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This paper describes the design of a 5.5:1 bandwidth feed antenna and re°ector system, intended for use in
hydrogen intensity mapping experiments. The system is optimized to reduce systematic e®ects that can
arise in these experiments from scattering within the feed/re°ector and cross-coupling between antennas.
The proposed feed is an ultra-wideband Vivaldi style design and was optimized to have a smooth frequency
response, high gain, and minimal shadowing of the re°ector dish. This feed can optionally include
absorptive elements which reduce systematics but degrade sensitivity. The proposed re°ector is a deep
parabolic dish with f=d ¼ 0:216 along with an elliptical collar to provide additional shielding. The
procedure for optimizing these design choices is described.
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1. Introduction

This paper describes the design of a 5.5:1 bandwidth
feed antenna and re°ector intended for applications
in radio astronomy, particularly for the proposed
Packed Ultra-wideband Mapping Array (PUMA)
telescope (Ansari et al., 2019). This feed will be re-
ferred to as the \proposed feed" in the paper. The
proposed PUMA telescope is a radio-interferometer
consisting of 32K tightly packed antennas. Each
antenna will consist of a feed suspended over a 6m
diameter parabolic re°ector. These antennas
are planned to have a bandwidth from 200 to
1100MHz, with extra emphasis placed on the per-
formance from 200 to 475MHz.

The paper also describes a version of the feed,
referred to as the \minimum systematics feed". This
feed is similar to the proposed PUMA feed but
includes absorptive elements that decrease system-
atic e®ects but increase the noise temperature of the
antenna system. It will be argued that this design

may be useful for telescopes operating at lower
frequencies than PUMA.

A major goal of observational cosmology is to
measure the statistical properties of the spatial
distribution of matter in the Universe. Such mea-
surements are of interest as they could tell us about
dark energy, in°ationary physics, the growth of
structure, early star formation and more. The dis-
tribution of matter in the Universe is traced by
neutral hydrogen (HI). Thus, observations of the
21 cm line from HI can probe the matter distribu-
tion (up to a bias term). Using 21 cm emission or
absorption to measure these density °uctuations
without resolving individual galaxies is a technique
referred to as 21 cm (or HI) intensity mapping
(Chang et al., 2008). Because of the expansion of the
Universe, the 21 cm line will be redshifted by an
amount that scales with the distance between the
emitting region and Earth. For this reason, di®erent
epochs of the Universe can be probed based on the
range of observing frequencies chosen. The infor-
mation that can be extracted from the distribution*Corresponding author.
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varies with cosmological redshift, denoted by z.
Measurements of the distribution at redshifts z � 6
could probe the growth of structure, the physics of
dark energy, and in°ationary physics. Measure-
ments during the Epoch of Reionization (EOR)
(6 < z < 20) would tell us about the formation of
the ¯rst stars. Lastly, measurements during the
cosmic dark ages (20 < z < 1100), an epoch pre-
ceding the ¯rst stars and relatively una®ected by
astrophysical phenomena, would probe the physics
of in°ation. The 200 to 1100MHz bandwidth of
PUMA is chosen to capture redshifts 0:3 � z � 6.

For reasons of sensitivity and cost, radio-inter-
ferometers are typically used for HI intensity map-
ping. In interferometry, an array consisting of many
antenna elements is used. The signals from pairs of
antennas are correlated to form \visibilities". In the
absence of mutual coupling, correlating these signals
eliminates the o®set from system noise one sees in
single dish telescopes. This in turn relaxes require-
ments for gain stability. Moreover, combining sig-
nals from many pairs of antennas allows the same
angular scale to be measured many times, providing
a distinct advantage over single dish experiments.

Such interferometers are optimized to measure
the spatial power spectrum P ðkÞ of the 21 cm line.
Cosmologists are particularly interested in large
spatial scales, corresponding to small values of the
wavenumber k. This interest in large spatial scales

leads to interferometers with tightly packed anten-
na elements. In the case of PUMA, at the longest
wavelength, dishes are planned to be about 4�
wavelengths in diameter with centers located about
5� from each other. This spacing is small enough to
probe large spatial scales at all wavelengths, while
also being large enough to allow dishes to be
repointed to latitudes away from zenith without
beam blockage. Moreover, the HI signal being
measured is small, with a brightness temperature of
roughly 1mK, while system temperatures are the
order of � 25� 100K in the post EOR Universe and
up to � 1000K in the case of EOR measurements.
The small magnitude of the signal being measured
motivates interferometers with large collecting
areas. These requirements lead to \large N, small
D" designs, which consist of large numbers of small
diameter antennas. Although this paper focuses on
the proposed PUMA telescope, other designs exist
as well. Table 1 provides summaries of several
interferometers intended for measuring the EOR
and post EOR Universe.

In an HI intensity mapping instrument, candi-
date antennas must be designed to minimize sys-
tematic e®ects. The primary systematic e®ect is
contamination from Galactic synchrotron radiation.
The Galactic foregrounds are of concern as they are
about ¯ve orders of magnitude brighter than the
predicted HI signal. However, the foregrounds have

Table 1. Summary of a few interferometers intended for 21 cm intensity mapping. Fiducial values for PUMA's aperture e±ciency
and ampli¯er temperature are used.

Antenna Bandwidth Array geometry E®ective aperture per element

PUMA (Ansari
et al., 2019)

6m diameter
parabolic dish,
feed on-axis

200–1100MHz 6 � z � 0:3
(Post EOR)

32K tightly packed
antennas

� 20m2

HIRAX
(Saliwanchik
et al., 2021)

6m diameter
parabolic dish,
feed on-axis

400–800MHz 2:55 � z � 0:
78 (Post EOR)

1024 elements in a 32�
32 tightly packed
array

15.5m2 at 600MHz

CHORD (Vanderlinde
et al., 2019)

6m diameter parabolic dish,
feed on-axis.
Also includes 90m long
10m wide cylindrical
re°ectors with a focal
ratio of 0:25

300–1500MHz 3:7 � z �
0 (Post EOR)

512 tightly packed dishes at
the central station. Two
outrigger stations placed
1500 and 3000 km away.
These outrigger stations
have 64 dishes and 1
cylinder each

HERA
(DeBoer &
HERA,
2015)

14m diameter
parabolic dish,
feed on-axis

50–250MHz 27 � z � 4:7
(EOR)

350 dishes tightly packed
in a hexagonal array.
32 outrigger antennas
placed several
hundred meters from
the center of the array

� 100m2 at 150MHz
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a smooth spectrum, while the spectrum of the HI
signal is quite \spikey", corresponding to clumps of
hydrogen gas along the line of sight. Thus, one can
con¯ne the Galactic foregrounds into a small region
of the delay domain by ensuring that the antennas
have a smooth response as a function of frequency.
In 21 cm intensity mapping, delay is the Fourier
dual to spectral frequency (Ewall-Wice et al., 2016).
Moreover, one needs to minimize mutual coupling
between antennas, which becomes challenging due
to the close element spacing required in HI inter-
ferometers. Such mutual coupling can degrade delay
spectrum performance, introduce correlated noise,
and make certain calibration methods more di±-
cult. Designs that minimize these systematic e®ects
can be seen in Fagnoni et al. (2021) as well as
Saliwanchik et al. (2021). Of course, one also needs
to consider the sensitivity of the instrument to the
HI power spectrum. Sensitivity will be given less
priority during optimization than the previously
mentioned systematics e®ects, since sensitivity can
be improved by increasing the number of elements
or observing for longer.

Lastly, polarization leakage also should be con-
sidered. The desired HI signal is unpolarized, while
the foregrounds do have a polarized component.
Leakage of polarized foregrounds into estimates of
unpolarized emission can be caused by beam ellip-
ticity and by cross-polarization in the beam. Such
leakage is an additional systematic e®ect one could
consider when designing an antenna for HI intensity
mapping. This design was not optimized with polar-
ization leakage in mind, but cross-polarization and
leakage estimates are still provided in Sec. 4.3.

This paper is organized as follows. Section 2
describes the performance requirements of the in-
strument and the motivation for the requirements.
Section 3 describes the optimization process for the
feed antenna along with the resulting design. In
addition, it shows simulations of the S-parameters
and beam patterns. Section 4 summarizes the per-
formance of both the proposed and minimum sys-
tematics antenna systems. Finally, Sec. 5 describes
the fabrication of a 4=13 scale version of the mini-
mum systematics feed and provides some measured
results.

2. Performance Requirements

The feed antennas and re°ector were designed with
HI intensity mapping instruments such as PUMA in
mind. PUMA is a large, tightly packed antenna

array. In instruments such as PUMA, mitigation of
systematic e®ects is of primary importance. In ad-
dition, one must also consider the sensitivity of the
instrument to the signal being measured.

In Secs. 2.1 and 2.2, aspects of performance
most crucial to minimizing systematic e®ects are
considered. In Sec. 2.3, sensitivity of the instrument
to the HI signal is considered.

2.1. Spectral smoothness and
the foregrounds

Due to their smooth frequency spectrum, the fore-
grounds encountered in instruments such as PUMA
are naturally contained in a region of two-dimen-
sional k-space (with k components parallel to and
perpendicular to the line of sight) referred to as \the
wedge". When taking measurements, the wedge is
convolved with the response of the instrument,
causing foregrounds to leak out into otherwise sig-
nal-dominated modes. In 21 cm intensity mapping,
it is the case that delay (�) is proportional to line of
sight wavenumber kjj. It is thus desirable for the
antenna response in the delay domain be concen-
trated at 0 delay and decay rapidly at larger delays.

In order to test the smoothness of the antenna's
response, we will excite the antenna with a plane-
wave coming from some direction n̂. The voltage at
the terminals of the antenna is then given by

vðn̂; �Þ ¼ rðn̂; �Þ �Eðn̂; �Þ: ð1Þ
In this formula, r is referred to as the \voltage
beam" of the antenna. We then quantify the delay
performance of the antenna via the Fourier trans-
form of the power kernel. The power kernel is de-
¯ned as

Rðn̂; �Þ ¼ jrðn̂; �Þj2: ð2Þ
In particular, we will characterize the delay re-
sponse of the instrument using the delay spectrum
of the power kernel at zenith. This is denoted via
~Rð� ¼ 0; � ¼ 0; �Þ. The goal is to have ~Rð0; 0; �Þ
drop by 50dB as quickly as possible as a function of � .
Refer to Ewall-Wice et al. (2016) for more details.

2.2. Mutual coupling

Another concern in HI intensity mapping instru-
ments ismutual coupling between the antennas in the
array. It has been found that mutual coupling chan-
ges the beam patterns of antenna elements as de-
scribed inFagnoni et al. (2020) andKern et al. (2019).
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This e®ect on the beam patterns will likely degrade
spectral smoothness (Fagnoni et al., 2020). More-
over, it causes beam patterns to vary from element
to element. Such beam pattern variation is unde-
sirable as it would prevent the use of redundant
calibration techniques which have been proposed to
overcome the computational challenge of calibrat-
ing large, redundant, arrays. In redundant calibra-
tion, one assumes that antennas in the array have
identical beam patterns. This assumption would not
be valid in the case of signi¯cant mutual coupling
(Liu et al., 2010).

Mutual coupling can also cause receiver noise
radiated from one antenna to be absorbed by a
di®erent antenna. This coupling creates \correlated
noise", which causes non-zero visibilities. These
correlated noise contributions can masquerade as
sky signals (Kwak et al., Submitted). In principle,
this coupling varies slowly in time, but it sets a re-
quirement on the gain stability of the instrument.

During the design process, mutual coupling was
characterized by simulating the S21 coupling be-
tween two adjacent antennas. The antennas are
placed 8m apart and pointed at zenith. Such a
setup can be thought of as the worst case scenario
for coupling between two antennas in arrays such as
PUMA. Simulations were performed with antennas
co-located in each other's E-planes and H-planes.
Using themodel for coupled signals described inKern
et al. (2019), one should ¯nd that the \correlated
noise" between two antennas is as follows:

Tcoupled / jS21jTampl: ð3Þ
Since Tampl is typically four to ¯ve orders of magni-
tude larger than THI, the S21 must be kept below
�100 dB to prevent correlated noise from over-
powering the signal. It should be acknowledged that
the model presented in Eq. (3) is an approximation.

A more sophisticated model of this phenomenon is
presented in Kwak et al. (Submitted).

2.3. Sensitivity

In addition to minimizing systematic e®ects, we
require this antenna (and array) to provide enough
sensitivity to detect the HI signal. In such a mea-
surement, the contribution of system noise to
the power spectrum goes like (Liu & Shaw, 2020;
Parsons et al., 2014)

PN / �2
p

�pp

T 2
sys: ð4Þ

Let P be the power pattern of the antenna. We
de¯ne �p and �pp in terms of P via

�p 	
Z

d�P ðn̂Þ ð5Þ

and

�pp 	
Z

d�P ðn̂Þ2: ð6Þ

In these formulas, the system temperature Tsys is
estimated via (Ansari et al., 2019)

Tsys �
Tampl

�sp�c
þ 1� �sp

�sp
Tground þ Tsky: ð7Þ

In this formula, Tampl is the noise temperature of the
ampli¯er and �sp is de¯ned as the fraction of the
antenna's beam that shines on the sky. One can
compute �sp using

�sp ¼ 4�

Z �
2

0

Z 2�

0

d�d�Gð�; �Þ: ð8Þ

The optical e±ciency �c is de¯ned as

�c ¼ �S11�rad; ð9Þ

Table 2. The primary performance requirements for the antenna described in this paper.

Aspect of performance Goal

Delay response The antenna response at zenith decays by 50 dB as quickly as possible in the delay domain. As a

realistic goal, we wanted to keep the 50 dB half width . 0:10hMpc�1 when described in k-space.
Mutual coupling The S21 of two antennas separated by 8m is at or below �100 dB when the antennas are co-located

in each other's E-plane or H-plane.
Impedance match The feed has S11 � �10 dB. The ¯nal design presented will be relative to 200�.
Power spectrum sensitivity Power spectrum sensitivity is comparable to that achieved by the ¯ducial PUMA parameters

(Ansari et al., 2019). This is achieved via a low S11 and very high spillover e±ciency (�sp � 0:99).

Bandwidth All of these requirements are satis¯ed over the entire PUMA band, 200 to 1100MHz.

J. Podczerwinski & P. Timbie

2450004-4



where �S11 is the fraction transmitted through the
feed antenna's input terminals and �rad is the radi-
ation e±ciency.

For the nominal PUMA design (Ansari et al.,
2019), the proposed values of these parameters for
achieving adequate sensitivity are: �sp ¼ 0:9, aper-
ture e±ciency �A ¼ 0:7, �c ¼ 0:9 and Tampl ¼ 50K.
Thus, the designs proposed in this paper ought to
provide comparable sensitivity to these ¯ducial
parameters.

The performance requirements for the antennas
proposed in this paper are summarized in Table 2.

3. The Proposed Antenna and
its Optimization

This section describes the electrical and mechanical
design of the proposed system, and motivates the
choices made to achieve the performance require-
ments. The proposed antenna system was designed
with the electromagnetic simulation software
package CST Microwave Studio.(a) The work de-
scribed in this paper primarily used CST's time
domain solver. However, the frequency domain
solver and integral equation solver were used at
various times to double check results. All beam
patterns presented in this work were computed
using the \open (add space)" boundary condition in
CST.

3.1. Dish re°ector

In this paper, 6m diameter parabolic dishes with
f=d ¼ 0:216 and 0:375 are shown. These dishes are
on-axis re°ectors. O®-axis re°ectors were also con-
sidered, but are not favored since they provide
limited shielding against mutual coupling between
antennas. The diameter of the dishes corresponds to
4� at the longest wavelength. This small dish size
was chosen since smaller dishes allow for a more
tightly packed array, which in turn provides access
to larger angular scales on the sky. This small dish
size drove many design choices in the feed. In par-
ticular, it was one of the main reasons a Vivaldi-
style feed was chosen, as opposed to a quad-ridge
horn. The use of a horn antenna would cause too
much shadowing when placed directly over a small
dish.

A low f=d ratio is favored in order to provide
shielding for the feeds, which reduces mutual

coupling. An example of the bene¯ts of using a
deeper dish can be seen in Saliwanchik et al. (2021).
In addition, out¯tting the deep dish with a collar to
provide extra shielding was considered. In this
particular paper, a simple elliptical collar was used.
Collars providing a smoother junction with the dish
can be designed using the methods shown in Gupta
et al. (1990). Using a curved collar, whether ellip-
tical or through Gupta's method, is desirable for
two reasons. The ¯rst is that these methods mini-
mize the discontinuity at the boundary between the
parabola and the collar. This in turn minimizes
di®racted ¯elds emanating from that boundary. The
second reason is that the curvature of the collar
minimizes standing waves between the feed and
collar. If this were not the case, then the presence
of the collar would degrade the delay spectrum
signi¯cantly.

Some of the dishes considered can be seen in
Fig. 1. Decreasing f=d increases re°ections between
the dish and feed, which in turn degrades delay
spectrum performance. Fortunately, the reduced
mutual coupling provided by a deep dish improves
delay spectrum performance by cutting down on
inter-dish re°ections (Saliwanchik et al., 2021). It
was found in the Saliwanchik et al. that these inter-
dish re°ections dominate over intra-dish re°ections.
Thus, f=d should be chosen as low as possible while
still being mechanically feasible and providing ade-
quate sensitivity.

Some example beam patterns can be seen in
Fig. 2. These patterns were computed using an
f=d ¼ 0:216 dish with an elliptical collar. One will
note that the value of the directivity at 90
 is
about 40 to 50 dB below its peak value. This
behavior is desirable as low directivity towards
the horizon corresponds to lower mutual coupling
between antenna elements.

One will also notice however, that a there is a
dip in gain at zenith for the 1000 and 1100MHz
plots. This feature is not particularly concerning
with respect to power spectrum measurements, as
one is still sampling the same patch of the UV plane
whether the null is present or not. So, as long as the
beam is calibrated well, it should not be an issue.
However, the complexity of these beams is con-
cerning for calibration, since a complicated beam
pattern will be more di±cult to measure whether
using drones or point source references.

It should be noted that this dip is due to phase
center variation with respect to frequency. It can beahttp://www.cst.com.
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¯xed by adjusting the location of the feed with re-
spect to the focus of the dish. However, such
adjustments will come at the expense of phase e±-
ciency at low frequencies. In Table 3, we present
comparisons of S11, directivity, sidelobe level and
spillover e±ciency when the minimum systematics
feed is paired with with various re°ectors.

3.2. Feed

The feed designs presented in this paper are of a
Vivaldi style. Such a design was chosen for its wide
bandwidth, high directivity, and \openness". It is
easier to achieve high spectral smoothness with an
open design since there are no enclosed spaces in
which resonances might form. Moreover, the Vivaldi
geometry minimizes aperture blockage, which is
especially important in this context where the dish

size is only D � 4� at the longest wavelength.
Figure 3 presents a drawing of the minimum sys-
tematics feed. The proposed feed is identical to the
minimum systematics feed, except it does not in-
clude the rings. All feed designs considered in this
paper are shown in Fig. 12. In particular, the pro-
posed feed is shown in the bottom left panel of the
¯gure. Although not presented, horn antennas were
also simulated but provided poor performance due
to aperture blockage.

3.2.1. Ridges

This section describes the \ridges" of the feed,
which are shown in Fig. 4. As one can tell from
the ¯gure, the proposed feed was designed with a
numerical optimizer.

In particular, the Covariance Matrix Adapta-
tion Evolutionary Strategy (CMA-ES) optimization
algorithm was used (Hansen et al., 2003). This al-
gorithm is built-in to CST. The design of these

Fig. 1. The three dishes considered in this paper. The top
image shows the f=d ¼ 0:216 dish with the elliptical collar in-
cluded. The middle image shows the f=d ¼ 0:216 dish without
the collar. The bottom image shows the f=d ¼ 0:375 dish.

Fig. 2. Directivities in the E- and H-planes for the proposed
antenna system. These patterns were simulated using the f=d ¼
0:216 re°ector with an elliptical collar. Note that the beam
patterns of the minimum systematics feed look similar to these.
However, the directivity at the horizon tends to be lower.
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ridges began as a more traditional Vivaldi shape,
below called the \vanilla design", with an expo-
nential °are inside and °at section outside. The
pro¯le was then broken into line segments con-
necting points ðx1; z1Þ; ðx2; z2Þ; . . .. The CMA-ES
optimizer was then used to ¯nd the optimal values
for the points ðzi;xiÞ. Note that only xi was opti-
mized for certain points and only zi for others.

Allowing the ridge geometry to vary in this way
was found to minimize sidelobes and backlobes, in-
creasing spill e±ciency (�s). Changing the ridge
geometry from the vanilla to jagged design was
found to degrade delay spectrum performance to
some extent. However, it was found that this dif-
ference is negligible compared to the non-smooth
contribution from dish-feed re°ections. Moreover,
the addition of the absorber-lined rings described in
Sec. 3.2.5 helps somewhat with spectral-smooth-
ness. So, the ¯nal feed design performs comparably

Fig. 3. Top shows the minimum systematics feed with the
cone and rings removed in order to make certain dimensions
easier to see. All dimensions are in mm. Note that the ridges of
the feed are 3:3mm thick. The bottom image shows the mini-
mum systematics feed with certain important pieces labeled.
The proposed feed is identical to the minimum systematics feed,
but with the rings removed.

Table 3. Performance when the minimum systematics feed is paired with di®erent re°ector designs.

S11 (dB) Directivity (dBi)
Maximum sidelobe,

E-plane (dB)
Maximum sidelobe,

H-plane (dB) �sp

f=d ¼ 0:375 �7.6 at 200MHz 20.2 at 200MHz �24.4 at 200MHz �20.0 at 200MHz 0.929 at 200MHz
�14.5 at 600MHz 28.3 at 600MHz �15.8 at 600MHz �15.6 at 600MHz 0.932 at 600MHz
�35.8 at 1100MHz 31.1 at 1100MHz �20.1 at 1100MHz �18.7 at 1100MHz 0.927 at 1100MHz

f=d ¼ 0:216
without collar

�7.0 at 200MHz 18.7 at 200MHz �16.9 at 200MHz �13.9 at 200MHz 0.985 at 200MHz
�15.5 at 600MHz 24.8 at 600MHz �16.2 at 600MHz �14.7 at 600MHz 0.996 at 600MHz
�18.1 at 1100MHz 24.0 at 1100MHz �9.4 at 1100MHz �14.3 at 1100MHz 0.998 at 1100MHz

f=d ¼ 0:216
with collar

�7.0 at 200MHz 19.4 at 200MHz �19.3 at 200MHz �14.5 at 200MHz 0.989 at 200MHz
�15.0 at 600MHz 24.2 at 600MHz �15.8 at 600MHz �15.7 at 600MHz 0.998 at 600MHz
�18.3 at 1100MHz 24.0 at 1100MHz �10.1 at 1100MHz �15.0 at 1100MHz 0.998 at 1100MHz

Fig. 4. A drawing of one of the four ridges used on the pro-
posed feed. r ¼ 168mm refers to the radius of the circular °are
used at the aperture. Points denote the locations ðzi;xiÞ used in
the optimization.
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to the vanilla design (shown in the bottom right of
Fig. 12) as far as spectral smoothness is concerned.

3.2.2. Di®erential line

The output signals are carried from the antenna to
ampli¯ers via a di®erential line, which can be seen in
Fig. 5. Di®erential lines have been used on designs
such as the horn described in Beukman et al. (2014),
and the HERA Vivaldi described in Fagnoni et al.
(2021). This choice eliminates the need for baluns,
thus reducing losses and lowering Tsys. It has also
been shown to improve beam patterns (Beukman
et al., 2014). Moreover, it introduces the possibility
of using common modes for beam pattern shaping
(Beukman et al., 2014).

This di®erential line is ¯lled with a PTFE
\puck" of diameter 88mm in order to decrease the
impedance. The pins have diameter 4.2mm. The
line was chosen to be 26mm long. These values were
determined by the optimizer. The resulting line has
impedance Z0 � 200�.

Such an impedance is quite high and not ideal
for impedance matching to the ampli¯er. The rea-
son the impedance is high comes from the wide
bandwidth of the feed. A lower impedance requires a
larger diameter di®erential line. Such a line would
allow TE and TM modes to appear at the higher
frequencies in the band. It should be noted, though,
that one could lower this impedance by replacing
the PTFE with a dielectric with an even higher
index. For instance, using Taconic RF-35, which has
	 ¼ 3:5, would reduce the impedance to � 150�.
However, it would be best to pair this antenna with
an impedance matching circuit between the feed
and ampli¯er. This device would be similar to the

HERA's front end module (FEM) (Fagnoni et al.,
2021).

3.2.3. Tabs

During optimization, it was found that the ideal
thickness for the ridges on the feed was around
33mm. In order to reduce weight and cost, the
thickness of the ridges was reduced to about 3:3mm.
Reducing the thickness of the ridges increased the
impedance of the feed, leading to a poor impedance
match. In order to ¯x the issue, tabs were added,
giving a smooth impedance transition from the dif-
ferential line to the throat of the feed. A similar
approach was used in Fagnoni et al. (2021). An il-
lustration of this transition can be seen in Fig. 6. In
this transition, the pins of the di®erential line are
connected to rectangular \bricks". These bricks are
4.2mm� 4.2mm� 68mm and are attached to the
tabs. Figure 8 shows a detailed drawing, with
dimensions, of a brick and pin. The tabs then con-
nect to the ridges, providing a smooth impedance
transition. Another view of the tabs, with dimen-
sions, can be seen in Fig. 7. By using the tabs, a

Fig. 6. An illustration of the transition from the di®erential
line to the ridges.

Fig. 7. A drawing of one of the tabs used to transition from
the di®erential line to the ridges, as seen in Fig. 6. Dimensions
are in mm and the tabs are 4mm thick.

Fig. 5. The di®erential line used on the feed. The line is
25:7mm long.
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good impedance match was achieved with only
slight degradation in spillover e±ciency compared
to when thicker ridges were used.

3.2.4. Cone

To further improve beam patterns, a cone was in-
troduced behind the throat of the ridges. This cone
can be seen in Figs. 3 and 9. The cone is meant to
prevent energy from radiating away from the dif-
ferential line before reaching the ridges. The taper of
the cone is intended to give a smooth impedance
transition from the line to the throat section of the
ridges. As shown below in Sec. 3.4, the cone
degrades the S11 at low frequencies by increasing the
impedance. However, it also increases spill e±ciency
(�s), which is a more important feature, since it
corresponds to lower mutual coupling levels. More-
over, the presence of the cone was found to degrade

spectral smoothness to some extent. However, as
with the jagged ridge geometry, this is no longer the
case once the rings are added to the design.

3.2.5. Rings

Lastly, rings were introduced to the design to
improve its beam patterns. The incorporation of the
rings came from the desire to decrease cross-cou-
pling. In order to decrease cross-coupling, one would
like to minimize the beam pattern at angles toward
the horizon. This sort of behavior is achieved by
lowering illumination at the edge of the dish, i.e.
making the feed's beam pattern narrower. In order
to make the beam narrower, it was necessary to
increase the size of the feed or add additional
structure. It was found that the increased aperture
blockage from the larger feed degraded perfor-
mance. Wrapping a metal sheet around the feed to
turn it into a quad-ridge horn was found to greatly
improve the feed's beam patterns. However, as
expected, this aperture blockage degraded perfor-
mance. The compromise reached was to introduce
the rings seen in Fig. 3. These rings reduce the edge
taper on the re°ector while introducing minimal
additional aperture blockage.

The geometry of the feed had already been op-
timized before the rings were introduced, so rings
were added to locations on the ridges that were
amenable to them. The ideal number and placement
of the rings were found through trial and error.

Note, however, that an absorber was added to
the rings in order to prevent a resonance from oc-
curring. For the full-sized feed, our proposed design
uses a °exible ferrite absorber. In particular, model
M6 from Fair-Rite(b) was used in the simulations.
The simulations described were performed using a
layer of absorber 1.5mm thick on the largest ring
and 0.5mm thick on the other two rings. The
absorber does degrade radiation e±ciency, as can
be seen in Fig. 10. Although not shown, simulated
radiation e±ciency was nearly perfect in the absence
of the absorber. Note that the radiation e±ciency is
poorest at the lowest end of the band, but increases
to �1 dB by 250MHz.

It should also be noted here that the presence of
the absorber increases the noise temperature of the
antenna system. The noise contribution was mea-
sured for the fabricated 4/13 scale minimum sys-
tematics feed. In particular, the noise of the feed was

Fig. 8. A drawing of the brick and pin used in the transition
section and di®erential line, respectively. One can see these
pieces in the context of the feed in Fig. 6. The brick ¯ts into
the slot of the tab, while the pin is used as part of the di®er-
ential line.

bhttp://www.fair-rite.com/°exible-ferrite/.

Fig. 9. A drawing of the feed's cone, with dimensions. Our
simulations used 1:7mm as the thickness for the cone, but this
dimension is not important for performance.
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measured at room temperature and submerged in
liquid nitrogen. The noise temperature was then
obtained by taking the di®erence of the two mea-
surements while accounting for ampli¯er gain and
impedance matching. The results of these mea-
surements are presented in Fig. 11. Note that only
frequencies up to 1GHz are presented due to the
limitations of the low noise ampli¯ers available to
us. Also, the lowest frequency measured was
650MHz, as this corresponds to the lowest fre-
quency in the band of the 4/13 scale feed. From
these measurements, it was found that the typical
noise contribution of the absorbers was � 120K.
Although these measurements were taken for the
scaled down feed, it is safe to assume results would
be similar for the full scale feed, as simulations
showed similar beam patterns and S-parameters for
the two versions.

3.3. Optimization of the feed

Since this feed was optimized with PUMA in mind,
the dimensions shown in the following sections are
set to optimize performance from 200MHz up to
1100MHz.

The optimizer's error functions were de¯ned as

E ¼ aEs þ bES11 þ cEd: ð10Þ
In this equation, Es considers spill e±ciency, ES11

considers impedance matching, and Ed is used to
keep track of delay spectrum performance. The
weights a; b; c were typically chosen to be � 1,
but their values were sometimes adjusted if some
aspect of performance was lagging behind the oth-
ers.

The error for the S11 term is de¯ned via

ES11 ¼
1

N
�N

n¼1�ðS11½n� þ 10Þ½S11½n� þ 10�2: ð11Þ

In this formula, n indexes the frequency samples in
the simulation, S11 is given in dB and � is the
Heaviside step function. In other words, the goal
was to keep S11 below �10 dB.

The error in the spill term ES is de¯ned as

Es ¼ �n�ð0:93� �s½n�Þð0:93� �s½n�Þ: ð12Þ
In this formula, �s is de¯ned as the portion of the
feed's beam illuminating the dish. (Note that this is
not the same as �sp, which is de¯ned as the portion
of the dish's beam illuminating the sky). The spill �s
is calculated assuming a dish with an f=d ratio of
0.25. Also, note that n is an index used to label the
frequencies at which �s was estimated. During op-
timization, it was found that the ¯ne-tuned ridge
geometry was not capable of improving �s over the
entire 200 to 1100MHz bandwidth. As such, �s was
only considered for frequencies 200MHz < f <
475MHz. This choice was made to maximize per-
formance at the frequencies most important for
PUMA's science goals. Finally, the delay error was
de¯ned as

Ed ¼ �ð�t� 17Þð�t� 17Þ; ð13Þ
where�t is the time in nanoseconds that it takes for
the energy in the system to drop by 30 dB when
using the CST time domain solver. This ensures
that no resonances are present in the feed. The 17 ns
value was chosen based on a candidate design that
was considered to have adequate delay spectrum
performance.

Fig. 10. Radiation e±ciency when the feed with rings is placed
over a dish with f=d ¼ 0:216 and an elliptical collar.

Fig. 11. Noise contribution of the absorber in the fabricated
minimum systematics feed.
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3.4. A performance comparison

In this section, plots comparing the simulated per-
formance for di®erent feed designs are shown to il-
lustrate the bene¯ts of the design features added.
These feed versions can be seen in Fig. 12. In
particular, �s, which is the fraction of the feed's
beam that illuminates the dish, �ap, the S11 (of the
feed alone), and some beam patterns are shown in
Figs. 13, 14, 15, and 16, respectively.

In Fig. 13, �s is plotted for various iterations of
the feed. \vanilla" (Fig. 12) refers to a version of the
feed with no cone and a simple exponential taper
and straight lines for the outside and back part of
the pro¯le. One can see that the introduction of the
jagged pro¯le improves spillover e±ciency at low
frequencies but degrades it above � 400MHz. As
mentioned in Sec. 3.3, this is because jagged ridges
can't improve the beam patterns for all frequencies.
So, the jagged ridges were optimized to improved
performance in the lower part of the band where the
most cosmological information is contained.

Introducing the cone (the proposed feed) redu-
ces spillover at all frequencies, and is especially
e®ective for f < 300MHz. Introducing the rings

Fig. 12. Pictures of feed versions. In reading order: vanilla
feed, jagged ridges no cone, proposed feed and minimum sys-
tematics feed.

Fig. 13. Comparisons of simulations of �s as a function of
frequency for di®erent versions of the feed.

Fig. 14. Comparison of simulated aperture e±ciencies on a
f=d ¼ 0:25 dish as a function of frequency.

Fig. 15. Simulated S11 values for di®erent versions of the feed.
The values are simulated without the dish, and assuming a
reference impedance of 200�.
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(minimum systematics) improves the spillover
e±ciency even further, and ¯xes the problems
caused by the jagged ridges at higher frequencies.

Figure 14 shows simulated aperture e±ciencies
for the various versions of the feed design. This plot
shows that the introduction of the curved ridges
greatly improves the aperture e±ciency at the lower
end of the band. On the other hand, the introduc-
tion of the rings seems to degrade the e±ciency of
the minimum systematics feed. One will also note
that the aperture e±ciency decreases signi¯cantly
at frequency increases. This is due to the fact that
the feed geometry is large compared to such short
wavelengths, meaning that the dish is located in the
near¯eld of the feed. Although not shown, predic-
tions of aperture e±ciency based on feed far¯eld
patterns agree with Fig. 14 at low frequencies but
begin to disagree signi¯cantly as frequency increa-
ses. Despite the low aperture e±ciency, these feed
designs can still achieve adequate sensitivity at high
frequencies due to their high spillover e±ciencies.

Figure 15 shows simulated S11 values for dif-
ferent versions of the feed. This plot shows that
versions of the feed without the cone have

S11/� 15 dB for the entire band. The introduction
of the cone raises the S11 above �10 dB for the
frequencies below f � 250MHz. This is due to the
fact that the cone raises the impedance of the an-
tenna at these frequencies. This slightly higher S11

should not cause signi¯cant problems, however,
since receiver noise is subdominant to the sky tem-
perature at these frequencies (Ansari et al., 2019).
Aside from that, the S11 stays below the goal of
�10 dB for the rest of the band. Lastly, note that
introducing the rings only makes a slight di®erence
to the S11.

Figure 17 shows how the phase center varies
with frequency for di®erent feed designs. These
phase centers were computed by CST. The
\boresight" setting in CST was used, with a 90

angle around the z-axis. The values shown here are
the average of the phase centers computed in the
E-plane and H-plane.

First, note that the phase center (Beukman
et al., 2014) of the minimum systematics design
varies by about 400mm across the band. Such
variation means that achieving good phase e±-
ciency for the minimum systematics feed may not
be possible over the whole band. Also, note that
the cone helps keep the phase center stable at low
frequencies. This is due to the fact that the cone
prevents a resonance from occurring in the back-
short, which has a perimeter close to �=4 at the
longest wavelengths of operation. Moreover, the
feed with rings seems to have three di®erent regimes
of behavior. At low frequencies, the phase center is
located close to the largest ring. In the middle of the
band, the phase center is closer to the middle ring.

Fig. 16. Simulated peak-normalized H-plane directivities for
di®erent versions of the feed.

Fig. 17. A plot showing the boresight coordinate of the phase
center as a function of frequency.
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At low frequencies, the phase center is close to the
smallest ring.

This phase center variation is responsible for
the dip in gain at zenith seen in Fig. 2 at high fre-
quencies. For these beam patterns, the feed was
placed 1500mm above the dish, meaning that the
phase center is located 200mm from the focus. At
low frequencies, this means that the phase center
will be quite close to the focus. However, at higher
frequencies, the phase center will be about 150mm
from the focus, leading to higher phase errors. These
errors are responsible for the dip in gain seen at
zenith in Fig. 2. In this paper, we have chosen the
placement in order to optimize for performance at
lower frequencies.

Finally, consider the beam patterns of the feeds.
H-plane patterns for the proposed feed, the jagged
feed with a cone, and the vanilla feed can be seen in
Fig. 16. Note ¯rst that the presence of the rings
causes the beam pattern to taper o® more quickly
and smoothly. This feature is important since it will
help suppress mutual coupling in the H-plane, where

it tends to be most severe. Moreover, note that the
proposed feed has suppressed the backlobes. The
smaller backlobes are a result of the rings used in
that design. E-plane beam patterns can be seen in
Fig. 18. For the E-plane, note that the proposed
feed performs the best at the very lowest end of the
band. Moreover, it can be seen that the di®erent
designs perform similarly as frequency increases.

4. Simulated Performance and Comparison
to Requirements

In this section, relevant aspects of the antennas'
performance are presented and compared to the
requirements described in Sec. 2. Note that these
metrics were all evaluated with the feed placed on a
6m diameter dish with f=d ¼ 0:216. Since no such
dishes were available for testing, estimated results
based on simulations will be shown instead. Mea-
sured beam patterns and S-parameters for the pro-
posed feed will be shown in Sec. 5.

4.1. Delay spectrum performance

Recall from Sec. 2.1 that the delay response of the
instrument can be characterized using ~Rð0; 0; �Þ,
the Fourier transform of the power kernel at zenith.
In order to compute this, the antenna is excited with
a planewave propagating along the boresight of the
antenna. This simulation was performed using the
time domain solver in CST, with a planewave ex-
citation coming from above, the di®erential line of
the feed terminated by a waveguide port, and a
voltage monitor placed between two pins on the
di®erential line. The time domain solver simulated
up until 400 ns after the initial excitation. This
400 ns time was chosen in order to capture delay
spectrum performance at large delays. The voltage
present at the antenna's terminals is recorded in
order to obtain values for Rð0; 0; �Þ. Then, two
Blackman-Harris ¯lters are applied in order to
smoothly bring the power kernel to 0 at the edges of
the band. These ¯lters will be denoted as Wð�Þ.
This leads to a delay space power kernel

~Rð0; 0; �Þ ¼
Z

d�Rð0; 0; �ÞWð�Þ2e2�i�� : ð14Þ

Results for minimum systematics, proposed and
vanilla feeds are shown in Fig. 19 in terms of kjj,
which is the spatial wavenumber along the line of
sight of the telescope. In cosmological contexts, one
¯nds that kjj / � .

Fig. 18. Simulated peak normalized E-plane directivities for
di®erent versions of the feed.
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First, note from Fig. 19 that all three designs
provide similar results in all three plots. So, it can
be concluded that the presence of the cone, rings,
and jagged ridges does not signi¯cantly worsen
delay spectrum performance. Next, note that the
top plot of the ¯gure shows the power kernel drop-
ping by 50 dB after a delay corresponding roughly
to kjj � 0:1 hMpc�1. Thus, roughly speaking, modes
within 0:1 hMpc�1 of the wedge would be avoided
in order to be sure that the foregrounds are not
overpowering the HI signal. Readers should also
note that lumps appear in the delay spectrum as
kjj increases. These lumps are due to re°ections
bouncing between the feed and the dish. In the
middle plot, one can see that the lower end of the
band performs a bit better, dropping by 50 dB after
about 0:065 hMpc�1. This result is of interest as
the band corresponds to redshifts 2 < z < 6, which
are particularly important for the PUMA experi-
ment. Lastly, the bottom plot shows the delay
spectrum for the feeds only. Readers will note that
the kernel drops o® quite quickly in this case,
reaching �50 dB within kjj � 0:03hMpc�1. This is
due to the absence of dish-feed re°ections, which
worsen performance in the middle and top plots.
As mentioned in Sec. 2, the power kernel should
drop 50 dB as quickly as possible. However, the
presence of dish-feed re°ections slows down this
process, giving a �50 dB width that corresponds to
0:1 hMpc�1. The use of a higher f=d or o®-axis de-
sign would help reduce these re°ections. However,
as seen in Saliwanchik et al. (2021), the increased
mutual coupling from such a design would be
worse than the dish-feed re°ections one incurs with
a deep dish.

4.2. Mutual coupling performance

In order to evaluate the proposed antenna's mutual
coupling performance, the S-parameters for two
antennas were considered. These antennas both
point at zenith and are taken to be separated by
5:3� at the longest wavelength. Section 2.2 provides
motivation on this setup. For these simulations, the
vanilla, proposed and minimum systematics feeds
were considered. The results of these simulations are
shown in Fig. 20.

In the E-plane, the f=d ¼ 0:216 no-collar dish
has mutual coupling 20 to 40 dB lower than the
shallower f=d ¼ 0:375 dish. When the collar is used,
the mutual coupling is 20 to 40 dB lower than the
shallow dish when frequencies are between 200 and

Fig. 19. Delay spectrum: comparison of the power kernel of
the full antenna for the minimum systematics, vanilla, and
proposed feed. The top plot is for the full band. The middle plot
was made using a bandpass that selects for frequencies
200MHz < � < 500MHz. The bottom plot shows the power
kernel of the feeds without the re°ector present.
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400MHz. For the rest of the band, S21 is 40 to 60 dB
lower when the deep with-collar dish is used rather
than the shallow dish.

In the H-plane, the use of a deeper dish also
helps with mutual coupling. The deep, no-collar
dish provides about a 10 to 20 dB improvement in
the lower part of the band. Note that the presence of
the collar doesn't help quite as much in the H-plane,
providing only about a 5 dB improvement.

Now, the various feed options will be compared.
First, note that the proposed feed provides an ad-
vantage over the other two options in the E-plane at
low frequencies for the deep dish with collar case.
On average, we ¯nd the proposed feed providing
about a 10 dB improvement over the vanilla feed for
frequencies . 300MHz. Moreover, the proposed
feed also provides some improvement over the va-
nilla feed in the H-plane at low frequencies, giving
about a 10 dB improvement over the vanilla feed for
frequencies . 400MHz. Notably, the minimum
systematics feed does provide a coupling level about
20 dB better than the vanilla feed in the H-plane at

the lower end of the band (from 200MHz up to
400MHz). Although these may sound like modest
improvements at ¯rst, recall the lower end of the
band is critical for PUMA's science goals. Thus, any
improvement in that part of the band is especially
important.

Recall also that the goal was to keep S21 levels
below �100 dB. This goal is achieved in the E-plane
for all designs for frequencies above approximately
600MHz, when the deep dish with collar is used.
Results do not quite meet the goal in the H-plane.
The S21 of the minimum systematics feed stays
below about �70 dB for the entire band, which, al-
though an improvement, does not meet the goal.

Recall that this simulation is meant to cover the
worst case scenario, where the dishes are very close.
For longer baselines, this coupling would certainly
go down. However, shorter baselines cannot be ig-
nored, since they provide information about large
angular scales.

Since the mutual coupling level is still not quite
low enough at PUMA's redshifts of interest, it will
be necessary to remove this e®ect during the data
analysis stage. So far, techniques have been devel-
oped for the removal of mutually coupled signals
from the data (Kern et al., 2019; Parsons et al.,
2010). These techniques rely on the fact that cou-
pled receiver noise varies slowly with time compared
to the sky signal. However, this type of approach
doesn't work so well for NS-oriented baselines, for
which the sky signal also varies slowly with time.
Moreover, how to handle the e®ects of mutual
coupling on antenna beam patterns is still an open
question. Thus, new techniques are likely needed to
control mutual coupling.

4.3. Sensitivity performance

In order to evaluate the sensitivity of the antennas,
the PUMA noise calculator(c) was used. This cal-
culator takes in parameters describing the proper-
ties of a ¯ducial PUMA design. These parameters
describe beam size, observing time, and fraction of
the sky observed. It then produces an estimate for
the power spectrum due to noise via Eq. (D4) given
in Ansari et al. (2019). This equation scales as �p as
in Eq. (5). This contribution is computed for one k
mode at a time. The calculator was edited, however,
to use the formula for the noise power spectrum
given in Eq. (4). Sensitivity estimates are presented

chttps://puma.bnl.gov.

Fig. 20. Mutual coupling: S21 values for various antenna
options. The top plot shows S21 values calculated when each
antenna is located in the E-plane of the other. The bottom plot
shows S21 values when the antennas are located in each other's
H-plane. Colors label di®erent dish choices. Dotted lines cor-
respond to the proposed feed, solid lines correspond to the
minimum systematics feed, while dashed lines are used for the
vanilla feed.
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in Fig. 21. Note that all of these curves assume an
f=d ¼ 0:216 dish with a collar included. Calcula-
tions were performed assuming a 32,000 element
hexagonal array with 1:25 years of integration time.
The integration time was set assuming that
PUMA would run for 5 years with 6 h per day of
observation. A value of 50K for was assumed for
Tampl. For the minimum systematics feed, we
accounted for the noise contributed by the absorber
by adding an additional term to Eq. (7). This term
is given by

�s11Tabs

�c�sp
: ð15Þ

For these calculations, we assumed that Tabs, the
noise temperature provided by the absorber, is
117K. This value was obtained by averaging the
data points we measured for Fig. 11. Note that this
is a rough estimate, since we were unable to accu-
rately measure the noise contribution at higher
frequencies.

The beam patterns used for the various antenna
designs come from CST simulations with a single
antenna pointing at zenith. Note that sensitivity
will decrease slightly for pointings away from zenith
due to increased noise pickup from the ground. This
plot shows the performance of the proposed feed
when paired with di®erent re°ector designs. The
performance of the idealized PUMA antenna de-
scribed in Ansari et al. (2019) is also shown. For the
¯ducial PUMA antenna, an Airy beam pattern and
the parameters given in Sec. 2.3 were used.

Note in Fig. 21 that the proposed feed and the
vanilla feed do provide comparable sensitivity to the
¯ducial PUMA antenna, with somewhat worse
performance at lower redshifts and somewhat im-
proved performance at higher redshifts.

Lastly, one will also surely note that the sensi-
tivity provided by the minimum systematics feed is
signi¯cantly lower than the other feed designs
presented. This is due to the decrease in radiation
e±ciency and increase in noise caused by the ab-
sorber present on the rings. In the context of
PUMA, this leads to signi¯cantly decreased sensi-
tivity to smaller scale modes. However, this increase
in noise temperature may not be so severe in the
context of EOR telescopes, where the sky temper-
ature can be up to 1000K, which is signi¯cantly
higher than the � 100K provided by the absorber.

4.4. Cross-polarization

Although not considered for the performance
requirements of the antenna, the cross-polarization
properties will now be presented. Figure 22 shows
the peak-normalized cross-polarized pattern of
the proposed feed in the D-plane, where it is most
severe. The peak-normalized patterns are given in
dB, as

20log10
jExpð�; �Þj
maxðjEcojÞ

� �
; ð16Þ

where the E functions refer to the electric ¯eld
patterns of the feed. For this paper, we use the

Fig. 21. Maximum jkj for which SNR > 1. These calculations were performed assuming k̂ � n̂ ¼ 0:5.
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Ludwig-3 convention for cross-polarization
(Ludwig, 1973; Beukman et al., 2014). These values
vary signi¯cantly with �, with the highest levels
being about 10 dB below the peak value. These peak
values are comparable to those shown in Beukman
et al. (2014).

Figure 23 shows peak-normalized cross-polar
beam patterns for the proposed antenna system,
including both dish and feed.

In this ¯gure, one ¯nds cross-polar beam
patterns approaching 0 at angles close to the bor-
esite. These patterns peak at angles close to the edge
of the main-lobe, with the sharpest peaks located at
the upper end of the band.

The most important aspect to consider for this
paper, however, is how this cross-polarized beam
pattern may contribute to polarization leakage in

the context of an intensity mapping interferometer.
One can naively try to eliminate polarized emission
from one's data by averaging visibilities from per-
pendicularly polarized feeds:

VI ¼
1

2
ðVXX þ VYY Þ: ð17Þ

In this formula, V refers to visibility and X;Y refer
to polarizations of the feeds in the baseline. We
approximate contributions of unpolarized and po-
larized emissions to VI in the manner of Shaw et al.
(2015)

RI!I ¼ ðEa
xE

b�
x þ Ea

yE
b�
y ÞP I

ab: ð18Þ
In this formula, P I

ab is a matrix selecting for the I
Stokes parameter. Ea

x refers to polarization com-
ponent a of the electric ¯eld pattern of an x-polar-
ized feed. Similarly, the contribution of polarized
emission is given by

R2
P!I ¼

X
p2fQ;U ;V g

jðEa
xE

b�
x þ Ea

yE
b�
y ÞP p

abj2: ð19Þ

In Fig. 24, we present results of leakage calculations
for a few frequency channels. These curves are
shown in the D-plane and are peak normalized to
the maximum value of RI!I . In all plots, one ¯nds
no polarization leakage along the boresite. However,
there do exist signi¯cant levels o®-axis, with the
most severe case being 1100MHz with leakage
values around 0.4 of the peak copolar value. These
levels of polarization leakage are comparable to
those estimated for the CHIME telescope in Shaw
et al. (2015).

Fig. 22. Peak-normalized cross-polar beam patterns of the
proposed feed in the D-plane.

Fig. 23. Peak-normalized cross-polar beam patterns of the
proposed antenna system in the D-plane.

Fig. 24. Peak-normalized R values for three frequency chan-
nels. Solid lines show RP!I and dashed lines show RI!I . These
curves show leakage in the D-plane.
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5. Fabrication and Testing of the
Feed Antenna

After completing the design phase of the project, we
fabricated a version of the minimum systematics
feed. This feed is roughly 0:9m long and 1:2m in
diameter at its widest point. Such a large design
would not ¯t in the near-¯eld antenna testing
chamber available to us, so a 4

13 scale version was
fabricated instead. In simulations, we found no
signi¯cant performance di®erence between the 4

13
scale design and the original design.

In this section, the fabrication of this scaled
down feed is described. We also include some dis-
cussion on what would be done di®erently for the
fabrication of the full-scale feed. Lastly, we present
measurements of the feed's performance and com-
pare these results to simulations.

5.1. Fabrication of the scaled feed

A photo of the fabricated feed antenna can been
seen in Fig. 25. During the fabrication of this feed, a
0:1mm tolerance was requested on all dimensions
given. This includes the positions xi; zi of points on
the pro¯le, di®erential line pin radius apin, etc.

The ridges were cut from 1mm sheet aluminum
using a laser cutter. Such an approach may work for
the full-sized feed, where the ridges are � 1=8 00
thick. However, it may be better to use a water-jet
cutter for the full-sized feed.

The cone and di®erential line shielding were cut
from a single block of aluminum. The cone was cut

from an aluminum block rather than rolled due to
the di±culty of rolling such a thin sheet. Since
welding was not an option, the shielding for the
di®erential line was cut from the same block to
avoid having to attach the two pieces. Such di±-
culties would not be present in the fabrication of the
full-sized feed. In that case, the use of thicker alu-
minum would allow for the welding together of
pieces and easier rolling of the cone.

An additional aluminum bracket was added to
the feed in order to hold the ridges in place. This
piece is located on the back of the ridges close to the
di®erential line. It can be seen in Fig. 25. Since it is
located in the backlobe of the antenna, this piece
makes a negligible di®erence to the S11 and beam
patterns of the feed.

Another aspect to note here is the di®erent
absorber used. In the full scale version, Fair-Rite
°exible ferrite tile was intended to be used. This
material was mentioned in Sec. 3.2.5. However, data
in the frequency range of interest for the scaled
down feed could not be found. So, Eccosorb NS-
1000 was used instead. In this scaled down design, a
layer of absorber 1:2mm thick was used on the
largest ring. A 0:6mm thick layer absorber was used
on the other two rings.

5.2. Fabricating a balun

This feed was designed with a di®erential line as its
output. In order to test it, a balun was required to
transition from the di®erential line to SubMiniature
version A (SMA) connectors. This was done by
using a metal disk shown in Fig. 26. Note that this
disk has holes for each pin of the di®erential line.
The diameter of these holes is chosen to form a 50�
transmission line. SMA connectors were then placed
on the surface of the disk. The center pins of the
SMA connectors touch the pins of the di®erential

Fig. 26. A drawing of the balun used to transition to SMA.
These SMA ports then plug into the input ports of a 180


hybrid.

Fig. 25. A picture of the 4
13 scale model of the minimum sys-

tematics feed. The balun and coaxial cables are present just for
testing. In the future, an impedance matching and ampli¯cation
module would be used instead.
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line, forming a connection. These SMA connectors
are then connected to a 180
 hybrid, converting the
di®erential signal to an unbalanced one.

This simple balun works, and impacts the
beam patterns negligibly. However, it does not
provide a particularly good impedance match to the
feed. This is acceptable for now, since the main goal
was to test whether or not the CST simulations are
accurate. In the future, an impedance matching
circuit similar to HERA's FEM could be used
(Fagnoni et al., 2021).

5.3. Testing

In order to make sure our CST simulations were
accurate, the 11 of the proposed feed was measured
using a network analyzer. The beam patterns were
then measured using a StarLab Multiprobe Sys-
tem(d) located in an anechoic chamber at UW-
Madison.

The resulting S11 can be seen in Fig. 27. The
simulation and measurements here were both done
using the 4=13 scale version of the feed and
the simple balun. This S11 is reasonably close to
the simulated values, being within 1–2 dB over the
entire band. One will note that these values for
the S11 are quite high. This is due to the presence
of the simple balun in both the simulation and
the measurement, which degrades the impedance
match. This balun connects a 200� di®erential line

dManufactured by Satimo http://www.mvg-world.com/en/
products/¯eldproductfamily/antenna-measurement-2/starlab.

Fig. 29. Measurements of H-plane gains for the scaled down
feed.

Fig. 28. Measurements of E-plane gains for the scaled down
feed.

Fig. 27. Comparison of the measured S11 to the simulated S11.

Design of an Ultra-Wideband Antenna Feed and Re°ector for use in Hydrogen Intensity Mapping Interferometers

2450004-19



to a 50� coaxial line without any attempts at im-
pedance matching. These values would surely
improve if one connected the antenna to an output
better matched to the di®erential line.

Some examples of measured beam patterns can
be seen in Figs. 28 and 29. One feature to note is
that the patterns are not quite symmetric about
� ¼ 0. This is expected due to fabrication errors and
the presence of the 180
 hybrid inside the anechoic
chamber. The only feature that is somewhat con-
cerning is the poorer taper at low frequencies in the
H-plane. Having the beam patterns taper o® ade-
quately at the rim of the dish is an important fea-
ture for reducing mutual coupling. Otherwise, the
measured beams appear to be quite close to those
produced by our simulations.

6. Conclusion

In this paper, we proposed an antenna design opti-
mized for use in PUMA, a proposed HI intensity
mapping observatory. The chief performance
requirements were to achieve a smooth frequency
response, low levels of mutual coupling between
antennas in the array, and sensitivity comparable to
that of the ¯ducial PUMA antenna described in
Ansari et al. (2019).

An important performance goal was to have
the delay-space power kernel of the instrument
drop by 50 dB as quickly as possible. This goal was
set in order to minimize the leakage of Galactic
foregrounds beyond the foreground wedge. For the
proposed design, it was found that the power
kernel dropped to the �50 dB level at a delay
corresponding to kjj � 0:1 hMpc�1. This level was
set mostly by feed-dish re°ections, with the power
kernel of the feed alone dropping by 50 dB after a
delay corresponding to kjj � 0:03 hMpc�1. Reduc-
ing these re°ections would require using a shal-
lower dish or perhaps an o®-axis design. However,
these design choices would worsen delay spectrum
performance by increasing mutual coupling. Thus,
the use of a deep dish with a collar appears to
be the best option for maximizing spectral
smoothness.

The next performance goal was to minimize
mutual coupling. It is important to minimize this
coupling due to its e®ects on the delay spectrum,
redundant calibration, and the risk of introducing

correlated noise. Based on the simple model shown
in Kern et al. (2019), the goal was to keep the level
of coupling below �100 dB for the entire band. This
goal was not achieved, but signi¯cant progress was
made through optimization. The proposed antenna
has coupling at the �60 dB level at low frequencies
for closely packed antennas located in the each
other's H-plane. Moreover, �100 dB coupling
was achieved in the E-plane for frequencies
� > 600MHz.

We also sought to achieve sensitivity close to
that provided by PUMA's ¯ducial antenna para-
meters. Our proposed feed satis¯ed this goal, giving
slightly lower sensitivity at lower redshifts and
slightly higher sensitivity at higher redshifts.

The design presented here was optimized with
the systematic e®ects of HI intensity mapping
instruments in mind. This design achieved compa-
rable delay spectrum performance to the HERA
Vivaldi feed (Fagnoni et al., 2021) and provided
sensitivity comparable to the ¯ducial para-
meters provided for in PUMA telescope proposal.
The optimization process for the antenna improved
mutual coupling signi¯cantly, but the level achieved
for the lower end of the band still did not meet the
goal. It may be possible to reduce this coupling
further using calibration techniques. However, it
will likely be necessary to ¯nd a way to eliminate
this e®ect in the data analysis stage.
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Appendix A. Dimensions of the Ridges

This appendix gives dimensions of the ridges of the
full scale design. If one wishes to make the scaled
down version seen in Sec. 5, then these values can

simply be scaled by a factor of 4=13. First, note that
the ridges are made from 1=8 00 aluminum plate. For
the scaled down design, one would use 1mm alu-
minum plate instead. In Fig. 4, one can see that
the ridge pro¯le is broken into several sections.
The inner edge of the ridge is made up of a series of
nodes connected by straight lines. The locations of
these nodes are provided in the ¯rst set of values in
Table A.1.

Then, there is a circular section connecting the
inner edge of the ridge to the outer edge. This cir-
cular section has a radius of 168mm. The outer edge
is also made up of nodes connected by straight lines.
The node positions of this edge are provided in the
second set of values in Table A.1.

Lastly, a quarter circle is used for the backshort
section of the ridge. This quarter circular has a ra-
dius of 250mm.
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