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Dual-Band Wide-Angle Scanning Planar

Phased Array

In X/Ku-Bands

S. E. Valavan, D. Tran, A. G. Yarovd§gnior Member, IEEE and A. G. Roederel,ife Fellow, |IEEE

Abstract— A novel planar dual-band phased array, operationa
in the X/Ku-bands and with wide-angle scanning cagdality is
presented. The design, development and experimental
demonstration are described. A new single-layer cssed L-bar
microstrip antenna is used for the array design. Tk antenna has
low-profile architecture, measuring only 0.33 x 0.33\, at the low
frequency band of operation, with flexible resonane tuning
capability offered by the use of a plate-through-hle and field-
matching ring arrangement. A 49-element planar (7 X7) array
demonstrator has been built and its performance vadated,
exhibiting good agreement with full-wave simulatios. The dual-
band array supports a large frequency ratio of neay 1.8:1, and
also maintains good sub-band bandwidths. \e-angle scanning
up to a maximum of 60° and 50° are achieved at tHew and high
frequency bands of operation respectively.

Index Terms— Phased arrays,
planar arrays, microstrip antennas.

multifrequency antennas,

I. INTRODUCTION

HE research on multifunction radars, with reconfigleab

features, foreseen as the next generation of diems,
has generated a huge volume of interest in bothsing and
academia [1-4]. Antenna array front-ends form eofal part
of these radar systems. Enabling operation of sévadar and
communication functions, using the same apertuee among
the latest research trends in this domain. Antearays
covering two or more well-separated frequency baffds

of dual- or multi-band antennas proposed for agpgrations
[8-15] reveals that most of these radiators suifem one of
four major performance limitations viz., very smiaéquency
ratios between operational bands [10-11,15], laigetrical
dimensions [8, 10-11, 13,15], asymmetric or incstesit
radiation patterns [8-9] and/or absence of widdeng
impedance matching. The presence of one, or cortifxmaf
these limitations, has often impeded successfuéldpments
of dual- or multi-band arrays.

In this paper, the design, development and expeitahe
validation of a dual-band phased array supportirdgwangle
scanning are presented. The proposed novel crdsset
antenna has been developed as amay-capable’ element
with extremely low-profile electrical dimensions,easuring
only 0.33. x 0.33, at the low frequency band of operation.
The simple single-layer geometry and the mainteaafcual-
band impedance matching over wide scanning ang&)(in
an infinite array are noteworthy characteristicstiod dual-
band array antenna. A planar 49-element (7 x 7ayaof
crossed L-bar antennas, optimised for performamcehe
X/Ku-bands, has been fabricated and its performance
experimentally verified. The array supports duakda
operation with a maximum frequency ratio of neatlB:1
between the bands. Wide-angle scanning up to anmoaiof
60° and 50° are achieved at low and high frequdranyds
respectively. Furthermore, good bandwidths are atdveved
in the operational bands.

example, X- and Ku-bands), with wide-angle scanning The proposed dual-band microstrip antenna desigviges

capabilities, can enable these systems to supptferemt
operational tasks in different bands and with themes
aperture. A number of ultra-wideband antenna artayge
been proposed in the literature responding to sees [5-7].
However, system demands would be better satiseagl, (in
terms of vulnerability to external

new avenues to achieve 1) low-profilarray-capable
electrical dimensions, 2) large frequency ratio,c8hsistent
radiation patterns and 4) wide-angle scanning dapatlhe
remainder of the paper is organized as follows. drossed L-
bar antenna concept, design and its array perfarename

electromagnetiGyasented in Section II. The experimental resultthe dual-

interferences) by multi-band antenna arrays withll wepgnq array demonstrator are summarised in Sectibn |

separated operational sub-bands. Further, with use of
multi-band arrays, good isolation can be achievetivben
operations in different bands, which could possitig
allocated for implementing different target funciso A review
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followed by the conclusions in Section IV.

Il.  DUAL-BAND ANTENNA AND ARRAY DESIGN

A. Crossed L-bar antenna concept and architecture

The basis of the proposed antenna concept canpaireed as
follows. Consider a radiating patch with a rectdagustrip-
like geometry, as shown in Fig. la. Exciting thatgh by
means of an off-centered feed can aid in supporting
operational modes, achieving dual-band operaticowever,
the length (L) of the patch needs to be large ehotg
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accommodate both the modes, which, in turn, wonddeiase
the electrical dimensions of the patch, especiallyhe high
frequency band.  Furthermore, for planar
implementations, it would be more attractive to énaguare
unit-cells. The use of square unit-cells in arragaild help in
maintaining similar inter-element spacing, alonghbthe E-
and H-planes of the radiator, whereby similar Isveif
scanning can be achieved along the principal planes

Fee(

Ucall

(b) (©

Fig. 1. (a) — Rectangular strip-like patch with-oéintered feed, (b) — single

L-bar geometry supporting vertical polarization,dafc) — single L-bar
geometry supporting horizontal polarization. Squaneit-cell used for
illustration.

In order to accommodate the patch within a squaitcell
and still maintain dual-band operation, the stiljg-lpatch is
modified into an L-bar.
(supporting vertical or horizontal polarization) ncabe
achieved, as shown in Figs. 1b-c. However, forhbibite
designs, presented in Figs. 1b-c, the unit-cell Idaatill be

electrically large (> 00 at the high frequency band. These

(electrically) large dimensions would negativelypeat the
scanning performance of the array at the operdtibaads.
The crossed L-bar arrangement (Fig. 2a) is heniredinced
to reduce the electrical dimensions of the unit-cdl the
antenna. This is made possible by increasing theratal size
of the radiating aperture through the use of tlwssed L-bar
geometry. The resulting structure supports duadnasces at
frequencies lower than the ones obtained with ithgles L-bar
geometries. The approach is, in some manner, anadag the
use of meander line printed antenna geometries¢chwhre
often used to reduce the electrical dimension@f¢spective
patch antennas. The L-bar dimensions can be optiinie
support dual-band operation and realize very selalttrical
dimensions of the unit-cell. The concept for acmgvdual-
band operation and low-profile electrical dimensiowith a
simple single-layer geometry, is thus introduced.

The details of the other components of the antennoait-
cell geometry are as follows. The feed pin of thRIAS
connector runs through the plate-through-hole (P@Wipder,
which is placed in the substrate (Fig. 2b). A fiedtching
ring is present at the junction (refer Fig. 2b) véhthe feed pin
meets the crossed L-bars, at the top of the substiidhe

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

Two possible configurations

2

diameter of the SMA feed pin dictates the innemditer of
both the plate-through-hole (PTH) cylinder, and tield

arrayhatching ring. The entire assembly is enclosedimihcavity

architecture, the dual functions of which are diésdt in the
latter part of this section. A dielectric substréager (with

thickness ‘') is used between the ground planethadctrossed
L-bar patch (Fig. 2c).

90°
135° 45° Wli
o W
o- plane

Ucal

1t

SMA feed model

©

Fig. 2. Schematic of the proposed dual-band crokdear antenna. (a) — top
view, arrowhead denotes polarization, (b) — platedgh-hole (PTH) cylinder
and matching-ring arrangement (feed apparatus)(@nd perspective view,
substrate maintained semi-transparent for illuistnat

An important distinction, inherent to the design thie
antenna, is with the polarization. The bases ofltiErs in
conjunction with the respective sides of the cawtystain
orthogonal polarization components, resulting inves
polarized along the diagonal plane of the radigior 135
plane in Fig. 2a). Correspondingly, the E- and BiRpk of the
antenna are defined along the= 135° andp = 45° planes
respectively (refer to Fig. 2a). The cavity arctitee, apart
from its aforementioned role in the radiation mets@a, also
helps in reducing coupling between elements,
implemented in arrays. A discussion on the antennaitual
coupling characteristics is provided in SectioBlI-

The computed current distribution plots of the dtaione
antenna, presented in Fig. 3, are used for illtisgathe

when
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radiation characteristics of the proposed dual-banténna.
The full-wave numerical modeling of the antenna wasied

demonstrated through these plots (Fig. 3a-b).
The ratio of the lengths,(l,) and widths (ww,) of the L-

out in CST-MWS. Dielectric permittivitye() of 2.2 was used bars were the main parameters used for the optiimizaf the

for the antenna’s substrate (Rogers RT5880 [16f)d a

antenna’s performance in both infinite and finiieed arrays.

characteristic impedance of @0vas maintained. The antennaThe variation of the widths’ ratio controls the arant band

supports dual-band operation with operational
frequencies at 9.8 GHz and 17 GHz respectively.

(b)
Fig. 3. Surface current distribution at the operzadi bands. (a)— 9.8 GHf )
and (b)- 17 GHzf().

The difference in the surface current distributjcas per the
operational modes supported, is clearly illustrate#ig. 3. It
can also be noticed that at the low frequency ldruperation
(Fig. 3a), which requires larger electrical dimensi of the
radiating part, the maximum amplitude of the swefaarrents,
or the ‘radiation spots’, occurs along the sterfe¢r&ig. 2b) of
the L-bars. The current path makes use of bothhttse and
the stem of the L-bars at this low frequency b#bl the other
hand, the ‘radiation spots’ occur at the base(ref Fig. 2b)
of the L-bars at the high frequency band (Fig. 3bhis
difference in the radiation characteristics, at tperational
bands, is also reiterated in the field distributfats over the
array, presented in Fig. 7. Furthermore, the paseaf the
orthogonal components and the role of the caviguipporting
these components, at both the operational bands,aB0

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

eentipositions, whereas the lengths ratio aids in adhigthe

necessary impedance matching at the respectivesbdii
field matching-ring’s outer diameter Jjd provides an
additional tuning parameter. This however, was tafed at
1.9 mm in the array optimization. Finally, it is slo noting
that due to the use of identical L-bars, the vammin either or
both the widths and lengths ratios would still naim the
structure to be symmetric along the diagonal plane 135° in
Fig. 2a), leaving the orientation of the polariaatunaffected.
The antenna concept presented can also be extdnded

support circular polarization in a target bandeifjuired. This
is achieved through the use of a modified grounpied-
technique, the details of which are presented if.[This
technique however, is limited to stand-alone crdskebar
antennas, which are not ‘array-capable’ and havegefa
(~0.7)) unit-cell dimensions as well.

B. Array performance
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Fig. 4. Variation of active reflection coefficieifaq|) with scanning angle in
infinite array.

Evaluation and optimization of the crossed L-baeana’s
performance in infinite array, using the frequerdymain
solver in CST-MWS, was carried out as the firspsie the
array analysis. The antenna’s unit-cell dimensiomsw
maintained at 10.4 mm x 10.4 mm, which resulted in
operational resonances in the X/Ku-bands (8 - 1&)GHhe
variations of the dual-band characteristics and -lward
bandwidths with scanning angle were evaluated énittfinite
array. The corresponding performance summary obdaivith
the infinite array simulation is presented in Fg.The cavity
architecture of the antenna helps in lowering thetua
coupling, thereby aiding to maintain the dual-band
characteristics up to a maximum of °6@long both the
principal planes of operation. Another key featurke the
antenna’s performance is the maintenance of thevadth at
both the operational bands over wide scanning angléth
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only marginal variations at the high frequency baiithis relation: @ = Ay, / 1 + Sin @ra). Where g, refers to the
performance is significant and ensures the abseficeny operational wavelength,.do the inter-element spacing and
effects of scan blindness in the operational bamgsto a 6y is the maximum possible grating-lobe-free scanaingle.
maximum 60 along the principal planes. The low-profileThe scanning performance of the planar dual-bamayais

electrical dimensions of the unit-cell and the widwle
impedance match characteristics of the dual-batenaa are
both useful and advantageous for the array apjaitat

The development of finite-sized array forms angnaé part
of the array research for the verification of theogosed
concepts. In this regard, the crossed L-bar antemna
implemented, and its performance optimised in agl& x 7
array. The unit-cell of the antenna was furtheluced to 10
mm x 10 mm, to improve the wide-angle scannindhattigh
frequency band. Retuning of the antenna’s L-baredisions
was hence required. The re-optimization proceduegnim
involved the marginal retuning of the ratio of thdar lengths

(I4/1;) and widths (wws,), maintaining a fixed diameter of the
field matching ring (1.9 mm). The thickness (t) of the

substrate was kept as per standard values availtble
fabrication [16]. The optimized element dimensiased in
the planar array model are summarized in Table I.

0

'
[¢)]

-309

15

13 19
Frequency (GHz)

Fig. 5. Computed embedded input reflection coeffiti(Ss29 of the centre
element of the planar (7 x 7) array.

The computed embedded reflection coefficient ofdbetre
element (no: 25) of the planar (7 x 7) array isvahin Fig. 5.
The array supports well-defined sub-bands with ximam
frequency ratio of nearly 1.8:1. Bandwidths of 3#6iz and
1.2 GHz are achieved at the low and high frequerayds
respectively. The corresponding embedded radigtimiterns
of the centre element at the operational centrguiacies are
shown in Fig. 6. Consistent radiation patternshwitoss
polarization levels below -15 dB are achieved athbthe
bands. The broad characteristics of the embeddé&érps,
along both the principal planes, are well suitedvitde-scan
applications.

The dual-band array antenna’s unit-cell (10 mm xmi)
measures only 0.33 x 0.33, and 0.58, x 0.58,, at the low
and high frequency bands of operation respectivighs low-
profile size is vital, since it makes it possible achieve
grating-lobe-free scanning up to a maximum of &0the high
frequency band of operation (16.2-17.4 GHz), as tper

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

covered in Section Ill.
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Fig. 6. Computed embedded radiation pattern ofctirére element (no: 25)
in planar array. (a)- 9.8 GHz and (b)- 17 GHz.

Finally, the effectiveness of the metal cavity tmfine the
field distribution within the unit-cell is demonated through
the field distribution plots over the array, at tbperational
bands (Fig. 7). The plots are obtained by excitimg centre
element (no: 25) of the array, with the other eletne
terminated in matched loads. It can be inferred tha field
distribution is contained well within the unit-celh both
operational bands. Very low levels of coupling,dvet30 dB,
are obtained after the second adjacent element thheraentre
element. This behaviour is especially significamteg the very
small inter-element spacing (0233t the low frequency band.
Furthermore, even the maximum levels of couplingtween
the first adjacent radiator pairs (for examplewssn elements
no: 25 and 26), in the low frequency band, areoasds -19.1
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dB and -21.5 dB, along the E- and H-planes respalgti which measures only 1.58 mm (0AQh adds to the low-profile
The broad embedded radiation patterns and elelbgricadimensions of the array. Due to the small unit-dethensions
small unit-cell dimensions, guarantee wide-angkgigg-lobe- (10 mm x 10 mm), conductive adhesive was used tamting
free scanning capability, while the low mutual clingp the SMA connectors of the individual array elememtsthe
characteristic helps to avoid scan blindness effect ground plane. The DUCAT anechoic chamber at TUDelf
used for carrying out the measurements, is optiomifa
i | Tl 162dBmV/m  measurements in the 4 — 40 GHz range. The expetdinen
setup is shown in Fig. 9. A ridged horn antennahvan
operational range of 2 — 20 GHz was used as thereede
(REF) transmitter antenna (Fig. 9b). The array unigsst
(AUT) was kept on the pedestal of the turn tab&dfin place
by a custom-made foam support (Fig. 9a). The riadiat
pattern measurements were carried out by electibyic
rotating the turn table.

(b)

Fig. 7. Computed field distribution plot with theo#ation of the centre
element (no: 25) of the planar array. (a)- 9.8 Gidd (b)- 17 GHz. Yellow
circles represent feeding pin positions of theyaamtennas.

TABLE |
OPTIMISED ANTENNA DIMENSIONS
Parameter Value (mm)
I 8.3 ()
| 6.6 Fig. 8. Fabricated dual-band planar array protatyge— Top view and (b) —
2 ) connector assembly. Red dot — centre element §jo: 2
Wi 1.35
Wa 1.75
dr 1.9
Ucal 10 x 10
t 1.57
& 2.2

Ill. EXPERIMENTAL VERIFICATION

A. Measurement setup @ o
The fabricated 49-element planar (7 x 7) arrayn@laith  Fig. 9. Anechoic chamber measurement setup. (ajrayAinder test (AUT)
its connector assembly, is shown in Fig. 8.  Theya and (b)-reference ridged hom antenna (REF).
measures 70 mm x 70 mm. The thickness of the daeg,

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available dtttp://dx.doi.org/10.1109/TAP.2014.2307336

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

B. Performance summary
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Fig. 10. Measured and simulated embedded refleatamfficient ($s25 of
the centre element of the planar (7 x 7) array.

—E-Co

180°

—E-Co

(b)

Fig. 11. Measured embedded radiation patternseoféintre element (no: 25).

(a)- 9.9 GHz ) and (b)- 17.1 GHz).

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

A comparative plot of the computed and measured
embedded reflection coefficient"g,|) of the centre-element
(no: 25) of the planar array is presented in Fi§. The
inclusion of the fabrication related constraintsl dalerances
in the antenna design (such as substrate valuespeat
dimensions and cavity via diameters), as menti@aeter, has
positively aided in achieving this performance csnfance.
The difference in the band position at the low frecy is
mainly attributed to the slight difference in théfeetive
permittivity of the fabricated model due to the esilve layers,
which have higher permittivitye(=3) compared to that of the
substrate .=2.2). Measured bandwidths of 270 MHz (9.81-
10.08 GHz) and 1.2 GHz (16.2-17.4 GHz) are achiextdte
low and high frequency bands, supporting a maximum
frequency ratio of nearly 1.8:1.

Embedded radiation patterns were measured along the
principal ¢ = 45 (H-) and¢ = 135 (E-) planes of interest
(refer to Fig. 2a fop-plane marking). To illustrate the broad
and consistent radiation patterns supported by dahay
antenna in both operational bands, the measurecdarbd
patterns of the centre element (no: 25) of the alaray are
presented in Fig. 11. It can be inferred (from Fid) that
consistent radiation patterns, with cross polaitrat[18]
levels below -16 dB over the entire angular ranges
achieved in both operational bands. These broagrpatare
vital for achieving wide-angle scanning, the pearfances of
which are presented next.

The scanning performances, based on the measured
embedded radiation patterns of the array elementisealow
and high frequency bands, are presented in Fignti2Fig. 13
respectively. Grating-lobe-free beam scanning up ao
maximum of 60 and 56 are achieved at the low and high
frequency bands. The broader beam patterns at dhe |
frequency band (Fig. 12) are primarily due to thwak
electrical dimensions of the planar array at tlspeetive band.
More directive patterns are exhibited at the higégfiency
band, as a consequence of the large frequency wvelich in
turn results in comparatively larger electrical dimions of the
planar array.

In both the cases, even with a uniformly excitegrthe
sidelobe levels are maintained below -14 dB forsalinning
angles (up to 60and 50 at the low and high frequency
bands). The sidelobe levels can be further redbgeapplying
an appropriate amplitude taper, if required. Thmlgimation
of electrically small unit-cell dimensions, whicteasures only
0.58. x 0.58,, at the high frequency band, and broad
embedded radiation patterns, enables this excelliel-angle
scanning capability. The demonstrated wide-angéasiog at
both the operational bands, even with a large faqy ratio
(~1.8:1), and extremely low-profile unit-cell dinmsons
strongly emphasize the novel characteristics ofpgraposed
dual-band array antenna concept.
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Fig. 13. Scanning performance of the array at hiiglyjuency band of
operation (17.1 GHz). (a)— E-plane and (b)— H-plane

T

band array design include the maintenance of l&epency
ratio between operational bands, low levels of tiagpbroad
and consistent embedded radiation patterns, wigeedeam
scanning and extremely low-profile electrical dirsiems of
the array antennas. The simple one-layer architecis
"0 20 40 60 80 another advantage of the antenna design. Thesectaspe
Theta (deg) represent a strong value addition to the domaiduaf-band

®) phased arrays. The proposed dual-band array desight
Fig. 12. Scanning performance of the array at loegdency band of also be attractive for focal-plane arrays, due t® well-
operation (9.9 GHz). (a)- E-plane and (b)— H-plane. separated operational bands and extremely lowlprofi
electrical dimensions. This, to the best of thehard
knowledge, is one of the first successful demotistra of a
dual-band wide-angle scanning phased array wittgelar
frequency ratio.

g IV. CONCLUSION

'c(EBs The development and experimental validation of aeho
> | \ dual-band phased array design, operational in fKai-¥ands,
< ':E Y has been presented. The demonstrated noveltidseadital-
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