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Cryogenic 2-13 GHz Eleven Feed for Reflector
Antennas in Future Wideband Radio Telescopes

Jian Yang, Senior Member, IEEE, Miroslav Pantaleev, Per-Simon Kildal, Fellow, IEEE, Benjamin Klein, Yogesh
Karandikar, Leif Helldner, Niklas Wadefalk, Christopher Beaudoin

Abstract—The system design of a cryogenic 2-13 GHz feed is
considered with emphasis on its application in future wideband
radio telescope systems. The feed is based on the so-called
Eleven antenna and the design requires careful integration of
various sub-designs in order to realize cryogenic operation. The
various sub-designs include the electrical design of the Eleven
antenna, design of the critical center puck, alternative solutions
for integrating the Eleven antenna with low noise amplifiers
(LNAs), mechanical and cryogenic design and tests, and system
noise temperature estimation and measurements. A great deal
of simulated and measured results are presented throughout
this paper, including the electrical, mechanical and cryogenic
performance, and an assessment of the system noise temperature.
The objective of this work is to present a good feed candidate that
is well-suited for VLBI2010 and SKA radio telescopes. Further
developments needed to completely fulfill the requirements for
these future wideband radio telescopes are also discussed.

Index Terms—radio telescope, reflector antenna, the Eleven
feed, wideband feed, cryogenic technology.

I. INTRODUCTION

THE future development of radio astronomy requires large
decade-bandwidth telescopes, such as 1-10 GHz pro-

posed for the mid frequency dish array of the SKA (Square
Kilometer Array) [1] and 2-14 GHz for VLBI2010 (Very Long
Baseline Interferometry 2010) [2]. These frequency bands are
quite similar to the FCC regulated Ultra-wideband (UWB) 3.1-
10.6 GHz for future short-range communications and radars
[3]. However, the requirements imposed on the radiation
performance of decade-bandwidth antennas needed to feed
future radio telescopes are much stricter than those of UWB
communication applications, so the former antennas will have
to be much more complex. Additionally, decade-bandwidth
radio telescopes must have an extremely low system noise
temperature (about 35 K), which is not the case in other UWB
applications.

VLBI2010 and mid frequency SKA radio telescopes will
be realized by single-beam reflector antennas. In the latter
case, approximately 1,200 dishes of 15m diameter are needed,
and a system noise temperature of about 35 K is required in
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order to reach a figure of merit, A/T (see definition in Section
VI), of 5000m2/K [4] (corresponding to an A/T per square
meter physical aperture size of 0.02m2/K). Achievement of
such sensitivity is a primary goal of this work. Therefore,
cryogenically-cooled LNAs are critical for both VLBI2010 and
mid-frequency SKA systems. It is also important that the feed
and its cryogenic chamber (cryostat) be sufficiently compact
in order to avoid additional blockage by these components.
Consequently, size and cryogenic cooling concerns (such as
out-gassing and thermally-induced mechanical stress) play
important roles in the design of decade-bandwidth feeds for
VLBI2010 and SKA radio telescopes.

Fig. 1. Photo of the manufactured Eleven feed, and the descrambling board
at the rear side of the ground plane (amplified, not in scale).

The Eleven antenna is a decade-bandwidth log-periodic
dual-dipole array, developed at Chalmers University of Tech-
nology (Chalmers) since 2005 [4]-[8]. Its properties as a
feed for reflector antennas have been demonstrated for radio
telescope applications - such as a nearly constant beamwidth
with about 11 dBi directivity, a fixed phase center location
(over the entire decade bandwidth), and low profile and
simple geometry. This paper is intended to present the latest
developments of a cryogenically-coolable Eleven feed system
for VLBI2010 and SKA, shown in Fig. 1, which includes the
integration and co-design with cryogenic low noise amplifiers
(LNAs).

The Eleven antenna was originally proposed by P.-S. Kildal
and presented in [5], and two hardware realizations, operating
below 2 GHz, are described in [6] and [7]. The first successful
attempt to make a high frequency model working up to 10 GHz
is described in [8], but it suffered from some mechanical and
cryogenic problems. These problems have been solved with
the model described in this paper, being functional up to 13
GHz. In addition to applications in radio telescopes, the Eleven
antenna can be applied to other areas, e.g., to produce the



MANUSCRIPT TO TAP SPECIAL ISSUE ON ANTENNAS FOR NEXT GENERATION RADIO TELESCOPES 2

Fig. 2. System configuration of the Eleven feed.

radiation patterns with nulls on axis required for mono-pulse
tracking in e.g. satellite communication terminals [9], and as
monitoring antennas in satellite communication systems. In
such applications it may also be advantageous to combine the
Eleven antenna, with a centrally located high frequency horn,
in order to reach Ka-band, see [10].

Different from the previous publications about the Eleven
antenna, this paper presents the system design of a complete
cryogenic 2-13 GHz Eleven feed system. Firstly, this effort
involved the electrical design of log-periodic radiating dipole
petals etched on a thin stiff dielectric substrate. This substrate
is used for mechanical support; previous petal designs were
entirely metal and could not be used in designs above 3
GHz. Secondly, a transition from dipoles to microstrip lines
(henceforth referred to as the center puck) was designed to
couple the four radiating dipole arrays on the front side of
the ground plane to a descrambling board on the rear side.
Also discussed in this paper are alternative integration methods
for antenna and low-noise-amplifiers (LNAs), mechanical and
cryogenic design and tests, and system noise temperature
estimation and measurements.

The main focus of this paper is to provide a high level
description of the various designs, tests, and simulations
performed to achieve optimal system performance. As such,
references are cited for the detailed description of each com-
ponent comprising the system integration. In this way, the
interested reader may obtain more detailed information, on
each system integration component.

The paper is organized as follows. In Section II, the system
configuration is described. In Section III, the four log-periodic
dipole arrays (petals) is presented along with the description
of the electric design, the definitions of different Eleven feed
models, the room and cryogenic temperature performance. In
Section IV, the descrambling and LNA-integration alternatives
are discusses in detail, including the single-ended 8 port
solution with center puck, the active balun solution, the passive
balun solution, and the packaging using lid of nails. In Section

V, we focus on mechanical and cryogenic design and testing.
In Section VI, the figure of merit and the system noise
temperature of the Eleven antenna system are analyzed with
the measured and estimated Tsys for feed pointing towards
zenith and estimated A/T of the feed in reflectors.

It should be mentioned that there are also other feed
candidates for VLBI2010 and SKA radio telescopes, such as
the quadridge horn [11] and the quasi self-complementary
antenna [12]. The main drawback of the quadridge horn as
a feed for reflectors is that its beamwidth and phase center
location vary with frequency, which leads to a low aperture
efficiency; see the comparison of the radiation performance
between the Eleven antenna and the quadridge horn in [13].
The quasi self-complementary antenna [12] is also a log-
periodic dual-dipole-like antenna, but it has a polarization that
squints with frequency and no hardware has yet been realized
above 4 GHz. The recent ultra wideband antenna in [14] is
wideband, but it is too large in terms of wavelengths to be
used as a reflector feed at SKA and VLBI2010 frequencies.

II. SYSTEM CONFIGURATION

The configuration of the complete Eleven feed receiving
antenna system is represented by the block diagram in Fig. 2,
with reference to the already mentioned photo in Fig. 1. It
consists of three parts: the four log-periodic dipole petals (i.e.,
the Eleven antenna), the center puck (combining the front and
rear sides of the ground plane), and the rear-side circuit board
(for integration of the LNAs and descrambling of the four
balanced ports of the log-periodic dipoles).

The Eleven feed can receive dual linearly polarized waves,
and, thus dual circular polarization reception is, of course,
also available by linear quadrature combination of the two
orthogonal linearly polarized ports, either by hardware, or
by software after detection. The antenna, for each linear
polarization, consists of two oppositely-located log-periodic
dipole arrays, i.e. two dipole petals. In the center of the
geometry each dipole petal is connected to a balanced twin-
lead transmission line, with a characteristic impedance of 200
ohms. The two twin-lead transmission lines of oppositely-
located petals must be combined with the same amplitudes and
phases in order to receive one linear polarization. Similarly, the
two opposing twin-lead lines, of the two remaining oppositely-
located petals, must be combined to receive the orthogonal
linear polarization.

The center puck consists of three sub-parts: first, an inner
support structure for the four dipole petals at the front side of
the ground plane; second, the four twin-lead transmission lines
that connect the antenna petals on the front side of the ground
plane to the descrambling LNA-integration circuit board on
the rear side of the ground plane; and third, a shielding
and packaging structure for the four twin-lead lines and the
descrambling board with LNAs.

For the descrambling and LNA-integration circuit board,
three alternative solutions are proposed: an 8-port solution,
an active balun solution, or a passive balun solution. The
main reason for having three such circuit board solutions
is to provide flexibility to achieve the most cost-effective
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solution for different scenarios (e.g. for antenna testing, and
adoption to the availability of single-ended or differential LNA
alternatives).

In the 8-port circuit board solution shown in Fig. 2, the
four balanced twin-lead ports are transformed to eight single-
ended coaxial ports. This enables testing of the Eleven antenna
before being integrated with the LNAs, in order to assess
the performance of the antenna itself. Additionally, the 8-port
solution offers more functions, such as, tracking performance
by properly combining ports to generate so-called mono-
pulse type ”difference” patterns with nulls in the main beam
direction of the normal ”sum” pattern [9], and it can be used
in diversity and MIMO systems [15].

Each of the four log-periodic dipole petals can be fed
using a balun which is a hardware component, or circuit,
that transforms the balanced twin-lead feed line of the dipole
to an unbalanced single-ended line, without exciting common
modes. A common mode corresponds to the excitation of equal
voltages on the two dipole arms with respect to the ground,
and significantly degrades the normal dipole radiation pattern.
The active balun solution in Fig. 2 utilizes four wideband dif-
ferential LNAs, leading to a very compact integrated solution.
Differential LNAs have balanced input ports and single-ended
outputs. In the passive balun solution in Fig. 2, four wideband
passive baluns and two wideband power combiners are used so
that the Eleven feed can be integrated with two single-ended
LNAs, one per linear polarization. The pros and cons of these
three alternatives are discussed in Section IV.

III. THE FOUR LOG-PERIODIC DIPOLE ARRAYS (PETALS)

The basic geometry of the Eleven antenna is two parallel
folded dipoles, separated by half a wavelength and located
above a ground plane. Then, the pair of folded dipoles is
extended with a log-periodic scaling factor to a number of
pairs and the corresponding folded dipoles of each pair are
cascaded one after another, to form two opposing log-periodic
dipole arrays, which are referred to as petals here. The dual
polarized Eleven antenna has four equal petals, as shown in
Fig. 1. The radiation field function of the Eleven feed is
determined by the geometry of the four petals which also has
a strong impact on the input reflection coefficient.

A. Electrical Design

The goal of the electric design of the present Eleven antenna
is to minimize the reflection coefficient at the input port of
the petals, and at the same time to retain a good radiation
performance, between 2 and 13 GHz. By avoiding a strong
reflection at the input port of the feed, the system noise
temperature is optimized as discussed in Section VI.

Analytic or quasi-analytic analysis of the radiation field
function of the Eleven antenna is only available for the basic
geometry, i.e. for one pair of folded dipoles [16] over an
infinite ground plane, which provides the optimum ranges
of the dimensions of each radiating dipole pair for the best
radiation pattern shapes. Analytic models for the impedance
of a single radiating folded dipole pair is available in [17],
which gives an insight into how the Eleven antenna works,

and in particular why the folded dipole is preferred over
a normal dipole with single-wire arms. However, analytical
impedance model for multiple cascaded folded dipoles is not
yet available. Therefore, the optimum dipole petal geometries
for low input reflection coefficient must be determined by
numerical analysis, using a general electromagnetic solver.
Unfortunately, this is very time consuming, as the size of
the whole log-periodic dipole petal geometry is very large in
terms of wavelengths at the highest frequency. Numerical op-
timization becomes almost impossible unless the log-periodic
variation is accounted for in some way, to reduce computation
time. Therefore, a special computational approach for log-
periodic geometries was developed [18], referred to as the
partial array method.

The above-mentioned partial array method can be used
to predict the reflection coefficient of a complete large log-
periodic array (with a large number of elements) from the S
parameters of a sub-component of the log-periodic pattern as
described in detail in [18]. With this technique, the compu-
tation time is considerably reduced, and thereby allows for
extensive optimizations. In the present design we applied the
partial array method and genetic algorithm to optimize the
dimensions of the dipole petals, which provides the lowest
reflection coefficient for a linearly polarized Eleven antenna.
This means that we analyze only two opposing dipole petals,
with both being correctly excited (equal amplitude and phase),
and we choose the allowed dimensions within ranges that give
the best radiation field functions. The radiation performance
of the feed is judged by the values of the feed efficiency, i.e.
the aperture efficiency of blockage-free prime focus reflector
with certain subtended angle, as seen from the focal point.
The resulting reflection coefficient of the optimized linearly-
polarized Eleven antenna, as simulated by CST Microwave
Studio [19], is below -9.4 dB over 2 - 13 GHz - when referred
to an input balanced port impedance of 200 ohm [18] on both
dipole petals. This 200 ohm balanced input port impedance
appears to be intrinsic to the Eleven antenna. The complete
dual polarized 2-13 GHz Eleven antenna which includes 14
purely log-periodic dipoles per petal, is obtained by adding two
more dipole petals, located in the orthogonal azimuth plane
relative to the first two petals, and otherwise being identical
to them. For details, please refer to [18]. It is worth pointing
out here that the innermost shortest dipole, resonates at 17.3
GHz, and the outermost longest dipole at 1 GHz, which means
that the frequency span between the longest and the shortest
dipoles is much larger than the operating frequency band of
the array.

B. Definitions of Different Eleven Feed Models

We refer to the above numerically optimized dual-polarized
model of the Eleven antenna as the ”design model”. From ini-
tial simulations and measurements of the design model, it was
found that at the higher end of the frequency band, the input
reflection coefficient degraded to -6 dB when the orthogonal
dipole petals and the center puck is included. Therefore, we
performed a small manual tuning of the dimensions of the
design model with the help of simulations, which resulted in
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reflection coefficient below -10 dB over the whole frequency
band (2 - 14 GHz). We refer to this model as the ”tuned
design model”. Four 2 - 14 GHz Eleven feeds based on the
present design model have been manufactured, and they have
been tested at various laboratories. The first was ordered by
Norwegian Mapping Authority ”Statkart” [20] and is therefore
referred to as the Statkart model. This had dimensions that
were identical to those of the design model. The remaining
three models were tuned design models: one (the second)
ordered by and delivered to Vertex Antennentechnik GmbH
[21] referred to as the Vertex model, a third cryogenic testing
model intended for cryogenic testing at Chalmers, and a forth
spare model. There are some minor mechanical differences
between the different models, and therefore we refer to them
by different names for quality control.

C. Room Temperature Performance
All simulated and measured results shown in this section

are for the full dual polarized geometry of the Eleven feed,
including four antenna petals, the center puck, and the 8-port
circuit board, all shown in Fig. 1. SMA coaxial connectors are
used at all eight circuit board ports.

Fig. 3 shows the simulated and measured reflection coeffi-
cients of the Statkart and Vertex models. The Statkart model
was measured at Caltech (California Institute of Technology)
[22], and the Vertex model at OSO (Onsala Space Obser-
vatory) [23], both by using a 4-port VNA (vector network
analyzer). The plotted reflection coefficient Γ is obtained from
the measured 4-port S parameters of the feed by using [9]

Γ = S11 − S12 + S13 − S14. (1)

which corresponds to using an ideal feeding network consist-
ing of two ideal 180∘ hybrids (baluns) and one ideal 3-dB
power combiner, as shown in Fig. 3(c). The simulated results
are, for both models, obtained by using CST Microwave Studio
on the complete geometry of the model - including center puck
and rear 8-port circuit board. It is observed that the reflection
coefficients of the Statkart model, in Fig. 3(a), are below -10
dB at most frequency points between 2 and 10 GHz, whereas
it degrades to -6 dB between 10 and 14 GHz. Fig. 3(b) shows
that the measured reflection coefficients of the Vertex model
are below -10 dB over the whole band for both polarizations.
The agreements between the simulated and measured results
are quite good in both cases, even though the detailed behavior
of the two reflection coefficients deviate below -10 dB. The
reflection coefficient of the present Eleven feed has therefore
been improved by 2 dB below 10 GHz and up to 6 dB above
10 GHz compared to the previous Eleven feed documented in
[8].

Note that the mechanical tolerances have some impact on
the reflection coefficient performance of the feed, which can
be seen from the difference between the reflection coefficients
of the two polarizations in Fig. 3(b). Simulations using CST
Microwave Studio shows that a 0.05 mm manufacturing error
in the width of the first folded dipoles has significant effect
on the reflection coefficient at high frequencies. Therefore,
we will try to improve the manufacture tolerances on future
models.
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Fig. 3. Simulated and measured reflection coefficients of the a) Statkart and
b) Vertex models of the Eleven feed. The results corresponds to what can be
observed on the power-combined port of c) the ideal feed network.

The Eleven antenna satisfies the condition for constant
radiation characteristics of a log-periodic array, as stated in
[24], except for the thin dielectric substrate that is not scaled
log-periodically and therefore will cause some degradation at
high frequencies. This is reduced, to some degree, by milling
the substrate down, as much as possible, in the central region.
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Fig. 4. Aperture efficiency and its subefficiencies when the Vertex model
illuminates a paraboloid. Center blockage is neglected. Results are based on
a) computed and b) measured complex far fields.

Therefore, good performance over the whole 2 - 14 GHz
bandwidth is expected except for some degradation at the high
frequencies.

The complex far-field functions Gµ(µ, ') and G'(µ, ') of
the Eleven feed were measured in the spherical near-field
test range at DTU (Technical University of Denmark). The
angular range covered 0∘ to 180∘ for the polar µ value and
0∘ to 360∘ for the azimuth ' value, both with intervals of 1∘,
where the polar and azimuth angles are defined in a coordinate
system with z-axis located vertically to the ground plane and
at the central point between all dipole petals. Three models
were measured (the Vertex model, the cryogenic test model
and the spare model), and we could not see any significant
differences between the results. Thus the radiation field of the
Eleven feed is less sensitive to mechanical tolerances than the
reflection coefficient is. Therefore, we present the radiation
patterns and efficiencies only for one model in this paper (the
Vertex model).

Fig. 4 shows the total aperture efficiency and its subef-

ficiencies, as defined in [25] and [26], when the feed illu-
minates a symmetrical paraboloid in which center blockage
loss is neglected. The efficiencies are computed both from
simulated radiation field functions (Fig. 4(a)) and measured
ones (Fig. 4(b)). In both cases the paraboloid has a subtended
half angle of 60 ∘, corresponding to an F/D = 0.433. The
subefficiencies are discussed below.

The radiation field patterns are plotted in Fig. 5. The BOR1

radiation patterns in Fig. 5(b) are obtained by removing all '-
terms of higher order than order n = 1 from the total radiation
field function, as defined in [26]. These higher order terms
result in a power loss in the BOR1 efficiency.

The BOR1 efficiency eBOR1 is the ratio of power in the
n = 1 terms of the Fourier '-series of the far field function
of the antenna to the total power radiated by the antenna. It is
well known that only the n = 1 term contributes to the axial
radiation field (i.e. gain) of a rotationally symmetric reflector
antenna, and that the higher order ' terms represent a power
loss to the sidelobes [26][27]. From Fig. 4, it can be observed
that the BOR1 efficiency is higher than -1dB from 2.5 to 10
GHz, higher than -1.5 dB in the ranges 2-2.5 GHz and 10 -
13 GHz, but drops to -3 dB at 14 GHz. Therefore, from 2.0
to 13 GHz, the BOR1 efficiency is good.

A study is currently being carried out to solve the problem
of the reduction of the BOR1 efficiency above 10 GHz. Some
preliminary results indicate that the reason is surface waves
in the dielectric support of the dipole petals, and that these
surface waves are excited at the point where the vertical twin-
lead lines through the ground plane, are connected to the
dipole petals [28].

The polarization efficiency, representing power lost to cross-
polar sidelobes, is high (epol > −0.2 dB), as well as the phase
efficiency ( eÁ > −0.1 dB). The latter represents the gain
reduction due to phase errors over the reflector aperture. The
high phase efficiency is achieved because the phase center of
the Eleven antenna is located almost exactly at the ground
plane, over the whole frequency band. The phase efficiency is
computed for the case when the feed is located in such way
that the focal point of the paraboloid coincides with the center
of the ground plane. The illumination efficiency eill is about
-1 dB at all frequencies. The frequency variations of eill are
small due to the almost constant beamwidth of the radiation
pattern over the whole frequency band 2 - 13 GHz. This is
seen in Fig. 5 which shows the measured co- and cross-polar
radiation patterns and their BOR1 components in the ' = 45∘

plane.
The constant beamwidth feature leads also a high spillover

efficiency esp over the whole band. It should be emphasized
here that the constant beamwidth and the constant phase center
location over a decade bandwidth or more are two unique
features of the Eleven antenna, which has not been found in
other UWB antennas. Therefore, the total aperture efficiency
is also high, i.e. higher than -3 dB (50%) over 2 - 13 GHz.

The simulated and measured directivities over 2 - 14 GHz
are shown in Fig. 6. The agreement between the simulated
and measured values is within 1.5 dB between 2.3 and 14
GHz, which is good, in particular because the variations
with frequency are very similar except below 2.3 GHz. The
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Fig. 5. Measured co(solid)- and cross(dashed)-polar radiation patterns at 15
frequencies in ' = 45∘ plane of the Vertex model. The upper graph shows
the patterns of the total radiation field, and the lower graph of the BOR1

components of the field.

difference at low frequency is probably due to the fact that the
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Fig. 7. Radiation efficiency of the cryogenic test model of the Eleven
feed measured both in the spherical near-field test range at DTU and in
the reverberation chamber at Chalmers, and computed using CST Microwave
Studio.

surrounding mechanical support structure of the dipole petals
was not modeled in detail in the far field computations.

It is also critical for feeds used in radio telescopes to
have high radiation efficiency erad, which measures the ohmic
losses of an antenna. The total radiation efficiency etot.rad is
the radiation efficiency multiplied with the mismatch factor,
i.e. etot.rad = erad(1 − ∣Γ∣2). Both erad and etot.rad of the
Eleven feed have been measured over 2 - 8 GHz by two
methods: the spherical near-field method at DTU and the
reverberation chamber method at Chalmers [29]. The reason
for the measured frequency range of only 2 - 8 GHz is the
present limitations of both methods above 8 GHz. However,
we have computed the radiation efficiency over the whole
frequency range by numerical simulations in CST Microwave
Studio. Fig. 7 shows the measured and computed data. From
the figure, it is concluded that the radiation efficiency (ohmic
loss) of the Eleven feed is between -0.1 dB and -0.4 dB over
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2 - 8 GHz, and we believe that the radiation efficiency is
between -0.4 and -0.5 dB up to 14 GHz. The reason that the
radiation efficiency of the Eleven antenna does not degrade
with increasing frequency is that the path length between the
LNAs and the radiating folded dipoles is much shorter at high
frequency than at low frequencies.

D. Cryogenic Performance

A very important aspect in design of a cryogenic feed is to
assess the performance of the feed when it is cooled down to
cryogenic temperature. Fig. 8 shows the simulated geometrical
deformation of the Eleven feed when it is cooled down to 20
K, by using the software ANSYS [30]. From the simulation, it
can be observed that the maximum deformation of the petals
is about 0.3mm at the outer part of the petals, and 0.1 mm at
the center.

The Eleven feed with integrated LNAs was housed in a
test cryostat, as shown in Fig. 9 and described in Section
V. Reflection coefficient of the cryogenic test model of the
Eleven feed was measured with the feed located inside this
cryostat under cryogenic conditions. Three measured cases are
compared in Fig. 10: the feed located outside the cryostat
at room temperature, the feed inside the cryostat at room
temperature, and the feed inside the cryostat at a cryogenic
temperature of 48 K. From the measured data it can be
concluded that the impedance matching of the Eleven feed is
mostly unaffected by the cryostat walls surrounding the feed
and the cryogenic temperatures.

At present we cannot directly measure the radiation per-
formance at cryogenic temperature due to limited resources.
However, from our experience, the radiation performance
is less sensitive to small deformations than the reflection
coefficient is. The measured reflection coefficients in Fig. 10
therefore can be used as an indicator that the radiation perfor-
mance will not change much when the feed is at cryogenic
temperature. Some numerical studies of the effect of the
cryostat walls and window on the radiation pattern have been
done, and they do not indicate any problems either. The reason
for the minor influence of the cryostat is that the three outer
dipoles of the Eleven feed structure that are closest to the wall
of the cryostat do not radiate above 2 GHz. They are only
used to properly terminate the log-periodic structure so that
the radiation impedance is the same over the whole operational
frequency band 2-13 GHz.

IV. DESCRAMBLING AND LNA-INTEGRATION
ALTERNATIVES

The dual-polarized Eleven feed has four log-periodic dipole
array petals, each one with its own balanced 200 ohm port.
In the previous low frequency models of the Eleven antenna
[6][7], oppositely-located dipole petals were made of one
metal piece, bent at two places to form two tilted petals joined
together at the center, and thereafter mounted on the front side
of the ground plane with a thin dielectric spacer to the center
of the ground plane. The two orthogonal petals were made in
the same way and mounted in a similar way on top of the
central part of the metal piece of the first two petals with a

Fig. 8. Simulated geometrical deformations of the Eleven feed when it is at
the cryogenic temperature of 20 K.

Fig. 9. Three photos of cryostat designed to house Eleven feed with integrated
LNAs. Interior of cryostat in vertical position showing how Eleven feed is
located (right). Complete cryostat in horizontal position (left) showing also
the 0.35 mm thick Mylar window through which the Eleven feed ”radiates”
(upper left), and setup for measuring reflection coefficient of Eleven feed in
cryostat (lower left).

dielectric spacer between them. However, this approach does
not work well at high frequency [8], and the center puck was
developed to solve this problem.

The center puck consists of four twin lead lines which guide
the signal received by the antenna from the petals to the rear
side of the ground plane. Each of the twin leads is coupled
directly to the descrambler board (right pane of Fig. 1) where
the ports are appropriately combined i.e. the descrambling
and integration with the LNAs. The descrambling and LNA
integration scheme therefore can be changed without discon-
necting the dipole petals from the center puck.

Three descrambling and LNA integration schemes proposed
here provide flexibility for different scenarios (test purpose,
types of LNAs and other conditions), which are discussed in
detail below.
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Fig. 10. Measured reflection coefficients of the cryogenic test model of the
Eleven feed.

Fig. 11. Block diagram of descrambling using single-ended 8-port solution
with commercial wideband 180∘ hybrid and 3 dB power combiner. This is
mainly intended for testing purpose with eight coaxial ports, but can include
single-ended LNAs connected to each port as illustrated. TDS is a transition
from balanced twin-lead line to single-ended line.

A. Single-ended 8-port Solution with Center Puck

The single-ended 8-port solution with single-ended 50 ohm
LNAs as a complete Eleven feed system is shown schemati-
cally in Fig. 11. It consists of a rear circuit board with eight
coaxial ports and separate coaxial 180∘ hybrids and power
combiners. Commercially available wideband 180∘ hybrids
are lossy, and therefore should be preceded by the LNAs in
order to avoid an unacceptable increase in the system noise
temperature. This scheme is mainly intended for test purposes.
For such tests, it is used without the LNAs in all the Eleven
feed models described in Section III, and with 4 single-ended
50 ohm LNAs in the single-polarization noise measurements
reported in Section VI. The dashed box around the LNAs in
Fig. 11 indicates that they can be left out. Additionally, the
eight ports can be combined in other ways for other purposes,
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Fig. 12. Drawings of center puck and 8-port circuit board, and computed S-
parameters. In the left drawing the geometry is shown with the ground plane
removed. The right three drawings show different cuts and projections of the
center puck: a vertical section of part of center puck (upper left), top view of
center puck (upper right), and bottom view of connection to microstrip lines
on the descrambling board.

such as tracking beams [9] in terminals and as monitoring
antennas in satellite communication systems. This solution
thus provides the most flexibility.

The center puck and 8-port circuit board are shown in
Fig. 12, where there are four vertical twin-lead lines, each
one made of two silver-plated steel needles. Each needle
is soldered at one end to each of the metal strips feeding
the log-periodic dipole arrays above the ground plane, and
at the other end to a corresponding microstrip line on the
descrambling board. The latter forms four pairs of coupled
microstrip lines with 200 ohm odd mode impedance equal to
the differential impedance of the two-strip lines feeding the
dipoles on the front side of the ground plane. The dimensions
of the parallel steel needle lines (separation, needle diameter
and ground plane hole diameter) as well as the coupled line
dimensions (separation and strip width) are matched such
that parallel wires get soldered at the center of strips, and
simultaneously give a 200 ohm characteristic impedance. The
coupled microstrip lines are gradually separated by linear
tapering, so as to get two separate uncoupled out-of-phase
microstrip lines. The complete layout of the descrambling
board and the simulated S-parameters are shown in Fig. 12.
In the figure, port 1 is defined as the balanced port of one
of the log-periodic dipole arrays, and port 2 is one of the
corresponding 50 ohm microstrip ports on the 8-port circuit
board. Since power is divided equally between the two 50
ports, S21 is ideally -3dB. There is a reduction due to the
mismatch factor as shown by the dashed line in Fig. 12. The
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Fig. 13. Descrambling using four active baluns, i.e. differential LNAs with
single-ended outputs.

Fig. 14. The active cryogenic balun developed at Caltech mounted in module.
Differential input (200 ohms) at right and coaxial output (50 ohms) at left.

S21 in the figure is even lower than the mismatch factor, by
an amount that increases with frequency. This indicates ohmic
and radiation losses, and in this case turns out mainly to be
radiation losses [28]. Thus, the present center puck suffers
from radiation losses above 10 GHz. A solution to this problem
was proposed in [28] by shielding the twin-lead lines, when
they come through the ground plane on the front side, i.e. when
they come through the center puck and connect to the dipole
petals. This center puck radiation may also be the reason
for the reduced BOR1 efficiency observed above 10 GHz as
explained in Section III. Other recent work on matching the
rear circuit board was discussed in [31].

B. Active Balun Solution

The active balun descrambling solution is shown in Fig. 13.
The cryogenic wideband differential LNA shown in Fig. 14 has
been developed at Caltech based on an InP MMIC, and can be
used as the active balun. There also exists a room temperature
LNA on InP HEMT MMIC, developed at Chalmers, with a
very similar mechanical lay-out that will be prepared for use
and could be an option, even at cryogenic temperatures. The
input port of the differential LNA is a coupled microstrip line
with an odd mode characteristic impedance of 200 ohm, which
is matched to the differential twin-lead lines used in the center
puck. The output port of the differential LNA is a coaxial
cable with a characteristic impedance of 50 ohm. After the
four active baluns, two wideband power combiners (or hybrids,
depending on the geometry of the LNAs) are used to form the
outputs for dual linear polarizations.

Fig. 15. Descrambling using four passive baluns and single-ended LNAs.

The major advantages of this descrambling solution are the
following. First, the ohmic loss between the dipole petals and
the LNAs is minimized, due to the direct integration of the
Eleven antenna with the LNAs via the center puck. Second,
the performance of the wideband power combiner (or hybrid)
is not so critical as it is after the LNAs. Third, the solution is
very compact in size.

There is ongoing work to develop low loss wideband
power combiners at Chalmers [35]. We have seen reflection
coefficients below -12 dB over the entire frequency range of
2 - 14 GHz, which is certainly acceptable.

The major challenges for this solution are the following two:
the two differential LNAs of each polarization must be iden-
tical, and the common mode noise level must be suppressed.
The first requirement assures good radiation performance of
the feed, and reduces the common mode excitation. The
second requirement assures that if the common mode of the
feed is excited, the system noise temperature does not increase
much.

C. Passive Balun Solution

Fig. 15 shows the block diagram of a passive balun descram-
bling solution. Four wideband baluns are connected directly to
the four twin-lead lines. One wideband power combiner and
a wideband cryogenic single-ended LNA are used to generate
the single output port for each polarization.

Compact, low-loss and cryogenic coolable baluns with 2 -
14 GHz bandwidth, or similar, are not commercially available.
Many ultra-wideband baluns have been reported in the liter-
ature, such as multiple-stage balun in [32], and microstrip-
to-CPS transition in [33] and [34]. However, the multiple-
stage balun in [32] is bulky, and the UWB baluns in [33]-
[34] have insertion losses of around 1 dB at 13 GHz and high
common mode level, which are unacceptable for this work.
Other published baluns do not fit to our requirements of being
integrated in a shielded package.

Therefore, we have a project at Chalmers to investigate the
possibility of designing a compact, low-loss and cryogenic
coolable balun. So far we have achieved a very compact balun
with a simulated reflection coefficient below -10 dB from 3
to 13.5 GHz and the insertion loss of 0.5 dB, see [35] and
[36]. This corresponds to a relative bandwidth of 4.5:1, and
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work is ongoing to achieve the same 7:1 bandwidth as for the
radiating dipoles, and to package them in a shielded enclosure.

This solution has several advantages. First, only two single-
ended LNAs are needed per polarization, and not required to
be identical. Second, the above-mentioned wideband passive
balun has 20 dB common mode suppression, due to its sym-
metrical geometry [35]. Third, the LNAs can be disconnected
from the descrambling board without changing the convenient
50 ohm port impedance. The antenna itself can, thereby be
tested very easily without LNAs.

On the other hand, compared to the active balun de-
scrambling, the ohmic losses and mismatch factor of the
passive baluns and the power combiners will increase the
noise temperature of the system. At cryogenic temperature, the
mismatch loss is the larger of the two, therefore improvement
of the reflection coefficients of the passive balun, and power
divider over 2 - 14 GHz, is emphasized in further research.
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Fig. 16. Measured reflection coefficient of the Vertex model Eleven feed
with the metal lid and the lid of nails for the 8-port circuit board solution.

D. Packaging Using Lid of Nails

The packaging is an important issue in the design of the
descrambling circuits, with or without integrated LNAs. Due
to the nearly decade bandwidth of the operating frequency,
cavity modes are present in normal metal box packages, which
destroy the performance. A new packaging technology, a lid-
of-nail packaging, has been developed at Chalmers, and has
been applied in a design of the 8-port circuit board used in
the Eleven feed models described in Section III and shown in
Fig. 1 and Fig. 12. The cavity modes can be suppressed by
using this lid of nails, i.e. a metal box with a metal lid having
metal pins or nails in it, as proposed in [37]. The suppression
technique is based on the concept of gap waveguides [38],
where stopbands are generated in the gap between parallel
metal plates by providing one of the plates with a high surface
impedance (the nail surface).

The lid of nails for the descrambling board is shown later
in Fig. 18. Fig. 16 shows the measured reflection coefficients
of the Vertex model of the Eleven feed according to (1), both

when the descrambling board is packaged with a smooth metal
lid and a lid of nails. We see clearly how cavity resonances at
5.5 GHz, 8.9 GHz, 12.3 GHz and 13.2 GHz are removed by
the lid of nails.

Fig. 17. Steady state analysis of the thermal distribution along the feed with
head load of 20W/m2. The temperature difference between cold blue parts
(−253 ∘C) and hot red spots (−249 ∘C) is about 4K.

Fig. 18. CAD drawings of the center region with a specially shaped “center
puck” milled from TMM3 serving as support for the petals and guide for the
four twin needle lines, and of the rear side of the ground plane with the 8-port
rear circuit board and the lid of nails.

V. MECHANICAL AND CRYOGENIC DESIGN AND TESTING

The cryostat integration of the previous 1-10 GHz Eleven
feed, which was manufactured on a Pyralux AP film (Kevlar)
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Fig. 19. Integration of the Eleven feed in cryostat for low noise receiver
application.

and supported by Rohacell foam [8], showed a number of
problems: deformation of the thin metal foil which forms
folded dipoles, difficulty cooling the antenna due to the
big volume of the foam support, unstable and problematic
interface of the antenna to the center puck and the circuit
board underneath the ground plane in terms of both the elec-
trical and mechanical performance. The main objective of the
mechanical and cryogenic design of the present Eleven feed
was therefore to develop a mechanically stable construction
that allows the petals of the Eleven antenna to be cooled down
to cryogenic temperatures, without significant deformation of
the geometry.

Therefore, we chose to use a microstrip laminated circuit
board with good thermal performance. The main factors
considered when selecting the dielectric substrate were low
permittivity, thermal expansion coefficient (to match that of
copper), and minimal deformation when cooled down to
cryogenic temperatures. After a few preliminary tests, the
TMM3 material from Rogers [39] was chosen. A compromise
between the thickness of the dielectric material and the copper
is also required. Extensive cryogenic simulations of different
geometries show that a dielectric thickness of 0.76mm and
copper cladding of 70um are suitable to provide cooling of
the feed and still maintain excellent mechanical stiffness.

Fig. 17 shows the simulated temperature distribution along
the surface of the petal generated through a steady-state
thermal analysis by using the 3D solver - ANSYS [30]. In
this analysis, the last dipole and the area next to the twin lead
line are terminated at 20K.

Fig. 18 shows the final CAD drawings of the center puck
region and the integration of the descrambling board with the
lid of nails.

The cryostat developed to conduct measurements of the
system noise temperature has already been shown in Fig. 9.
Fig. 19 shows a cross section of its interior, and how the Eleven
antenna is integrated.

VI. FIGURE OF MERIT AND SYSTEM NOISE
TEMPERATURE

Commonly, the achievable SNR (signal to noise ratio)
performance of a radio telescope can be expressed by a single
figure of merit A/T . In the present estimation, we normalize
A/T to an antenna area of one square meter physical reflector
aperture, in order to get a comparative performance measure
independent of antenna size. This can then be expressed as

(A/T )/m2 =
A/T

Apℎ
=

Apℎ ⋅ eant/(T ⋅Apℎ)

Apℎ
=

eant
TSY S

eant = eaperad

(2)

where Apℎ is the aperture area of the antenna, eant the antenna
efficiency, TSY S the total system noise temperature, eap the
aperture efficiency of the reflector, and erad the radiation
efficiency of the feed due to ohmic losses, excluding the
mismatch factor. The mismatch factor is omitted, because
it is of the convention to include it in the TSY S quantity
instead, being consistent with the noise model block diagram
in Fig. 20(a) [40]. In this way, the A/T ratio will be the same,
independent of where it is evaluated in the receiver chain. The
model assumes that the LNA input impedance is 50 ohms.

The applied system noise model uses the equivalent system
representation in Fig. 20a (for one polarization), obtained from
[40], according to which the 4-port Eleven feed is replaced
by an equivalent single port antenna and the multi-channel
receiver including 2 differential LNAs (or 4 single-ended
LNAs and two 180 deg hybrids) is replaced by one equivalent
LNA. The 4 loads and the power combiner represent a
’passive beamforming network’. This simplification is allowed
provided the LNAs (and 180 deg hybrids) are identical and
have high enough gain to remove the noise contributions from
the power combiner (and 180 deg hybrids). It is also assumed
that no noise is coupled from the loads on the ports of the
orthogonal polarization. The measured results to be presented
in Section VI-C indicate that the assumptions are valid.

The reference plane for the system noise temperature model
is shown in Fig. 20(a). The reference plane is considered to be
located at the input port of the LNA, however, the impedance
mismatch between the feed and LNA is included as a separate
box between the LNA and the reference plane. The reason for
this separation is that this mismatch causes a change in both
the noise temperature and power gain of the LNA, and thus
belongs as a block between the LNA and the reference plane,
according to the convention described above.

The overall system noise temperature, TSY S , can now be
expressed according to Fig. 20(a) as:

TSY S = Texterad + Toℎmic + LLNA

Toℎmic = (1− erad)TPℎFeed

(3)

where Text is the noise contribution due to external noise
sources (ground and sky), TPℎFeed the physical temperature
of the feed, Toℎmic the noise contribution due to the ohmic
losses in the system in front of the LNAs, and TLNA the LNA
noise temperature. The power gain of the LNA is assumed to
be so large that the noise due to the physical temperature of
the power combiners behind the LNA can be ignored. The
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(a)

(b) (c)

(d)

Fig. 20. Illustrations of noise models and test scenarios. a) Block diagram
representing the A/T and noise models with reference plane. b) Configuration
of LNAs and power combiner network for single polarization noise temper-
ature tests. c) Sketch showing feed pointing upwards for evaluating antenna
noise temperature under test conditions. d) Sketch showing feed pointing
downwards towards reflector for evaluating noise temperature during operation
in radio telescope.

LNAs used for the noise temperature tests possess a gain of
more than 30 dB between 2 and 12 GHz, see Section VI-B.

In the rest of this section, we will explain how the noise
temperature of the cryogenic Eleven feed system can be
estimated with an 8-port circuit board and single-ended LNAs.

A. Antenna Noise Temperature

Fig. 20(c) and Fig. 20(d) show the two geometrical scenarios
used for the noise temperature analysis; one in which the
feed looks at zenith, and the another in which the feed is
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located inside a reflector which points towards zenith. The
first scenario is valid for the noise tests described in Section
VI-C. The second scenario represents the configuration of the
radio telescope used to predict the A/T in Section VI-D.
The second scenario represents a worst case noise temperature
performance because spillover from the feed is intercepted by
the 290 K ground plane when the main beam of the telescope
points towards zenith.

The external noise temperature contribution Text seen by
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Fig. 24. Measured and predicted system noise temperatures when the
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measurements were done at Haystack Observatory. The different contributions
to Tsys in (3) are also shown.

the antenna is defined by [41]

Text =∫∫
4¼

Tbg(µf )[∣GCO(µf , 'f )∣2 + ∣GXP (µf , 'f )∣2] sin µfdµfd'f

∫∫
4¼

[∣GCO(µf , 'f )∣2 + ∣GXP (µf , 'f )∣2] sin µfdµfd'f

(4)

where the integration is chosen over the copolar GCO(µf , 'f )
and crosspolar GXP (µf , 'f ) radiation field functions of the
feed, and Tbg a combination of the ground temperature Tg

and the sky brightness temperature Tb. We separate Text in
two contributions in order to study the relative importance of
the sky (i.e. Tb) and ground noise (Tg), according to

Text = TSky + TGround. (5)

These are then computed by separating the integral in (4) into
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Fig. 25. Estimated system noise temperatures (upper graph) and A/T per
m2 (lower graph) of Eleven feed with 4 single-ended LNAs, when located in
cryostat and cooled to 30 K, and feeding a paraboloid with semi-subtended
angles of 60∘ and 73∘, respectively.

the Tb and Tg contributions as

Tbg(µf ) =

{
Tb(µf ), 0 ≤ µf ≤ ¼/2
Tg(µf ), ¼/2 ≤ µf ≤ ¼

(6)

for the scenario in Fig. 20(c) and

Tbg(µf ) =

⎧
⎨
⎩

Tb(zenitℎ), 0 ≤ µf ≤ µ0
Tg(µf ), µ0 ≤ µf ≤ ¼/2
Tb(µf ), ¼/2 ≤ µf ≤ ¼

(7)

for the scenario in Fig. 20(d), where Tb(zenitℎ) is Tb in the
vertical direction (at zenith). The angle µ0 is the subtended
half angle of the reflector, as seen in Fig. 20(d).

In the operating frequency range of the Eleven feed, it is
possible to use the atmospheric noise models published in [42]
and [43], which fully describes the atmospheric brightness
as a function of frequency and elevation angle. The ground
contribution can be considered constant and equal to 290
K by convention, thereby assuming that the ground is an
absorbing object with reflection coefficient zero. Using these
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models, we have computed the antenna noise temperatures
TSky and TGround for the two scenarios shown in Fig. 20(c)
and Fig. 20(d), and plot the results in Fig. 21. We see
that the ground noise is large below 2.7 GHz and above
10 GHz. Further studies show that the poor low frequency
performance is due to the widening of the beam and low
BOR1 efficiency below 2.7 GHz. This is caused by the vertical
support walls of the dipole petals and the finite size of the
ground plane. Increased back radiation and spillover causes
also the increased noise level above 10 GHz. The values of
the BOR1 efficiency and spillover are good indicator of the
degradation of the antenna noise temperature, being low both
below 2.7 GHz and above 10 GHz.

The noise contribution due to ohmic losses amounts to 7
K per 0.1 dB in room temperature, but it is a factor of 10
smaller when the feed is cooled down to 30 K. Therefore, the
noise contribution due to the radiation efficiency erad (shown
in Fig. 24) will be a maximum of 3 K.

B. LNA Noise Temperature

The LNA noise temperature can be calculated from the
common expression [44]:

TLNA = Tmin + 4NT0
∣Γant − Γopt∣2

(1− ∣Γant∣2)(1− ∣Γopt∣2) (8)

where Γant is the antenna reflection coefficient seen at the
reference point (due to the impedance mismatch), and Tmin,
N , and Γopt are the LNA noise parameters as defined e.g. in
[44]. T0 is the standard temperature of 290 K. From (7), it is
clear that the minimum noise temperature is achieved when
Γant = Γopt , where Γopt is the optimal antenna (i.e. source)
reflection coefficient at which the LNA noise temperature has
its minimum Tmin. The factor N determines how sensitive
the noise temperature is to deviations from this optimum noise
match.

The present tests were done with 4 single-ended 50 ohm
cryogenic InP HEMT LNAs developed at California Institute
of Technology (Caltech), based on the design in [45] with
specifications given in [46]. The frequency band is 2-12 GHz
over which the gain is 32 ± 2 dB, and the average noise
temperature, when cooled to 11 K, is 6 K. The noise sensitivity
constant N varies between 0.001 and 0.01 from 1 to 20 GHz,
and Tmin between 1 K and 4 K (see Fig. 23). The minimum
noise reflection coefficient Γopt is plotted together with the
antenna reflection coefficient Γant in Fig. 22 over a reduced
frequency range (4-8 GHz) for clarity, both being normalized
to a characteristic impedance of 50 ohm. From the figure, it can
be concluded that the impedance noise match (Γant = Γopt)
between the Eleven antenna and LNA cannot be achieved
except at specific frequency points, because the impedance
of the Eleven feed varies with frequency at a much higher
rate compared to that of the LNA, and, the Eleven feed acts
inductively, while the LNA acts capacitively, so that they rotate
in opposite directions in the smith chart, as shown in Fig. 22.

The rotations of Γopt and Γant over the frequency band
in opposite directions in the Smith chart cause TLNA to
vary periodically between minimum value given from (7)

using ∣Γant − Γopt∣ ≥ ∣∣Γant∣ − ∣Γopt∣∣ and maximum using
∣Γant−Γopt∣ ≤ ∣Γant∣+ ∣Γopt∣. It is not possible to predict the
detailed variations in TLNA, due to the uncertainty associated
with predicting and measuring Γopt, Γant and N . For example,
the Γant and the radiation efficiency erad were measured
in free space instead of in the cryostat, so that the window
and walls of the cryostat are not accounted for. However, the
predicted maximum and minimum values, according to

TLNAmin = Tmin + 4NT0
(∣Γant∣ − ∣Γopt∣)2

(1− ∣Γant∣2)(1− ∣Γopt∣2)
TLNAmax = Tmin + 4NT0

(∣Γant∣+ ∣Γopt∣)2
(1− ∣Γant∣2)(1− ∣Γopt∣2) ,

(9)

will give envelopes within which the actual noise temperature
variation is much less sensitive to uncertainties. Therefore, the
maximum and minimum TLNA values are plotted in Fig. 23
for the above-mentioned single-ended Caltech LNAs. Also
shown in Fig. 23 are the predicted TLNA values for the
cases when the LNA input port is terminated with measured
antenna impedance Zant and with an ideal 50 ohm load. The
latter case corresponds to matching the Eleven antenna input
impedance perfectly to 50 ohms. Based on the results shown
in Fig. 23, we see that over most of the band below 8 GHz
there is no significant enhancement in the noise performance
by improving the Eleven antenna’s input impedance match to
50 ohms. A major contributor to the uncertainty is that the
measured LNA noise parameters do not include the effect of
the coaxial connector.

C. Measured and Estimated Tsys for Feed Pointing towards
Zenith

System Y-factor noise measurements were performed at
MIT Haystack observatory by using 4 single-ended 50 ohm
InP HEMT LNAs from Caltech, connected to the 4 feed
ports of one polarization of the Statkart model as shown
in Fig. 20(b). The 4 ports of the other polarization were
terminated with 50 ohm loads. This means that each of the
2 differential LNAs in Fig. 20 b, c and d were replaced by
two single-ended LNAs and a 180 deg hybrid. The noise model
is still valid under the conditions and assumptions explained
in the second paragraph of Section VI. The outputs of the 4
LNAs were connected to 180∘ hybrids and power combiners
as shown in Fig. 20(b). The results of the measurements
and predictions using the above model in (7) are shown in
Fig. 24. The system noise temperature averaged over 2.7
to 10 GHz is 20.7 K in the measured case, and 20.5 K
estimated by the above formulas, which is a quite remarkable
agreement. The reason for the increased noise temperature
above 10 GHz was studied and found to be the reduced
BOR1 efficiency that causes significant back radiation. The
increase below 2.7 GHz is due to the widening of the beam
and reduced BOR1 efficiency at low frequencies. There are
some narrow dips and peaks in the measured noise temperature
curves, in particular below 2.7 GHz, but these are typical
for interference from external transmitters (RFI). Note also
that the noise temperature estimates were done based on feed
patterns measured without cryostat, whereas the measured
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noise temperatures were done with cryostat. This causes a
significant uncertainty at low frequencies.

D. Estimated Figure of Merit A/T of Feed in Reflector

Fig. 25 presents the estimated performance when the Eleven
feed is located in a parabolic reflector pointing upwards
towards zenith, i.e. the scenario in Fig. 20(d) described by (7).
The same 8-port circuit board and LNAs analyzed in Section
VI-C were used in this noise analysis. As shown in Fig. 25,
the A/T ratio is optimized for a subtended angle of about
µ0 = 73∘, and we also present results for µ0 = 60∘ for showing
that the difference is small. For reference, the SKA has a goal
of a system noise temperature of 35 K over an antenna area
of a square kilometer, corresponding to (A/T )/m2 = 0.02
m2/K per m2 which we match well between 3 and 7 GHz.
For comparison we have also shown the performance of the
uncooled case, using the same LNAs at 293 K.

VII. CONCLUSIONS AND ONGOING FURTHER
DEVELOPMENTS

The paper describes an Eleven feed system that works well
for use in future wideband radio telescopes, having constant
beamwidth, constant phase center location and high aperture
efficiency between 2 and 13 GHz ( > −3 dB). The goal was
to reach 14 GHz, but there are strong degradations above 13
GHz. The degradations can be seen to start gradually from 10
GHz by observing the BOR1 efficiency, and this subefficiency
drops abruptly above 13 GHz. Ongoing research indicates that
this degradation is caused by radiation from the center puck
that excites surface waves in the dielectric support for the
log-periodic dipole petals. The BOR1 efficiency as defined
in [26] has proven to be a valuable diagnosis tool for non-
axially symmetric feeds for reflectors, in the same way as it
was during the developments reported in [10].

There is also a minor deficiency in the feed performance
below 2.5 GHz, which is believed to be associated with the
mechanical support structure of the dipole petals. This can be
solved in the next generation of feeds by a more thorough
modeling of the support structure. We also believe that it
is possible to reduce the size of the Eleven feed, because
the outer 2 dipole pairs are only included to appropriately
terminate the log-periodic structure. They do not significantly
contribute to the radiation. Therefore, it might be possible to
redesign the outer part in a more compact way.

The project has involved mechanical and cryogenic design
of the feed and the cryogenic housing. This has been suc-
cessful, in the sense that the feed has been demonstrated to
work when cooled to 48 K, and it can survive even colder
temperatures. This testing has been done by means of a
cryostat designed to be used together with the feed. This will
be used for further testing with integrated LNAs.

The feed system is provided with a flexible descrambling
solution on the rear side of the ground plane with a circuit
board that can be interchanged to facilitate different LNA
integration schemes. Three such schemes have been described
in this work.

The system noise temperature and A/T were predicted
based on the computed and measured results of the presented
Eleven feed models. The increased noise temperature due to
noise impedance mismatch between the LNA and Eleven feed
was accounted for as was the pick-up of ground noise. Mea-
surements have been performed at Haystack Observatory by
pointing the cryostat with feed vertically towards zenith, and
we were able to compute the same system noise temperature as
measured between 2.7 and 10 GHz. The ripples in the curves
do not appear at the same frequencies, but the average noise
temperature differs only by 0.2 K over this frequency band,
which makes us believe that the system noise model is quite
accurate. To get control of the ripples we need an even better
noise model. The increased system noise temperature below
2.7 GHz and above 10 GHz can be explained by reference to
the BOR1 efficiency and the spillover.

The predicted A/T ratio coincides with the 0.02 m2/K per
m2 goal of SKA over the frequency range 2.7 - 8 GHz.
The tests were performed with single-ended 50 ohm LNAs
purchased from Caltech, but we believe that even better results
can be achieved with differential LNAs. Integration and tests
with differential LNAs are being planned in the near future.

The Eleven feed is protected by a pending patent [47].
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