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Wideband Dual-Polarized Cross-Shaped Vivaldi
Antenna

Marko Sonkki, Daniel Sanchez-Escuderos, Veikko IHemi
Erkki T. Salonen, Miguel Ferrando-Bataller

Abstract—This paper presents a wideband, dual-polarized
Vivaldi antenna or tapered slot antenna with over adecade
(10.7:1) of bandwidth. The dual-polarized antenna tsucture is
achieved by inserting two orthogonal Vivaldi antenias in a cross
shaped form without a galvanic contact. The measude-10 dB
impedance bandwidth &;,) is approximately from 0.7 GHz up to
7.30 GHz, corresponding to a 166% relative frequenc
bandwidth. The isolation (S,,) between the antenna ports is better
than 30 dB, and the measured maximum gain is 3.8-21dB at the
aforementioned frequency bandwidth. Orthogonal polazations
have the same maximum gain within the 0.7-3.6 GHzlnd, and a
slight variation up from 3.6 GHz. The cross polariation
discrimination (XPD) is better than 19 dB across tb measured
0.7-6.0 GHz frequency bandwidth, and better than 28B up to
4.5 GHz. The measured results are compared with theumerical
ones in terms ofS-parameters, maximum gain, and XPD.

Index Terms— Antenna Measurements, MIMO OTA Test
System, Tapered Slot Antenna, Ultra Wideband Antena, UWB

. INTRODUCTION

A traditional way to implement directive widebandennas
is to use linearly polarized double-ridge horn antes [1]-[4]
or dual-polarized quad-ridge horn antennas [5]-f&jother
way to implement a wideband dual-polarized anteisnto
orientate two tapered slot antennas, also calledalfi
antennas, into a cross-shape with respect to tle@@a center,
previously studied in [9]-[13], where a galvanicntact is
avoided by a small longitudinal gap between anteieents.
To the authors’ best knowledge, @oss-shapedVivaldi
antenna structure is not very commonly studiedhénliterature
when considering two orthogonal polarizations.

The most common way to implement two orthogon
polarizations with Vivaldi antennas is to place nthe
orthogonally along the outer edge of each elemeft[[L6]. In

[16] a case has been reported where with linear an

dual-polarized Vivaldi antenna arrays, a 170% retat10 dB
impedance bandwidth has been achieved, whereasdjdits
164% relative -6 dB impedance bandwidth.
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Fig. 1. Studied equivalent circuit components: (a) stul), cavity, and (c
combination of stub and cavity representing thealdi/feeding.

This paper presents a wideband dual-polarized Wival
antenna. The goal of the antenna design was to dimd
affordable antenna structure with good antennaacieristics
over a wide frequency range. The starting poirthefantenna
design was to find a suitable dual-polarized ardgestnucture
for MIMO OTA (Multiple-Input-Multiple-Output
Over-The-Air) test system [10] to cover multipleraless
standards under one measurement system. As a deorpar
multiple wireless standards can be covered, e.gudiyg a
quad-ridged dual-polarized horn antenna, as predent[11].
The development of a MIMO OTA test system is under
investigation at the moment in industrial companaw
scientific communities.

Compared to cross-shaped dual-polarized Vivalderama
structures presented in [12] and [13], the antestnacture
proposed in this paper offers a wider relative apeg
bandwidth. The proposed antenna structure has ¥6&%ve
-8 dB impedance bandwidth and 166% relative -10 dB
impedance bandwidth, whereas [12] presents 51%RK}&nd
[13] 110% (-10 dB). The isolation between the fegdiorts of
the proposed antenna is better that 30 dB. As gadson, the
cross-shaped Vivaldi antenna presented in [13feff®olation
between 20 dB and 30 dB.

The proposed dual-polarized Vivaldi antenna haséxat
radiation properties in terms of measured totatiefficy, with
a variation between -1.75 and -0.05 dB within theasured
0.7-6 GHz bandwidth. On the other hand, the medsure
maximum gain at boresight is between 3.8-11.2 d#t WiPD
QCross polarization discrimination) better thand at the

-

Zic

aforementioned bandwidth. For comparison, in [18f t
measured XPD over the operating bandwidth is apprately

15’ dB.

The paper is organized as follows: Section Il idtroes an
equivalent circuit study of the balanced feed maidm, and
Section Il describes the proposed dual-polarizedeband
Vivaldi. In Section VI, the Vivaldi antenna is insteggated in
terms of measured-parameters and radiation properties.
Finally, SectionV contains the conclusions and herts
discussion of the proposed antenna.

Il.  EQUIVALENT CIRCUIT SIMULATIONS OF FEED MECHANISM

The Vivaldi antenna is a balanced antenna strucfitras,
the structure needs a balun to transfer or recehe
electromagnetic waves properly over the taperdd Bl most
common balun structure used with Vivaldi antensasdapted
from Knorr's microstrip-to-slot transition [17].

To study the characteristics of the balanced fepdiver a
wide frequency range, the balanced feed structuseparated
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9 10

into three equivalent circuit parts as presentefign 1. These
parts are (a) a stub, (b) a cavity, and (c) a caatlmn of stub
and cavity representing the feed mechanism of thegsed
Vivaldi antenna structure. The substrate selected the
equivalent circuits is Rogers 4003 RF-laminate=(3.38),
which is the same as the one used in the propogedrsa.

802

Soldering
Point

Fig. 4. Layout of the radial stub used to feed ¥nealdi 2 antennaBoth
Vivaldis have the same feeding mechanism. Dimessioa inmm

Fig. 2 (b) presents the simulation results of dtgawith the
same radius as the stub studied in Fig. 2 (a)imbginary part
of the cavity stays quite constant over the bantiwidnd
presents a small variation when increasing theimadihe wide
bandwidth and the small variation of the imaginaayt can be
explained by considering the cavity of Fig.2 (b} a

In Fig. 1,R, andR; are the radius of the stub and the cavityjuarter-wavelength slot line ended in a short-dircgince a
respectively, whereag . andZ, are the loads to match thewide circular slot line is used, instead of a nargquadrangular

open ended slot to the free-space impedance. $nsthidy,

slot line [17], the bandwidth of the cavity canrhaximized.

Z..=Z =85Q, which is the average input impedance (from Additionally, the real part shows more variationh&v the

0.5 GHz to 10 GHz) of the isolated Vivaldi antenifed by a
slot transmission line. Even though an averageavialapplied,
results with constant impedance are more valuélale énding
the slot transmission line with an open circuit.

The equivalent circuits of Fig. 1 have been sinadatvith
CST Microwave Studio [18] for a range Bf and R, values
between 5 mm and 17 mm, and a stub angle of 89°2Kgn)
presents the input impedance (real and imaginarg)pef the
stub shown in Fig. 1 (a) as a function of frequery can be
observed, the real part of the stub is zero uméilstub reaches
anti-resonance [19]. At this frequency, the behaclmanges,
the stub becomes an open circuit, and the imagipary
behavior changes from inductive to capacitive. €hgy the
anti-resonance frequency limits the upper bandhef feed
structure.

cavity radius increases, the real part of the inpyiedance
rapidly changes at the lower frequencies and stagse
constant as the radius and frequency increasessimbker the
cavity radius is, the more variation the real paeisents across
the bandwidth.

Fig. 2 (c) presents the combined results of thd el
imaginary parts of the stub and the cavity. In gtigly the stub
radius is kept constanR{= 11 mm), and the cavity radius is
swept as in Fig. 2 (a) and (b). It can be cleadgnshow the
characteristics of the real and imaginary parts el
summarized. The real part represents mainly theactexistics
of the cavity. On the other hand, the imaginarygaspecially
with the larger cavity sizes, are summarized asptementary
offering impedance variation around zero. Also.c#in be
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Fig. 5. Layout of the cross-shaped dual-polarizédaMi antenna feeding
Dimensions are imm

observed how the stub anti-resonance defines thmerup
frequency limit of the feed structure.

Fig. 3 presents the combined study of the reflectic

coefficient of the stub and cavity, shown in Figc} It can be
observed that, when the cavity radius equals ton® amd
13 mm, the frequency response also presents argatihing.
Still, the overall performance witR; =R, = 11 mm gives the
best performance. Note that results of Fig. 3 dorepresent
the return loss of the proposed structure (feediirguit
connected to a Vivaldi antenna), which will be pded later,
but they are an approximation of the results in fimal
structure. This difference is caused by the usamofverage
load instead of the real input impedance of thealdivantenna
at the different studied frequencies.

Thus, it can be concluded that the cavity determitie
behavior of the feed, and the stub the upper frecuémit. In
addition, results show that a cavity and a stulh wie same
radius (11 mm) offer the best impedance matchingr e
desired frequency range.

The presented study offers a fast way to desigideband
balanced feeding and gives the designer a toodsaptathe
antenna structure between the antenna feed arfcethepace
impedance. However, the characteristic impedancehef
transmission line between the antenna port andtiiie needs
to be designed separately based on slot width tliadstudy
does not take that into account. Also it is goodhention that
this is a general study and does not include fangte the slot
behind the cavity of Vivaldi 2 and the positiontbe feeding
point.

Ill.  PROTOTYPEANTENNA STRUCTURE

(b)
Fig. 6. Photograph of (a) individual Vivaldi elentem both sides, and (e
wideband dual-polarized Vivaldi antenna with cooede systenand antenr
support.

Vivaldi antennas in the proposed structure. Thalifee is

implemented with a radial stub performing the ingezk

matching from 5@ to approximately 8%2, as described in
Section Il. An SMA connector is used to deliver Hignal to

the antenna. The 17 mm slot in the substrate id tesenake
possible the overlapping of the orthogonal Vivadditennas,
labeled as Vivaldi 1 and Vivaldi 2 (see Fig. 5).

As concluded in Section Il, the optimal cavity asuib
radius are 11 mm, with a stub angle of 80°. Theslees
provide the maximum impedance bandwidth aroundGH2
for the average input impedance of the Vivaldi anses.

B. Dual-Polarized Prototype Antenna Structure

This section shows the implementation of two orto
Vivaldi antennas without galvanic contact. The pipal

This section presents the prototype of the propose@aracteristics of the implementation are preseittefg. 5.

dual-polarized cross-shaped Vivaldi antenna. Ringtantenna
feed, identical for both Vivaldi antennas, is imtubced with its
main dimensions. Then, the implementation of
dual-polarized feeding is presented by combinini bévaldi
antennas together in a single structure. Findiky photographs

th

of the prototype antenna are presented and distuss

Commercial simulator CST Microwave Studio [18] Heeen
used to simulate the antenna.

A. Feeding Mechanism
Figure 4 presents the feeding mechanism used tbifeth

Rogers 4003 RF-laminate, & 3.38) is used to fabricate the
antenna. The same radial stub described in predecton is
fised to feed both Vivaldi antennas.
Fig. 5 shows how Vivaldi antennas are overlappiaghe

ther so that Vivaldi 2 is 2 mm ahead of Vivaldhthe Z axis.

his 2 mm shift is done to avoid the antenna fegdines
overlapping each other. In order to compensate the
displacement of the phase center of the separtgaraas in the
Z axis, the microstrip feed line of Vivaldi 1 islimm shorter
(see Fig. 5), corresponding to approximately 2 nifferdnce
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Fig. 7. (a) Simulated and (b) measuByparameters and total efficiency of

dual-polarized Vivaldi antenna.

in free space.

A photograph of the individual Vivaldi elements the
dual-polarized structure is presented in Fig. 6 The lengths
of the complementary slots shown in the figure 42é&6 mm
and 195 mm. This allows the overlapping impleménitabf
the orthogonal Vivaldi elements. Note that the suarized
length of the slots is 238 mm, which correspondth&?2 mm
displacement.

The studied cross-shaped dual-polarized Vivaldiqtype

returned by soldering a piece of conducting materiar the
opened slot. The soldering point is marked in Bi¢h and 6.

When comparing the dual-polarized feeding mecharsm
the one presented in [13], Vivaldi 2 is ahead ofalii 1, like
in the antenna proposed in this paper, but thare mut behind
the cavity. This cut in the cavity of the proposetenna makes
possible the implementation of the feeding lineselto each
other, although imposes a small shift between Hase centers
of both antennas. This shift, which might lead ®vese
problems when considering circular polarizationh che
corrected by using feeding lines with different dérs, as
commented above.

IV. MEASUREDPROTOTYPEANTENNA

This section presents the measurement results ef th
dual-polarized Vivaldi prototype antenna. The anten
characteristics are studied in terms $parameters, total
efficiency, and radiation patterns at two differecgnter
frequencies. Side lobe level, 3 dB beamwidth, maxmgain,
and cross polarization discrimination (XPD) arespréged as a
function of frequency. The maximum gain and the X&®
shown at boresight directiof € 0°).

A. S-parameters

Fig. 7 presents the simulated and measBg@arameters
and total efficiencies of the dual-polarized Vivajatototype
antenna. The measured -10dB impedance bandwidth is
683MHz-7.30 GHz, which corresponds to a 166%
relative -10 dB impedance bandwidth. This well etates
with the relative bandwidth of the Vivaldi arrayegented in
[16], where 170% relative -10 dB bandwidth was achd.
Note that the measured matching does not fullyskathe
-10 dB level at 1.8 and 2.3 GHz. At those frequescithe
matching is -9 dB. This higher level, as well ag tmall
frequency shift in some dips of the frequency resgo is
mainly caused by manufacturing imperfections ardube of

antenna is presented in Fig. 6 (b) together wiehdbnsidered 5 average electrical characterization of the satsstor the
coordinate system. The antenna has a lebgtt?40 mm and \yhole bandwidth. Nevertheless, apart from thedermifices, a
width W=220 mm, and its tapered slot opens ellipticallfeasonably good correlation between the measuredl an

outward from the feeding point.

A high opening rate of the Vivaldi improves theisésnce at
low frequencies but increases the complex impedeadation
as the frequency increases. A compromise is redjuiye3D
simulations when choosing the opening rate andgaide to
obtain the desired antenna performance. An eléptform
suppresses reflections from the antenna openindowt
frequencies [15], [20].

The complementary slots (Fig. 6 (a)) are cut ihi ¢enter
line of the antenna structures to allow the ovguiag and
keeping antennas isolated without galvanic confot. width
of the complementary slots is 1 mm, and it is sliglvider
than the substrate thickness (0.813 mm).

In order to implement two orthogonal Vivaldi antesrin a
cross shaped form, the slot behind the cavity nesfirst
opened (Fig. 6a) to allow Vivaldi2 to slide alorbe
complementary longitudinal slot of Vivaldi 1 in dation Z.
The galvanic connection between the two halvesiedidi 2 is

simulatedS-parameters are observed in Fig. 7.

The simulated and measured mutual coupling betwleen
antenna ports is lower than -29 and -30 dB, respdyt and
predicts good polarization properties. Furthermotbe
measured total efficiency is between -1.75 and5>-@B within
0.7-6 GHz bandwidth. The total efficiency was meadun a
narrower bandwidth than th&parameters by the Satimo
near-field antenna measurement system [21]. Thalations
predicted a slightly higher total efficiency, betme -0.61
and -0.13 dB, over the aforementioned frequency blaan the
measured one. The difference is explained by tresorement
tolerance and slightly different loss coefficienis the
simulation model compared to the measured prototype

For comparison, in [13] the measured isolation leetw
antenna ports is between 20 dB and 30 dB, and, phessented
results are better than the compared results ilitémature. As
a conclusion, the antenna structure proposed gnghaper is
well matched over the measured frequency band, goéthd



AP1404-0497

)
2
=
5
!
-40 ¢ \! 40
45 4 ' 45 -
0 45 90 135 180 225 270 315 360 -180 -135 -90 -45 0 45 90 135 180 -180 -135 90 -45 0 45 90 135 180
Phi (deg) Theta (deg) Theta (deg)
10 =
5 FEN
0 - ! \}
- PR \\I ! s (W /0
& 210 ! VMY R TE
= < \ { \
= 15 N A \
= £.20 Y -~
=1 < b4 (] v
S' O-25 U L2 1] ¢ v
- -30 ' 1
-35 (] I'
-40 !
45 !
0 45 90 135 180 225 270 315 360 -180 -135 -90 -45 0 45 90 135 180 -180 -135 -90 -45 0 45 90 135 180

Phi (deg)

Theta (deg)

Theta (deg)

Fig. 8. Measured radiation patterns at 700 MHz énppw) and 3 GHz (lower row). The legend of time$ is as:{—) Vivaldi 1 — Phi; ¢ - -) Vivaldi 1 —Theta
(—) Vivaldi 2 — Phi; and~( - -) Vivaldi 2 - Theta. The cuts go from left to rightthe following order: XY, XZ, YZ.

total efficiency and isolation between the anteposds.

B. Radiation Properties

Fig. 8 presents the radiation patterns of the \divahtenna
prototype at 0.7 and 3 GHz. The patterns are ptedem XY-,
XZ-, and YZ-cuts, and every cut includes both paktion
components (Phi and Theta). In the measurements,
Vivaldi 2 was terminated with a standard @doad when the
total efficiency of Vivaldi 1 was measured, andeviersa. The
measurements were done with Satimo near-field
measurement system [21].

It can be seen how both antennas have similar tradia
properties; the Phi-component of Vivaldi 1 is eqt@lthe
Theta-component of the Vivaldi 2, and vice verdaisTs due
to the orthogonal orientation of the antennas.dditéon, the
higher the frequency, the narrower the main lobefintenna
becomes. This is due to the fact that when the lsagéh gets
smaller related to the antenna size, the diregtinitreases.

Also, the number of side lobes increases at hiffeguency
because current nulls start to appear in the aatetmcture.
This increases the number of nulls in the radiapatiern as
higher-order modes are excited. In Fig. 8, the edéffice
between the measured main lobe and side lobeikeketween

160

Sidelobe Level (dB)

-4/==Vivaldi 1: Sidelobe
=Vivaldi 2: Sidelobe

-2|we-Vivaldi 1: 3 dB BW 20
~Vivaldi2: 3dBBW,,
05 1 15 2 25 3 35 4 45 55 6
Frequency (GHz)

Fig. 9. The simulated side lobe level andB3 beamwidth as a function
frequency. Both parameters are presented irtftZe get an overall picture
functionality of the cross-shaped Vivaldi antenna.

5-15 dB, depending on the operating frequency.

Fig. 9 presents the simulated side lobe levels amiB
beamwidths as a function of frequency of the predantenna
structure. For simplicity, both parameters are gmésd only in
YZ-cut as the radiation properties of Vivaldis alese to
symmetrical and, hence, parameters in the XZ-cetcaite

milar (i.e., XZ-cut of Vivaldi 1 is similar to thYZ-cut of
Vivaldi 2 and vice versa), as shown previously (B Side
lobe level here is the ratio of the power densitthie side lobe

aBteNy, the power density in the main lobe. Side lobeslidor

Vivaldi 1 starts at 1.25 GHz as the simulations mld predict
side lobes at lower frequencies. The side lobeldeare
varying between -14 and -6 dB, whereas the 3 dBnlédth is
between 35° and 160°.

Fig. 10 presents the simulated and measured maxigaim
as a function of frequency up to 6 GHz for botheanas. The
frequency band is limited to 6 GHz by the measurgragstem
as discussed above. The measured maximum gairrestidit
(0 =0) is between 3.8-11.2 dB, whereas simulation ptedic
4.3-10.9 dB at the 0.7-6.0 GHz frequency bandwiBltth have
relatively the same gain up to 3.6 GHz. Also, i t& noticed
that, on the one hand, there exist a differencdlenthan 1.5 dB

2 Vivalai 1, Meas.| ‘ !

==Vivaldi 2, Meas.
===Vivaldi 1, Sim.
===Vivaldi 2, Sim.

-
-

-
=

Maximum Gain (dB)
@ oo 3w e
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5
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Fig. 10. Simulated and measured maximum gain o¥/theldi 1 and Vivaldi2

as a function of frequency.
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Fig. 11. Measured XPD of the Vivaldi 1 and Vivaldias a function «
frequency in boresight directiofl € 0°).

in the maximum gain between the Vivaldi antennasmfr
3.6 GHz to 6 GHz. This gap is mainly caused by ediffit
manufacturing errors in the two Vivaldi antennas$joch also
caused differences in the measured S11 parametdéhether
hand, the variation of the measurement is sméfian £ dB,
whereas the simulation predicts a variation smahan 1 dB.
The maximum gain follows the trend presented iref@] [13].

Fig. 11 presents the simulated and measured antertfla

performance in terms of XPD as a function of fregyein the
direction of boresightd= (). As it can be observed, the
difference between the polarization componentsetteb than
25 dB up to 4.5 GHz. After 4.5 GHz the XPD is beld&dB
around 6 GHz, which can be still considered good. &
comparison, the XPD in [9] and [13] is approximgat&b dB
within the operating frequency band.

As a conclusion, the dual-polarized Vivaldi anterires

University of Surrey for proofreading the manustrgnd the
anonymous reviewer for the dedicated work of hepihe
authors to improve the manuscript. They also waisdd like to
thank Mr. Tuomas Jaaskd from Pulse Finland forgrering
the Vivaldi prototype antenna measurements.

(1]
[2]
(3]
[4]

(5]

(8]

[9]

[10]

good radiation characteristics over a wide freqyenc

bandwidth. Some small changes in the maximum gath a
XPD of the individual antenna elements can be aleserThis
might be caused by the overlapping of the antenwagh
produces a hon-symmetrical structure.

V. CONCLUSION AND DISCUSSION

[11]

[12]

[13]

A wideband dual-polarized Vivaldi antenna has been

presented with 166% relative -10 dB impedance béadttiw
from 683 MHz to 7.30 GHz. The antenna consists ved t
orthogonally orientated Vivaldi antenna elementsaitcross
form. The structure has good antenna performanterins of
the measured impedance bandwidth and radiatioreptiep.
The proposed antenna is presented to be used V@M
OTA test system. Nevertheless, the dual-polarizet&rema
might be also useful in other kind of antenna mesasent
systems. An especially important application midgg in
systems where both polarizations need to be mehstrthe

same point, like an UWB (Ultra Wideband) probe in zill

near-field antenna measurement system or in a eetrtcttive
material testing / inspection system, where a viddedwidth
provides a good measurement resolution. Furthermare
frequency-scaled antenna might be used in the wmigtsig
UWB communication bands.
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