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Abstract—This paper describes the design of a high-perfor-
mance X-band antenna array for a tileable dual-linear and
circularly-polarized active phased array antenna. A 4x4 unit
cell prototype was built and integrated with state-of-the-art
T/R modules conforming to an active tile array. The use of
cross patches as a stacked configuration add polarization purity
while maintaining high bandwidth. The antenna is fed with four
probes to implement a balanced differential feeding network
in order to create a 180◦ phase delay between the opposing
probes. This provides high polarization purity while maintaining
the ability to do quadrature feeding for circular polarization.
Preliminary results using uncalibrated patterns show promise for
the potential implementation of the active array for circular and
linear polarization based on an ultra-compact tile architecture.

Keywords—Dual-polarized, balanced feeding, microstrip an-
tenna, active phased array, T/R modules, circular polarization, tile
active array, and probe-fed.

I. INTRODUCTION

Recent advancements in radar applications have generated
interest in the use of low-cost and high-performance antennas
that meet polarimetric requirements for accurate weather mea-
surements. The use of phased array radars is highly desired for
providing weather information as well as single target detection
due to their fast scanning rates and multifunction capabilities
[1]. High polarization isolation is a necessary requirement for
polarimetric measurements in dual-polarized radars [2]. Cer-
tain weather particles, such as electrically aligned ice crystals,
can also be detected with circular polarized transmissions [3].
As an economical approach, single feed points in microstrip
patch antennas (MPAs) with the necessary quadrature feeding
can provide circular polarization. However, these have nar-
rowband axial ratios often less than 1 %. Implementations
of this type of antenna include slightly off-squared patches,
patches with notches, and patches with slots. The disadvantage
of these designs is that symmetry is compromised, affecting
the performance of the dual-linear polarization.

In [4] a patch antenna supporting two orthogonal modes
is presented to demonstrate the ability of polarization control
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Fig. 1: Photo of the 4x4 tile dual-polarized active array antenna
with RFcore T/R modules housed in the Near Field Chamber
in the ARRC, at The University of Oklahoma in Norman (June
26, 2016).

that can be obtained with MPAs. There are three main types
of single fed circularly polarized MPAs shown in [5]. These
types include antennas that are diagonal-fed, nearly squared,
squared with truncated corners, and squared with a diagonal
slot. However, these designs show narrow axial ratio bandwidth
and high cross-polarization when used as linearly polarized
radiators. Aperture coupled antennas have been proven to have
better cross-polarization levels and axial ratio bandwidth [6],
[7]. Two orthogonally placed slots beneath a square patch
makes it resonate in a single direction. These can be fed in
quadrature, resulting in circular polarized radiation.

A new approach to improve the isolation of two orthogonal
modes is the use of crossed patches [8], [9]. MPAs can reach
optimal cross-polarization levels when there is an effective
ratio between both dimensions (L and W) of the patch [10].
When there is an effective ratio in the dimensions of the
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Fig. 2: Description of (a) Single antenna element description, where LTop = 9.5 mm, WTop = 3.3 mm, LBottom = 8 mm, and
WBottom = 1.8 mm, (b) Active array tile configuration based on RFcore T/R modules, and (c) Stack-up.

Fig. 3: RFcore T/R modules for the active array antenna. a)
Block diagram b) T/R module board and c) CMOS IC die.

patch, the radiating elements show improvements of cross-
polarization levels in the principal planes to -30 dB. With the
use of aperture coupling techniques, these cross-polarization

levels can be reduced even more. Another technique employed
in the work presented here was the use of four probes to excite
the radiating element [11]. Commonly, probe-fed MPAs are
known and used for their low-cost and ease of fabrication. This
paper discusses the implementation of a four-probe technique
applied to the stacked cross-patch antenna array shown in Fig.
1 and 2. With correct phase feeding, this element is capable
of having linear cross-polarization levels of less than -40 dB
in principal planes and -30 dB in diagonal planes. Also, the
proposed configuration provides an axial ratio of less than 0.5
dB along the whole band and excellent scanning range for
circular polarization.

II. SYSTEM DESCRIPTION

The active phased array, shown in Fig. 1, is designed for lin-
ear and circular polarization isolation, bandwidth, axial ratio,
and beam scanning requirements for weather and surveillance.

A. Array Unit Cell Element
The array unit cell is composed of 16 elements, configured

in a 4x4 square lattice array that provides spacing between
elements of λ/2 in both dimensions. The elements are fed using
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Fig. 4: Simulated single element gain and axial ratio bandwidth
at boresight (θ = 0◦).

a balanced probe-feeding technique. The antenna contains H
and V polarization ports that divide into a “T” transmission
line network, as seen in Fig. 2a. The opposite end of the MPA
is fed with the other end of the feeding network in order to
excite the opposing radiating edge with a 180◦ phase shifted
signal. This technique provides improved isolation between the
two orthogonal modes for vertical and horizontal polarizations,
as well as bandwidth widening [12], [13]. Orthogonal mode
isolation provides low axial ratios when operating in circular
polarizations with wide scanning capabilities. In addition to the
feeding network, a crossed patch geometry was implemented to
provide more isolation between modes while maintaining wide
bandwidth performance. Another layer with a parasitic coupled
patch, using the same geometry, was incorporated to increase
bandwidth and scanning capabilities without compromising the
size of the patch in lateral dimensions. The single element
design, including the feeding network, as shown in Fig. 2a,
can maintain the antenna gain and desired low axial ratio levels
across frequency as shown in Fig. 4.

B. T/R Modules
Low-profile, low-weight and low-mass are critical require-

ments in antennas for space and airborne radar systems [14].
Furthermore, weather radars ideally require high precision in
the co-polar matching of about ± 0.1 dB as a maximum
mismatch between H and V co-polar patterns. In addition,
they require high polarization purity of 40 dB or more (for
simultaneous transmit and receive) for the entire scanning
range. To achieve such purity, the radiating element requires
perfect symmetry in the electric fields in the antenna and
maximum flexibility in the control of the amplitude and phase
in the excitation ports. Having independent T/R modules for H
and V with 6-bits of control in the phase shifters, and 5-bits of
control in the attenuators, makes this antenna unique to satisfy
these stated requirements.

In this active array antenna prototype, the T/R modules only
contain a four-channel X-band CMOS core chip fabricated by
RFcore. It should be noted that the front-end integrated circuit
(FEC) that provides high power and a T/R switch for high
isolation was not incorporated in this prototype because the
goal was to evaluate the performance of the CMOS core IC and
the physical RF connection between the antenna and the T/R
module board and effectiveness of the radiating array antenna.

The T/R module was fabricated using the CMOS process
and contains a 6-bit phase shifter, a 5-bit attenuator, 6-
bit tuning circuits, bidirectional gain blocks (BDGB), a low
dropout regulator (LDO), and a serial to parallel interface
(SPI). The phase shifters have a range of 360◦ with a 5.625◦
step of phase shifting, and an attenuation range of 31 dB with
a 1.25 dB step. This architecture provides software with the
capability of introducing the desired phase and attenuation
values for each port. However, due to the structure of the
design, the ports are all active in transmitting or receiving
when operating in any linear polarization, limiting the isolation
between H and V ports to 31 dB. Due to this limitation, the
cross polarization isolations can not be better than -31 dB. This
limitation can be mitigated using some calibration techniques
and field cancellations with the opposing orthogonal fields of
the transmitted signals.

Each module is connected to the two ports (H- and V-pol)
of the two elements. Therefore, there is a total of 8 modules
for this 4x4 subarray unit cell and a total of 32 ports for both
H and V polarizations.

C. Active Phased Array

This ultra-compact design is composed of the array front
panel backed by a metal layer that separates the array from
the T/R module core chips and another metal transition that
connects the TR module board and power and computer
interface connectors with the heatsink. The connectors are
vertically affixed to the back of the array module with a
low-profile communication card to assimilate a brick module
configuration that provides a compact feature [15]. The size of
the array unit cell is 63.4 mm x 63.4 mm and the height of the
T/R modules with the metal heatsink layers is 17.1 mm. The
tile design is stacked with thick conductive layers in order to
improve heat dissipation, which mitigates thermal expansion,
phase errors, and component errors found in the T/R modules
performance [14].

III. PRELIMINARY RESULTS

The initial measurements for the active array were taken
from a setup placed in the Near-Field Chamber. For effective
near-field to far-field transformations, the front-end of the
active array should be placed four times the wavelength away
from the probe. A power supply of 12 VDC is connected to the
communication board on the T/R modules at the back of the
tile, and is also connected to the fan that provides cooling to
the system. The modules are then configured using a computer
interface that can be easily operated with a laptop via a USB
connection.
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Fig. 5: Measured uncalibrated broadside antenna patterns for H- and V-pol for (a) E-plane, (b) D-plane, and (c) H-plane of the
active array at the ARRC Near-Field chamber at 9.2 GHz. Solid ( — ) and dashed ( - - ) lines refer to co- and cross-polarization
components, respectively.

The preliminary results presented show the performance of
the array antenna with a limited capacity in the RF modules.
These results were obtained without any calibration of the
amplitude and phase in the 32 channels of the total 16
elements, due to the fact that there is no full control to turn off
one of the channels when the other was transmitting. In other
words, when transmitting in H-pol, V-pol is not completely
turned off.

Fig. 5 shows the uncalibrated antenna measurements for the
fabricated unit cell array with the functioning T/R modules. In
all planes, patterns with cross polarization levels of under -31
dB and -25 dB for V- and H- polarization were obtained. For
the antenna patterns that were scanned ± 30◦ in the E-, H-
and D- planes respectively (see Fig. 6), results showed limited
cross-polarization isolation because the CMOS core IC module
must have independent channels in this specific IC architecture.
The four channels are active and the only way to shut down
one polarization while the other is active is by setting the 6-bit
attenuator to 31 dB. This prototype was originally proposed
only to evaluate the RF performance of the CMOS at 0.13
μm and the physical interconnection of the antenna and TR
module board. For future measurements, a high-end calibration
of random attenuation and phase values will be made in order
to characterize each element of the subarray. This will provide
better insight as to how the elements should be individually fed
in order to achieve the best possible patterns. The estimated
cross-pol values should be as low as -50 dB in all planes.
Axial ratio values should also be improved to about 1 dB or
less across the whole frequency and in beam scanning.

IV. CONCLUSION

A low-profile 4x4 element dual-polarized X-band antenna
for a tileable active array antenna was designed and tested.
The prototype was integrated with state-of-the-art T/R modules
from RFcore to prove the feasibility of using CMOS technol-
ogy and the antenna array performance without calibration.

The results presented, which do not include any type of
calibration, indicate that modules in CMOS and the proposed
array antenna can offer very acceptable performance for a dual-
polarized array. This is the first stage of the tile active array.
In the near future, a second prototype will include an FEC
module composed of high power amplifiers (4 W to 10 W per
element), a high-isolation T/R switch, and an LNA.
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Fig. 6: Measurements of uncalibrated H-pol scanned antenna patterns of the active array at (a) 9.2, (b) 9.4, (c) 9.6, and (d) 9.8
GHz. Solid ( — ) and dashed ( - - ) lines refer to co- and cross-polarization components, respectively.

[9] Vallecchi and Gentili, “Dual-polarized linear series-fed microstrip arrays
with very low losses and cross polarization,” IEEE Antennas and
Wireless Propagation Letters, vol. 3, no. 1, pp. 123–126, 2004.

[10] D.-G. Fang, Antenna theory and microstrip antennas. CRC Press,
2009.

[11] C. Fulton, W. Chappell, and W. Lafayette, “A Dual-Polarized Patch An-
tenna for Weather Radar Applications,” Microwaves, Communications,
Antennas and Electronics Systems (COMCAS), 2011 IEEE International
Conference on, vol. 2, no. 2, pp. 1–5, 2011.

[12] R. Bauer and J. Schuss, “Axial ratio of balanced and unbalanced
fed circularly polarized patch radiator arrays,” in Antennas and
Propagation Society International Symposium, 1987, vol. 25, 2002, pp.
286–289.

[13] P. S. Hall, “Probe compensation in thick microstrip patches,” Microstrip
Antennas: The Analysis and Design of Microstrip Antennas and Arrays,
p. 176, 1995.

[14] D. N. McQuiddy Jr, R. L. Gassner, P. Hull, J. S. Mason, and J. M.
Bedinger, “Transmit/receive module technology for X-band active array
radar,” Proceedings of the IEEE, vol. 79, no. 3, pp. 308–341, 1991.

[15] J. L. Salazar, R. H. Medina, and E. Loew, “T/R modules for active
phased array radars,” in 2015 IEEE Radar Conference (RadarCon),
vol. 3, no. 1, 2015, pp. 1125–1133.

978-1-5090-1447-7/16/$31.00 ©2016 IEEE

Authorized licensed use limited to: University of Oklahoma Libraries. Downloaded on February 14,2023 at 20:54:27 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


