients C,,, are computed and listed in Table 1.

Once the 12 coefficients C,, of Eq. (1) have been ob-
tained, the mutual impedance between the two patch ante-
nnas is calculated by combining Eq. (1) with Eq. (2) for the
E-plane coupling configuration or with Eq. (3) for the H-
plane coupling configuration. Figs. 4 and 5 show the mutual
impedances versus normalized center-to-center spacing  bet-
ween two patches in the E- and H-plane from simulation,
and from computation using synthetic asymptote formula,
and our proposed formula. Clearly, when the spacing 7 is
more than 0.5 Ao, the computation results agree well with
the simulation results. When the spacing 7 is less than 0.5
Ao, the results of mutual impedance using the synthetic
asymptote formula are very different compared to the simu-
lation results, especially the imaginary part of the mutual
impedance. However, the use of our proposed formula to en-
hance the computation with the closely spaced elements
achieves a good agreement between the simulation and com-
putation.

Overlapping is avoided by choosing the minimum values
of center-to-center spacing r as 0.3 Ao and 0.38 A, for the
E- and H-plane couping configurations, respectively. Table
2 shows the comparison between the simulation and com-
putation results of the mutual impedance corresponding to
the minimum spacing 7. Good agreement between our for-
mula and the simulation is observed.

The mutual coupling S, between two patches expressed in
decibels can be defined as [7]

27,7, |

o |
|Sﬂb| =20log,, vz, )2 —Zjb

(4)

aa

(Z

Table 2. Comparison of mutual impedance with the minimum

spacing
E-plane H-plane
Our formula —20.85 + 711043  —8.24 +767.96
Simulation —21.02 + 711063 —10.39 +;74.65

Synthetic asymptote

formula [4] —30.82 +;17.80

—7.33 +/50.29
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Fig. 4. Mutual impedance versus normalized center-to-center spa-
cing between two patches in E-plane coupled configu-
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Fig. 5. Mutual impedance versus normalized center-to-center spa-
cing between two patches in H-plane coupled configura-
tion.
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Fig. 6. Comparison of mutual coupling between two patches in
E-plane coupled configuration.
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Fig. 7. Comparison of mutual coupling between two patches in
H-plane coupled configuration.

where Z,, is the self-impedance of the patch, Z,; is the
mutual impedance between the two patches, and Zj is the
feed line impedance. We typically assume Z,, = Zy = 50.
Figs. 6 and 7 show the results of the mutual coupling versus
normalized spacing 7 in the E-plane and H-plane coupled
configurations, respectively. Clearly, the computation results
using our formula and asymptote formula agree well with the
simulation results, except for the greater difference in the
E-plane coupling configuration from the asymptote formula
when the spacing 7 is less than the half-wavelength.

IV. CONCLUSION

An improvement in the closed-form formula for mutual
impedance computation between two very closely spaced mi-
crostrip antennas in E- and H-plane has been presented. A
good agreement was achieved between the simulation and
computation. The computational results show that the pro-
posed approach is feasible for application to the design of
linear microstrip patch arrays with arbitrary element spacing.

This research was support by Agency for Defense De-
velopment (Dual band/Multibeam RF Tech. for RADAR,
UC110D13FD).

REFERENCES

[1] D. M. Pozar, "Input impedance and mutual coupling of
rectangular microstrip antennas," [EEE Transactions on
Antennas and Propagation, vol. 30, no. 6, pp. 1191—
1196, Nov. 1982.

[2] E. Van Lil and A. Van de Capelle, "Transmission line
model for mutual coupling between microstrip antennas,”
IEEE Transactions on Antennas and Propagation, vol. 32,
no. 8, pp. 816—821, Aug. 1984.

[3] M. Malkomes, "Mutual coupling between microstrip pat-

243



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 13, NO. 4, DEC. 2013

ch antennas," IEEE Electronics Letters, vol. 18, no. 12,
pp- 520—522, Jun. 1982.

[4] Y. X. Sun, Y. L. Chow, and D. G. Fang, "Mutual im-
pedance formula between patch antennas based on syn-
thetic asymptote and variable separation," Microwave and
Optical Technology Letters, vol. 35, no. 6, pp. 466— 470,
Dec. 2002.

[5] Y. P. Xi, D. G. Fang, Y. X. Sun, and Y. L. Chow,
"Mutual coupling in finite microstrip patch arrays,"
Microwave and Optical Technology Letters, vol. 44, no. 6,

Son Trinh-Van

was born in Vietnam on July 8, 1986. He re-
ceived the Diploma of Engineer in 2010 from
the Department of Telecommunication Systems,
Faculty of Electronics and Telecommunications,

Hanoi University of Science and Technology
(HUST), Hanoi, Vietnam. He is currently work-

) ing toward the Ph.D. degree at Division of El-
. —— ectronics and Electrical Engineering, Dongguk
University, Seoul, Korea. His research interests include microstrip
antennas, phased-array synthesis and optimization, and waveguide
slot array.

Keum Cheol Hwang

received his B.S. degree in electronics engineer-
ing from Pusan National University, Busan, Sou-
th Korea in 2001 and M.S. and Ph.D. degrees
5 in electrical and electronic engineering from Ko-
rea Advanced Institute of Science and Techno-

| e logy (KAIST), Dacjeon, Korea in 2003 and 2006,
respectively. From 2006 to 2008, he was a seni-
Vo . or researcher with the Samsung Thales, Yon-

gin, Korea, where he was involved with the development of various

antennas including multiband fractal antennas for communication
systems and Cassegrain reflector antenna and slotted waveguide ar-
rays for tracking radars. In 2008, he joined the Division of Elec-
tronics and Electrical Engineering, Dongguk University, Seoul, Ko-
rea, where he is now associate professor. His research interests inclu-
de advanced electromagnetic scattering and radiation theory and appli-
cations, design of multiband/broadband antennas and radar anten-
nas, and optimization algorithms for electromagnetic applications. Prof.
Hwang is a life-member of KIEES, a member of IEEE and IEICE.

Joon-Young Park

received his M.S. degree in electronics engineer-
ing from Kyungpook National University,
Daegu, Korea, in 1999. In 2002, he joined the
Samsung Thales, Yongin, Korea, where he is
now senior researcher. His research interests in-
clude active electronically scanned array, ad-
vanced electromagnetic scattering and radiation

theory, and antennas.

244

pp. 577—581, Mar. 2005.

[6] H. Wang, D. G. Fang, B. Chen, X. Tang, Y. L. Chow,
and Y. Xi, "An effective analysis method for electrically
large finite microstrip antenna arrays," IEEE Transactions
on Antennas and Propagation, vol. 57, no. 1, pp. 94—101,
Jan. 20009.

[7] M. A. Khayat, J. T. Williams, D. R. Jackson, and S. A.
Long, "Mutual coupling between reduced surface-wave
microstrip antennas," IEEE Transactions on Antennas and

Propagation, vol. 48, no. 10, pp. 1581—1593, Oct. 2000.

Seon-Joo Kim

received his B.S. and M.S. degrees in elec-
tronics engineering from Ajou University, Su-
won, Korea, in 1986 and 1988, respectively. In
1988, he joined the Agency for Defense Deve-
lopment, Daejeon, Korea, where he is now pr-
incipal researcher. His research interests include
high-power active transceiver module, active
electronically scanned array, and airborne ra-

received his B.S., M.S., and Ph.D. degrees
from the Department of Electrical Engineering
at Seoul National University, Seoul, Korea, in
1979, 1982, and 1987, respectively. From 1983
to 1988, he was with the Department of Elec-
tronics Engineering at Myongji University, Yong-
in, Korea. In 1988, he joined the Division of
Electronics and Electrical Engineering, Dong-
guk University, Seoul, Korea, where he is now professor. His resear-
ch interest is acoustic signal processing.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


