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Abstract
If the elements of the circular array have fixedgdh centres
This paper outlines the development of a new carcatray of that are half a wavelength apart at the highesfutzacy then
dual-polarised Fractalled Exponential Flare antsrioa use at the bottom of a 10 octave band the phase centrakl be
as a wideband Direction-Finding (DF) array. Thetptype 0.05 wavelengths apart which is far too close tmuaate DF.
array had a number of limitations which lead to thehe ideal behaviour would be for the phase cemtrentve
development of some novel array concepts to ovegciiese linearly with wavelength from the centre to the eddf the
problems. These concepts include a high frequémegrd- circular array as shown in Figure 1
facing array and a dual-polarised array that usa$ the
number of elements of the original prototype toiewh the

same or better performance. \
1 Introduction ~ Antena
Electronic Support Measures (ESM) tasks are inangbs ‘

being carried out on lightweight expendable platfersuch as
Unmanned Air Vehicles (UAVs). Developing an ESM
system to work on such platforms presents new ehgés. Phase Centre at
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The work described here covers the antenna asgettteo Frequency f
development of a Radar ESM (RESM) system whereaitme
was to produce an array and beamformer with maximum

possible flexibility but which was small and lighdight ) .
enough to be mounted in a typical UAV. Figure 1: Ideal element phase centre behaviour déircalar

array.

2 Requirementsand Initial Concept One antenna that shows this behaviour is the tdpsieat

The requirements for the RESM system called foragay antenna. This antenna is shown in Figure 2.
and beamformer that are wideband (2-20GHz or grgate
dual-polarised and supports beamforming for DF wath
omni-directional mode for listening.
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2.1TheArray Linear

Taper
. . . . Slot Line
The optimal layout for a directional array to sug@n omni-

directional mode is circular. A series of linearrags
covering different angular sectors cannot form an
equivalently uniform omni-mode with the same numbér
elements.

Figure 2: The Linear Tapered Slot Antenna.

The phase centre for a slot antenna lies alongattie of
symmetry of the antenna at the point where the hwidtthe
slot is half a wavelength. With a linear slot fifease centre

A standard way to perform direction finding usingiecular
array is through the use of phase-modes. Howevsupport

phastet—)mclndes,ththe ﬁf}?se centlres tor: adjatcert\t aiaye}els should move linearly with wavelength as requirétbwever
must be less than half a wavelength apart at edluencies. this antenna does not have a uniform beamwidth ager

Furthermore, if the phase-centres of the elemergsvary operational frequency band. A variant of this ante known
as the Vivaldi antenna [3], has an exponentialyeftl tapered



slot which does produce a uniform beam width witAn antipodal

frequency. An example of this antenna is showRigure 3
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Figure 3: The Vivaldi Antenna.

Due to the shape of the flare the Vivaldi antensiaalso

shorter and so more compact than a linear tapelad

antenna with the same bandwidth. The phase cemdre
longer moves linearly, but it was felt that this swan

acceptable compromise for the beamwidth stabilitg ¢he

compact size. The Fractalled Exponential Flareramd [2] is

even shorter than a standard Vivaldi as it blends t
exponential flares together and it was this antethiad was

chosen for this array.

The tapered slot antenna produces linear polavisatiFor
dual polarisation two antennas need to be comhimedch a
way that the antennas are perpendicular to eaeh.offor the
greatest flexibility the phase centres of both anées should
be coincident at all frequencies. With appropript&sing
between the two elements this will allow the eletmeair to
receive any polarisation, i.e. any linear, elliptior circular
polarised signal.

One method of combining tapered slot elements sahthe
phase centres of each element are coincident ig/rsho
Figure 4 using Vivaldi antennas.

_

Figure 4: Crossed Vivaldi Elements with coincidgtftase
centres [4].

The crossed design in Figure 4 comprises two adipo
Vivaldi flare antennas [5] constructed as showRigure 5.

Twinline
Section

Stripline __—|
Section

Antipodal
Vivaldi Flare

Figure 5: The Antipodal Vivaldi Antenna.

design was used because
polarisation purity across its operating frequerayge. It is
formed from two bonded PCBs and so is easy to naatwife.

One problem with slot antennas is that the gafpénflare at
the phase centre is half a wavelength, but to farphased
array the adjacent phase centres need to be avhedlength
apart. Therefore it was proposed that the crostechents
were angled at 45 degrees and arranged as shokigtire 6
which minimises the spacing between the phase e®rf
adjacent elements.

S

Figure 6: Circular array concept.

2.1 The Beamfor mer

The original beamformer planned for this array was
analogue device such as an R-KR lens [1] with s#\uaput
ports and where each input port produces a sephesztm.
This beamformer was then connected to the receisielg a
switching network. The beamformer would also have
capability of being used in an omni-directional raczs well
as being able to form beams.

An alternative to this kind of beamformer would toefeed
the outputs of each of the antennas directly irtceivers
where the inputs to the receivers are digitisednceDthe

antenna outputs have been digitised then they can b

combined in whatever way is required. Using tippraach
with crossed linear elements it is possible to ikecdoth
hands of circular polarisation and any form of pgital or
linear polarisation simultaneously simply by combinthe
digitised data in as many ways as required. Siiyijléor an
array it is possible to create multiple simultar®ou
independent beams in exactly the same way withoes bf
gain. The other advantage is that as the outpota the
array elements are fed directly into the receitbese are no
losses associated with an analogue beamformerveitchisng

network. For wideband systems, it is often somthefmore
narrowband components that are the source of thatept
losses in the system.

Given the benefits of digital beamforming in terno$
flexibility and lower losses it was decided to ubes rather
than the analogue approach. However as the weigtt
complexity of a digital beamformer is directly porponal to

it has good



the number of channels it has, then this meantliméting When prototype elements of this design were medstreas

the elements in the array became an important remeint. found that the phase centres of the elements didmuwve
along the axis of symmetry of the antenna as ptedibut
3 From Concept to Prototype instead remained at the end of the flare acrosswihele

frequency band. It is believed that this is beeathe metal
The next step was to devise a method of feedingath@y forming the flare was reduced to fit it within teavelope of
elements. This was closely linked with the numimér the array. Simulations show that outside edgeth@fmetal
elements used in the array because the requiretngrgep surfaces forming the flare support significant aoef currents
the phase centres of the elements half a waveleaqgaht at and contribute significantly to the behaviour of tmtenna.
the highest frequency of operation governs theadest of the
phase centre from the centre of the array. Thetadce then The final prototype array is shown in Figure 9 aodnprises
governs the maximum space available for the fe¢diar®. nine crossed elements with an overall diamete2air8.
Table 1 shows values for this distance for variousibers of
elements and frequencies.

Elements 2 GHz 6 GHz 12 GHz 18 GHz
8 98 mm 33 mm 16 mm 11 mm
12 145 mm 48 mm 24 mm 16 mm
16 192 mm 64 mm 32 mm 21 mm

Table 1: Distance of phase centre from array cemnité
varying frequency and number of elements

The solution used to feed the array given the space

restrictions is shown in Figures 7 and 8. ) i
Figure 9: Photograph of final prototype array.

The final prototype that was constructed was lithit®
forming phase modes from 3-6GHz, beamforming ugltout
11GHz and direction finding up to around 18GHz.

Beamforming with a circular array can be achievethan

element phase centre spacing close to a wavelerigtis is
different from a linear array where the phase @&ntreed to
be closer to half a wavelength apart. This reauoénet for
linear arrays comes from the need to “scan” thayato

produce beams off of boresight. This scan anghebeaup to
90-degrees requiring less than a half wavelengtrcisg.

With a circular array the maximum scan angle far dinray is
half the angular spacing between adjacent elemefitsa

greater scan angle is required then a differentosaaf the

array is utilised.

Figure 7: Crossed Fractalled Exponential Flareyaetament
showing feed structure.

4 Alternative Circular Array Concepts

The limitations of the prototype array led to thegosal of a

number of new array concepts to overcome some ef th

challenges set by the requirements.

2.1 High Frequency Array
Figure 8: Feed arrangement for circular dual-psétiarray.

One of the problems encountered at the high endhef
In Figure 8 it can be seen that one half of thessed Proposed frequency band (20GHz+) with a circulaeyis
elements are fed from the bottom of the array wihieother that the phase centres for the elements need terfgeclosely
half are fed from the top with all of the feed kneouted spaced. This leaves very little space for the feetivork.
through the middle of the array to the bottom. The proposed solution is shown in Figure 10.



Figure 10: High frequency array of inward facingraénts.

In the array shown in Figure 10 the antenna elesnéatte
inwards towards the centre of the array. To libldckage
and cross-coupling between opposing elements, eaohent
is rotated by 45-degrees about its axis of symmetrihe
same rotation sense around the whole array. Thanmthat
opposing elements are at right-angles to each ,adinerbeing
linearly polarised this means that they are eféetyiinvisible
to each other. This can be seen more clearly gurgi 11
where the Fractalled Exponential Flare elements Hasen
replaced by dipoles for clarity.

Figure 11: Side view of array showing element sédions.

As the elements are inward facing in this arrayttie phase
centres of the elements, which were found to lidatfront of
each element, are much closer together. This mibamnghe
array can use phase modes and be used for beamfpani
much higher frequencies than the outward facingyarr

In addition there is no space limitation for thedenetwork
meaning that it can be designed without sharp bevidsh
can radiate and produce losses in the array.

Finally, although the array is not dual polarisbdcause the

elements are rotated through 45 degrees relatithet@lane
of the array then the array can detect horizonttical and
both hands of circular polarisation albeit with dB3loss.
Note also that as the elements are not crossedthieearray
can be much more tightly packed allowing the freuye

the array is identical to the inward facing arragept that the
elements are bi-directional, i.e. they have a bpattern with
two main lobes facing in opposite directions. HEiements
are arranged such that one lobe faces inwards dswidne
centre of the array and so the other lobe will faoewvards.
An example of this arrangement using planar edigtdipoles
as elements is shown in Figure 12.

Figure 12: Inward/Outward facing array of planaipétal
dipoles.

When electromagnetic (EM) radiation is incidenttbe array
then the component of the field with the same peddion as
the elements on the outside edge will be interceptethese
elements. The remaining component of the field tien
travel through the array and be intercepted byetbaents on

the opposite side of the array because they haee th

orthogonal polarisation.
dipole elements for clarity.

This is shown in Figur@ With

Incoming Wave
(Polarisation 1 + 2)

Rejected Wave
(Polarisation 2)

Front Sub-Array
(Polarisation 1)

Rear Sub-Array
(Polarisation 2)

Figure 13: Interception of an EM wave by the inwardward
facing circular array.

This means that the inward/outward facing arraydisl
polarised and yet uses only half the number of el@m
required by the current prototype array for the saperture
and beamwidth.

range of the array to be increased further, alitetite expense At first glance it might appear that there is anbaguity in

of reduced gain.

2.1 Inward/Outward facing Dual-Polarised Array

This array is a variation of the inward facing grthat has a
number of unusual and useful properties. The gearent of

determining which direction the incident wave cafram.
However as the array is curved there will be a plgaadient
across the front and back halves of the array ¢hatinate
this ambiguity and even provides elevation infoliomatfor
the direction of the incoming wave. This is ill@ed more
clearly in Figure 14.



In this case the phase of the adjacent elements
is slightly retarded relative to central element
due to later arrival of radio wave at these
elements so the radio wave is arriving from the
right
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Figure 14: Determining the direction of arrival.

If the incident field is split equally between tfient half and

All of this is only possible through the use of gial
beamformer. As the price, weight and complexityaafigital
beamformer are currently high and directly promoél to the
number of channels then this array, which uses balf/the
number of channels of conventional dual-polarisexhys
(such as the prototype array), this is an idealchmébr this
technology.

In applications where the array needs to be stedltban be
made collapsible through the use of a few rotajoigts as
shown in Figure 15.

Figure 15: Collapsed Inward/Outward facing array

With the arrangement shown in Figure 15 the array be
collapsed such that it is conformal to the surfadethe
vehicle on which it is mounted and so significantgucing
its RCS when not in use.

The only limitation of the array is that the phasstres for
the elements do not move with wavelength whichtintihe
bandwidth of the array. However, like the highgirency
array, more elements can be slotted into the aoagduce
element phase-centre spacing as required albghie &xpense
of reduced gain.

back half of the array as would be the case withstm® Acknowledgements

common polarisations (i.e. horizontal, verticalght-hand
circular and left-hand circular) then both the trdwalf and
back half of the array can be used separately for Ohis
effectively doubles the DF bandwidth of the arraynpared
to the current dual-polarised prototype array.

It could be argued that the prototype array (Fidi)rbas two
arrays of elements with orthogonal polarisationgpésform
direction-finding, and so should have the same Wadtt.

However, in the case of the prototype array theneld phase

centres for each array are coincident and so noaext

information is provided. With the inward/outwardcing

array the two parts of the array are spatially sspd and so
providing extra information. This is further enkad if the

array is comprised of an odd number of elements tand

making the two arrays asymmetric.

As the phase centres of elements of opposite palésn are
not coincident then at first it would appear impblss to
distinguish between the most common
However, once the direction of

polarisation by knowing the relative locations loé two parts
of the array.

polarisations.
incidence has been
determined then it will be possible to establishe tHo]
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