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Abstract—We present the first, complete 230 GHz feedhorn
array manufactured by direct drilling of smooth—walled horns
into a single plate of aluminium. The horn design process,
based on a genetic algorithm, is described and the fabrication
process, via direct drilling using shaped drill bits, is presented.
We present cross coupling and beam pattern measurements of
a close—packed pair of the smooth-walled horns fabricated in
a single block of aluminium. We also present a prototype 37
horn array, again fabricated by drilling into a single block. Our
measurements show that our designs and fabrication techniques
will be robust when applied to large focal arrays of horns
consisting of hundreds or thousands of feedhorns. We expect pu Fig. 1. The cross-section of a corrugated horn.
smooth—walled horn designs and novel manufacturing techniques
will offer an attractive, low-cost alternate to traditional horn
arrays consisting of electroformed corrugated horns.

I. INTRODUCTION modes are excited by step or flare angle discontinuitiesthear
] ) . throat. Traditionally, Potter horns have been difficult &sign
High quality feed horns for astronomical telescopes aggayytically since the throat discontinuities will in geak
usually corrugated horns, where the hybridHE,, is made eycite a spectrum of higher order modes, which effect the
to propagate by fabricating many A/4 corrugations along aperture field distribution in complicated ways, espegials
the interior of the horns (Figure 1). While these horns offgfne moves away from the central design frequency. These
excellent beam patterns with high circularity and low crog§gher order modes make it hard to produce broadband designs
polarisations over wide~ 50%) bandwidths, they suffer gnaiytically and thus the problem suggests the use of neateri
from the disadvantage of being time consuming and expeghtimisation techniques. Here we use a combination of a
sive to manufacture, particularly as the wavelength dese®a genetic algorithm[5] and modal matching[6] to produce op-
into the submiIIimetre regimg. _Corrugated horns are ugualimised broadband horn designs. We have previously reporte
manufactured by micromachining a mandrel which is thefe successful use of this technique to design Potter haiths w

electroplated before the mandrel is dissolved in a processih step and flare angle discontinuities[7].
known aselectroforming. This process is time-consuming and

expensive and individual submillimetre horns made inttagyw  The simplicity of the interior shape of our multi-flare
can cost of order of 1000 USD each. This is not a probleamgle horns means that they lend themselves well to novel
when only a few horns are required, but for large format focébrication techniques. In this paper we describe a “ddglli
plane array receivers[1][2] requiring hundreds or thodsanf technique which uses a machine tool whose cutting edge is
horns, the cost of the feed horns themselves can becomshaped to match the interior profile of the required horn.
large fraction of the entire cost of the instrument. We present experimental beam pattern results measured for

In this paper, we describe the design of smooth-walldtbrns and horn arrays manufactured using this technique.
feed horns which use discontinuities in flare angle near th#e also measure the cross coupling between two horns and
throat of the horn to excite a balance of higher order modpsesent new results from modelling these horns using the ful
which are then phased by choosing the length of the hadBb electromagnetic simulation package, Ansoft's HFSShSuc
to give a uniform horn aperture illumination and hence HFSS modelling will be useful in understanding the effects
high quality far-field beam pattern. These horns are similaf non-axisymmetric machining errors on the far—field beam
to Potter horns[3],[4], where a balance ©t;; and TM;; patterns of the horns.
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TABLE |

@ GEOMETRICAL PARAMETERS FOR THE3—SECTION230 GHz DESIGN
Ry

Parameter  Length (mm)

; ; Ro 0.62

! ? R1 1.486

Rs 1.812

Rs3 3.652

Ly 1.479

Lo 1.212

®) L3 24.0

R3
Rz

Ro . .

R 5 cross—polar power relative to main—-beam peak power,

is the difference between the E and H-plane beamwidths
at power levelP dB ando¥’ is the mean E and H-—plane
beamwidths at power levaP dB. We calculate our final cost

function across bandwidth; = fiy — f1, centred at frequency

Fig. 2. A schematic of (a) a 2—section and (b) a 3—section smwatted f via
0

horn with one and two discontinuities in flare angle, respelst

02 = Sjuwy 2)

II. DESIGN WITH A GENETIC ALGORITHM f

Genetic algorithms employ a “natural selection” proced¥herew; = exp(—(f— fo)?/20%) is the frequency dependent
which is similar to biological evolution[5]. We begin byweighting factor. While this cost function works well for our
encoding the parameters which describe a certain hornrdegRy!"Poses, it should be emphasized that other cost funat&ms
to form a “chromosome”. We then construct a random set B¢ €asily incorporated into the design software, depenaing
horn designs and their corresponding chromosomes to fol¥¢ design requirements. _ _
a population. We then evaluate a cost (or quality) function We have developed a fully automated suite of horn design
for each design to measure its fitness. Our cost functi§Aftware using a genetic algorithm for design synthesis and
incorporates weighted measures of beam circularity anssero Modal matching for pattern computation, and produced dssig
polarisation, calculated using modal matching[6], acrtbes with excellent predicted patterns over a'bandW|dth of up to
required frequency band [7][8]. The chromosomes formireg t1£0%. We have also successfully parallelized the code to run
fittest half of the population are then randomly paired tarfor O multiple CPU Beowulf clusters using MPI messaging for
parents which produce offspring to form a new generaﬁoﬁpmmumcatlon between tasks. We are using this code to
When the offspring are generated, crossover and mutation Réimise designs with a larger number of discontinuitie®] a
used to introduce variation into the next generation. Theleh hope to produce designs with bandwidths of up to 50%.
process is then repeated with the new population. After many
iterations, this evolutionary process vyields an increglgin ll. A 3-SECTION, 230 GHz DESIGN
fitter population, with the optimised design being the fittes Table | shows the optimised parameters for a horn with
individual. Once the position of the global cost functior8 conical sections (2 flare angle discontinuities, Fig. 2(b)
minimum has been approximately found using the genefltie input waveguide radiusRy, and the aperture radius
algorithm, the precise position of the minimum can be quicklR; were fixed prior to the optimisation of the remaining
found using a downhill simplex technique. five parameters. The FWHM beam width is 14.7 degrees at

A careful choice of the cost function is important for230 GHz.
efficient optimisation with the GA. Our cost function is
chosen to maximise far—field beam circularity and minimiséV. FABRICATION OF SINGLE HORNS BY ELECTOFORMING
the peak cross—polar level. A Potter horn with good beam AND DRILLING

circularity and low cross—polarisation will also tend tchibit We have previously reported [9] the measured far-field beam
low sidelobe levels and high beam efficiency, so we have Ndtterns for electroformed horn prototypes with the design
included the latter parameters explicitly in the cost fiovet shown in Table I. We measured these beam patterns directly
The return loss for smooth walled Potter horns is usually lIoje far—field using a vector network analyser as a directcdete
and does not depend strongly on the horn profile, so we hay These measured patterns agreed well with the expeated f
not explicitly included this parameter in the cost functi@ur  fie|q patterns calculated using modal matching. This ages¢m

cost function, at single frequency may be written as with theory for these prototype horns demonstrates that the
P30 horns work well when constructed with the close tolerances
op\2 typically obtained with electroforming~( 5um).
52 = ( ) 1 ; ! .
F X [ P:Z_1 o wr @) Figure 3 shows the shaped cutting tool we use for machining

our drilled horns. The tool is made from high speed steel,
where P is the power level in dBuwp = 107715 is the and has the form of the horn described in Table | in its
weighting function for the beam circularityyx is the peak upper cutting edge. We used this tool to manufacture three
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Fig. 3. The machine tool used for the fabrication of the diithern prototype. ’A\V

i 0

Fig. 6. A section of the HFSS model used to calculate the croapling
between two horns, showing the mesh points used.

axial asymmetry, such as those that might arise from errors
in the alignment of the horn and waveguide cutting tools.
For circular waveguide sections with a common centre, the
overlap integrals between waveguide modes can be expressed
analytically, which is not the case when the waveguide sesti

are offset. In order to examine the effect of off-axis mautun
errors, as well as calculate the cross coupling betweenshorn
we created a model of the 3-section horn described above

individual horns (Figure 4), measuring the beam patterns fAnsofts HFSS, a full electromagnetic simulation packag
two of the horns[10] while splitting the third horn to exarin Unlike corrugated homs, which have many corrugations per

the machining quality of its interior (Figure 5). The measiir Wavelength, Potter-type horns with long, smooth phasimg se
beam patterns (presented in [10]) matched the expected bidfiS are much more amenable to analysis using HFSS, since
patterns well, with good beam circularity, low sidelobesi arfn€S€ phasing sections do not require a large number of mesh
low measured cross polar response (below -20dB across R¥NtS per wavelength for an accurate treatment. Nevesssel

17% measured bandwidth). In particular each of the drilléfcurate HFSS models for these horns do require a relatively

homs gave a virtually identical beam patterns, an importa@'9¢ number of mesh points and consequently a reasonably

result for the use of this horn construction method to mal@'9e amount of available RAM for analysis. The model whose

large format focal plane arrays. We observed some asymmdtt§Shing is shown in Figure 6 required 12 GB of RAM for
(around 3 dB) in the sidelobe levels in each of the drilleBNlYsis. _
horns. We expect that this might arise from non-axisymroetri A comparison of the beam patterns calculated for a single
machining errors, either in the positional or angular afigmt 3-Section horn using HFSS and modal matching are shown
of the axis of the input waveguide and horn itself. A clos Figures 7 and 8. The agreement down to the-30 dB
examination of Figure 5 shows that there is indeed a sligf@SPOnse levelis seen to be very good indicating that HF&S is

mismatch & 50um) between the axis of the waveguide drilPromising tool for modelling this type of smooth walled horn
tool and horn tool. There are some slight disagreements in sidelobe levelsdrou

~ —40 dB, which may be due to the automated HFSS meshing
V. HORN SIMULATIONS IN HESS being.slightlly 'qu coarse to capture the modg conversion at
, . ) . the discontinuities near the throat with sufficient accurac

While modal matching is well suited for the analysis Ofye are currently further investigating these slight differes
axisymmetric horns, it is less useful for analysing horntwi ,otveen the HESS and modal matching predicted patterns.
Nevertheless, our results show that HFSS is a useful tool for
investigating cross coupling between horns (discusseael
and also examining the effect of non-axisymmetric maclgnin
errors in tolerancing studies.

Fig. 4. A completed 230 GHz prototype drilled horn.

VI. A 2-HORN ARRAY PROTOTYPE

In order to investigate the suitability of our horns for use i
an array, we produced a 2-horn array prototype with a horn
centre separation of 8 mm, a packing density appropriate for
focal plane arrays (Fig. 9). We measured the beam patterns fo
each horn in the array, using the far—field antenna test range
described above. The results are shown in Figs. 10-13. The
match between the theoretical patterns, calculated usodam
Fig. 5. The throat region of one half of the split drilled horn matching, and the experimentally measured patterns isteeen
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Fig. 7. A comparison of HFSS simulated H-plane beam patterrmefg Fig. 10. A comparison of the theoretical beam patterns caied| using
dashed line) and H-plane beam patterns calculated using Imoeakehing modal matching and the experimentally measured H-plane beasrmsafor

(solid red line). horn No.1 of the 2 horn block.
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Fig. 8. A comparison of HFSS simulated E-plane beam patterreefg Fig. 11. A comparison of the theoretical beam patterns cafed| using
dashed line) and E-plane beam patterns calculated using|muatehing modal matching and the experimentally measured E-plane bedernsafor
(solid red line). horn No.1 of the 2 horn block.

be very good. It should be noted that the slight asymmetriesoss coupling is below -70 dB across the band, an excellent
found in the patterns are very similar in magnitude for botresult for the use of these horns in focal plane arrays. The
horns and also that these asymmetries are oriented sinilgtedicted HFSS cross coupling are also low, but only agree
for both horns. This indicates that they are very likely @tls with the experimentally determined cross coupling to withi
by a small axial misalignment, which would be of similailO dB or so. We are currently investigating this disagregmen
magnitude and orientation for both horns as they are madhinghich may be due to a lack of numerical precision within
in turn into a single plate. HFSS when the claculated S-matrices become very lew (
We also used our two horn array prototype to measuB® dB). We are also investigating analytical approaches for
the cross coupling between the two horns. We measured toédculating the cross coupling based on the methods pessent
coupling using a vector network analyser in an anechoic
chamber, using an absorbing carbon loaded plastic cone in

front of the two horn array. Our measured cross couplings 2106tz t-pane 230 GHz H-plane 250 GHz H-plane
) 3 ) . . eory and Experiment Theory and Experiment Theory and Experiment
should thus be viewed as upper limits, since some fraction o 0 7 0 )
of the coupling may be due to residual reflection from oug g, \ g, 3R
absorbing cone. We also calculated the expected cross ccgu30 {0 8 o0 i 8 o [
pling for our horn array using HFSS. Figure 14 shows the 40 by L9 g0 ,«\7( \\f &0 bt ﬁ“ﬁ
\d " I
measured and simulated cross coupling for our two horns® | i WO i
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Fig. 12. A comparison of the theoretical beam patterns cafedl using
modal matching and the experimentally measured H-plane beaermmfor
horn No.2 of the 2 horn block.

210 GHz E-plane 230 GHz E-plane 250 GHz E-plane
Theory and Experiment Theory and Experiment Theory and Experiment
0 0 0
10 oo _aofo )
o / ) / \ Q \\
T -20 f T -20 T -20
8 N 5 . g A
2-30 w’,N’ i g -30 7 ,\ 2 -30 ‘(/\“ .
=% 5 ' | =% / A =% 4 1 WA
@ -40 { @ -40 v @ -40
g g 1] i
! 4
-50 1 -50 i -50
i ! , I v
-60 -6 L
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Angle (degrees) Angle (degrees) Angle (degrees)

Fig. 13. A comparison of the theoretical beam patterns cafedl| using
Fig. 9. The two horn array prototype, made by repeated dyillnio a single modal matching and the experimentally measured E-plane beaerrsafor
block of aluminium. horn No.2 of the 2 horn block.
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Fig. 14. Measured and HFSS simulated cross coupling betweriwo

horns in the 2 horn prototype array. Fig. 16. The 37 horn array prototype showing a multiplate tsplck
which enables power to be delivered to each of the horns frapliablock
waveguide at the side.

TP

Fig. 15. The 37 horn array prototype, made by repeated dyiitito a single
block of aluminium.

Fig. 17. The 700 GHz drilled horn prototype.
in [6].

Our horns lend themselves well to the novel fabrication
technique of repeated drilling using a shaped machine Yigel.
have constructed two separate horns using this technigue, a

We have now constructed a prototype 37 horn hexagonalfi¢|l as a two horn close—packed array. The individual dtille
close packed horn array for use at 230 GHz (Figs. 15 aR@rns and the horns in the 2-horn array exhibit high quality
16). We plan to measure the beam patterns for all of th@am patterns, with excellent reproducibility betweennkor
individual horns in the array, as well as measuring the crogfe have seen slight asymmetries in these beam patterns which
coupling between selected pairs of horns in the array. We & likely to be due to small non-axisymmetric machining
also extending our horn design to higher frequencies and hafrors. We have successfully modelled our horns using the
constructed an individual 700 GHz horn, with a design scalegl| 3D electromagnetic modelling package HFSS, which we
from that presented above using the same drilling techniqygtend to use to arrive at well understood target tolerafoes
We are Currently Constructing a custom far field test rangh Wlthe angu|ar and positiona] a|ignment of the Waveguide and
a 4K cooled bolometer detector (usable between 100 GHzorn drilling tools.

1 THzZ) to test both the array and the 700 GHz horn prototype.\ye have measured the cross-coupling of the close packed

horns in the 2 horn prototype array and have found this to
VIIl. CONCLUSIONS AND FURTHER WORK be below -68 dB across the operating bandwidth. We are
We have developed a technique, based on a genetic algtso investigating the use HFSS and analytical techniqoies t
rithm and modal matching for designing smooth walled horrgaracterise the expected cross coupling of close packes.ho
with several discontinuities in flare angle. We have verified We have constructed a prototype 230 GHz, 37 horn close
our design technique by constructing 230 GHz prototypgecked horn array by repeated drilling into a single aluorni
horns to a high tolerance using traditional electroformémgl plate, which we plan to test experimentally in the near fitur
measuring the beam patterns using a far—field test range. Whe have also made a 700 GHz drilled horn, which we will
beam patterns agreed well with theory, showing excelletgst shortly. We are currently exploring the commercidiora
beam circularity and low cross polarisation over the meassurof this technology, including our design software, design
bandwidth of around~ 17%. We are currently using our methodology and horn fabrication techniques in collaborat
design software to design 4 section horn with the hope with ISIS Innovation Ltd., the Oxford University technolpg
extending the bandwidth to around 50%. transfer company.

VIl. A 230 GHz, 37 HORN ARRAY AND 700 GHz HORN
PROTOTYPES
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