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The Five-Hundred-Meter Aperture Spherical Telescope (FAST) is a Chinese megascience project that aims to build the largest single
dish radio telescope in the world. Given its multiple simultaneous beam formation, phased array feed (PAF) is widely used to extend
the field of view and enhance the survey speed of the radio telescope. In this study, a broadband and low cost PAF element using
cross-dipole antenna at L-band is designed based on the requirement of the FAST. The antenna is fed by two microstrip baluns
which have high performance and is easy to manufacture compared to the traditional coaxial balun. A simple system model is also
introduced to evaluate the PAF performance. The measured results of the fabricated element and the simulations of the system

performance validate the effectiveness of element design.

1. Introduction

Observation at radio wavelength has acquired a great scien-
tific and applied importance in the field of astronomy. Many
new types of astronomical object have been discovered by
radio astronomical methods, including quasars, pulsars, and
cosmic microwave background [1]. In the field of modern
astronomy, high sensitivity and resolution are the key require-
ments. A novel method for enhancing the performance of
reflector telescopes is to employ a phased array feed (PAF).
Compared with traditional cluster horn feeds, PAFs can
provide steerable beams over a continuous field of view to
increase survey speed. This method increases sensitivity and
provides a means to mitigate radio frequency interference.
Currently several international groups employ PAFs for radio
astronomy. In Canada, the Dominion Radio Astrophysical
Observatory (DRAO) has been developing Vivaldi arrays
for the PHased Array Demonstrator (PHAD) system [2].
The Australian Commonwealth Scientific and Industrial
Research Organization (CSIRO) has designed a square patch
array for the Australian Square Kilometer Array Pathfinder
(ASKAP) project [3]. The Brigham Young University (BYU)
radio astronomy group has been working with the National
Radio Astronomy Observatory (NRAO) to develop PAFs on
NRAO’s 20-meter dish in Green Bank, West Virginia [4].

As one of the megascience facilities for basic research
in China, the current largest single dish radio telescope, the
Five-Hundred-Meter Aperture Spherical Telescope (FAST),
is being constructed in a karst depression in Guizhou
province [5]. Preliminary performance parameters for FAST
are shown in Table 1. Figure 1 shows the geometric model of
the reflector which is combined of paraboloid and spherical
regions [6]. Nine groups of feed working together with the
receiver cover a frequency range from 70 MHz to 3 GHz.
According to the performance specification of L-band PAF
in Table 2, a broadband cross-dipole array is designed in this

paper.

2. Phased Array Feed System

The system model of the FAST is shown in Figure 2. Incident
signals from the universe are reflected by the reflector and
received by the PAFs placed at the focal point of the reflector
dish. Thereafter, the received signals are transmitted to a
low noise amplifier (LNA). Through downconversion, filter,
and sampling, signals are transferred to the beamforming
network. The beamformer weighs the voltages at the receiver
outputs and adds them to generate the desired receiving
pattern.
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FIGURE 2: System diagram from arrays to beamformer.

TABLE 1: Performance specifications for FAST.

Parameter Quantity
Aperture 500 m
Opening angle 120 deg
Tluminated aperture 300 m
Focal length 140.1m
Zenith angle 50 deg

TABLE 2: Performance specification for L-band FAST-PAE.

Parameter Quantity
Operating frequency range 1.05 GHz-1.45 GHz
Instantaneous bandwidth >500 MHz
Polarization Dual-polarization
Field of view 0.6 * 0.6 deg’
Simultaneous beams >100

System noise temperature <25K
Sensitivity >2000

Aperture efficiency >55% (in 300 m diameter)
Radiation efficiency >98%

Assume that Z, is the array impedance matrix and Zj
is the LNA impedance matrix. The relationship between the
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output voltages of the receiver and antenna array is shown as
follows:

V= gZR (ZR + ZA)_1 voc’ (1)

where g is the gain of the receiver and v,. is the open-
circuit voltage of the array. The receiver output voltages v
can be expressed in terms of signal, noise, and interference
components [7]:

T
V= [V v W] = Vg F Vige Vi (2)

where vy, is a vector of voltages associated with the signal of
interest, v;,, is the voltage associated with interference, and
v, is the noise voltage. Each component is independent of the
others.
The signal covariance matrix can be expressed as
R,=E [va] =E [Vsig"ﬁg] +E [vmtvf:t] +E [v,,vf;l] )

= Rsig + Rint + Rn’

where Ry, is the correlation matrix of the signal of interest,
R, is the correlation matrix of the voltage with interference,
and R,, is the correlation matrix from the noise voltage.

The beamformer output voltage is

y=w'y, (4)

where w represents the beamforming weight vectors. The
output SNR of the system is defined as
H
w R, w
s (5)

SNR = .
wHR w

The most common beamformer is the max-SNR beamformer
whose weight is [8]

w=R"a(0), (6)

where a(6) is the steering vector of the desired signal.

Among all figures of merit for phased arrays in radio
astronomy, aperture efficiency Hap> SYstem temperature T,
and sensitivity A,/T are the most significant.

Aperture efficiency is a dimensionless parameter that
measures how close the antenna comes to using all the radio
power that enters its physical aperture. The aperture efficiency
for alossless antenna is defined as the ratio of the effective area
A, to the physical area A_; ¢ of the aperture and is computed

ys?

phys
as [9]
H
Ny = Ae _ kaisoB w RSigw (7)
® Aphys SSigAphys WHRisow)

where k;, is Boltzmann’s constant, B is the system bandwidth,
S¥8 is the incident power density of the antenna terminals,
T, is the noise temperature resulting from an ideal isotropic
thermal noise environment, and R, is the correlation matrix
from the isotropic noise.

System temperature Ty, is written as the ratio of beam-

sys
formed noise contributions [10]:
Py HR
Tsys = Tiso S = Tiso wH n > (8)
Piso w Risow
where P, ;. = W 'R,wand P, = w R, w.
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FIGURE 3: Focal field distribution and radiation pattern in the focal plane. (a) Focal field distribution with vertical incident plane wave. (b)

Radiation pattern of 37-element hexagonal array.

Sensitivity is defined as the effective receiving area relative
to the system noise temperature. A higher ratio means
that weaker signals can be detected. In terms of antenna
parameters, sensitivity can be given as [11]

Ty, S wHR,w S8

)

As can be seen from (9), the max-SNR beamformer can
directly maximize the signal-to-noise ratio (SNR), which is
equivalent to maximizing sensitivity [12]. To increase sensi-
tivity, the effective area of the reflective surface is broadened
or the temperature of system noise is decreased.

3. PAF Configuration

The 3 dB beam width of the reflection surface is defined as

HPBW = 70°i, (10)
D

where D is the aperture of the reflector and A is the

wavelength. The half-power beam width (HPBW) of the

FAST is 0.056°. Discussion in the later sections uses HPBW

as the measurement scale of the field of view.

3.1. Array Formation. Focal field is defined as the electric
and magnetic field distribution from an incident wave in the
focal region of the reflector. To achieve maximum energy, the
aperture field of the antenna array should match the focal
field. Figure 3(a) shows the focal field distribution caused
by a plane wave incident to the vertical direction using the
reflector parameters of the FAST.

PAF is mounted on the focal plane to restore the informa-
tion of field distribution. Reference [13] proves that hexagonal

sampling is an optimal sampling strategy for the band-limited
signal in a circular area in the plane. Assume that # is the
number of rings of the array (the central element is the first
circle), and element spacing is half wavelength. The radiation
pattern of a hexagonal array which is composed of ideal
omnidirectional antennas is [14]

where N = 3n> — 3n + 1 is the total element number, u, =
sinf cos ¢, u, = sinfsin@, 6 is the elevation angle, and ¢ is
the azimuth angle.

Figure 3(b) shows the radiation pattern of the 37-element
hexagonal array with equal-amplitude excitation. The figure
clearly shows that the radiation pattern from hexagonal
array has sixfold symmetry which is very suitable for PAFs.
Compared with a rectangular array, a hexagonal arrangement
can achieve the same gain and sensitivity with fewer elements,
which reduces the calculation of the beamformer [6]. There-
fore, hexagon is chosen as the array arrangement of the FAST.

3.2. Array Size. Given that the phase center of the PAF
horizontally deviates from the focal point, the focal field
changes and causes the beam to be deflected by an angle from
the boresight axis.
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FIGURE 4: Relationship between sensitivity and element spacing. (a) Sensitivity variation with the increase of spacing. (b) Sensitivity of

boresight over different element spacing.

Beam deviation factor is defined as [15]

(12)

0
BDF = -2 =sin* [

d1+k(D/4f) 1
0; f

f 1+ (D/af)® | tan”' (d/f)’

where 0, is the angle from the focal point to the main beam,
0 is the angle from the focal point to the feed element, f is
the focal length, d is the offset distance of the feed, and k is a
coefficient related to f and d.

Duetod < f, (12) can be rewritten as

_1+k(D/4f)
1+(D/af)’
Given the maximum scan angle 6, ..., the distance between

the phase center of PAF and the focal point can be estimated
as follows:

DF (13)

(14)

According to [16], when the incoming plane wave is
uniform and on the boresight axis, the primary polarization
of the focal field is

(15)

where E; is the amplitude of the incident field, D is the
diameter of the reflecting surface, u = krsin@,, r is the
distance from the reference point to the focal point, 6, is the
angle of the reflection, and ], (x) is the first kind of Bessel
function.

As shown in Figure 3(a), energy is concentrated near the
focal point which forms different rings and zero depressions.

About 95% energy can be received when the array covers an
area with an edge in the third zero depression.

The distance between the focal point and the third zero
depression can be obtained from (15) as follows:

1.621

sin6, 16)

3null =

Taking into account the defocusing effect and the
decrease of array gain, the diameter of the PAF which meets
the requirements of scanning can be calculated by

Rpaf >d + d3null' (17)

max

The minimum radius can be obtained by substituting 6, =
120°, D = 300 m, f = 300 X 0.46 m, B . = 0.3, A = 0.24 m,
and k = 0.4 into corresponding parameters:

R 1.3m. (18)

paf,min —
3.3. Element Spacing. Information on focal field distribution
can be obtained through focal sampling of the elements of
the array. The maximum spacing that satisfies the sampling
theorem is [16]

1

7~ 0.77sin 6, 19)

and when the hexagonal array is applied, the element spacing
can be increased. The sampling interval can keep expanding
when the focal diameter of the reflecting surface is relatively
large.

In order to determine the optimal array element spacing,
a 37-element array which is composed of ideal dipole anten-
nas is designed. Figure 4(a) shows the sensitivity variation
with the increase of element spacing. It can be seen that
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FIGURE 5: Sensitivity versus different numbers of elements and different subarrays. (a) Sensitivity with different number of feeds. (b) Sensitivity
with six 37-element subarrays at different locations and (c) six 37-element subarrays from center to the array edge.

when the element spacing is larger, the array can receive
more energy from a wider scan angle. However, the gain
and sensitivity of the antenna are reduced because of the
discontinuity of the receiving aperture. As the element
spacing becomes smaller, the ability of the receiving energy
from the directions near the boresight is enhanced, but the
field of view becomes narrow. If the element spacing is too
small, mutual coupling becomes strong and can result in
the worsening of the sensitivity curve. Thus, there exists an
optimum spacing which can balance the sensitivity and the
field of view. Considering that the sensitivity reaches the peak
when element spacing is in the range of 0.51-0.7, sensitivity
of boresight over different element spacing is simulated in
Figure 4(b).

As shown in Figure 4(b), the sensitivity arrives to the
top when element spacing is 0.63A. However, in order to
broaden the field of view, the optimum spacing should be

a little larger than 0.63A. On balance, 0.65A is selected as the
element spacing.

3.4. Number of Elements. Based on the conclusion above, the
minimum radius of the array is 1.3m and element spacing
is 0.65A. The central frequency of the FAST in L-band is
1.25 GHz. If hexagon is chosen as the array arrangement, n
can be calculated as

" 0651

Figure 5(a) shows the sensitivity improvement over field
of view with increasing elements at 1.25 GHz. If the edge of the
field of view is defined as 1dB or 20% maximum acceptable
sensitivity loss position [6], 9 or more rings of feeds (n >
9) should be employed to achieve the requirement of 0.6 =
0.6 deg” field of view, which equals 5.36+5.36 HPBW?>. Taking

+1=933=09.

(20)
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TABLE 3: Summary of the FAST-PAF configurations.
Parameter Quantity
Array arrangement Hexagon
Array amount 217
Element spacing 0.651
Simultaneous beams 109
Elements for each beam 37

into consideration the cost of the beamforming network,
the number of the elements is decided to be 9 rings or 217
elements.

In FAST-PAF, the overlapped subarray multibeam tech-
nology is applied to reduce the pressure of data processing
in beamforming network. According to (16), ds,,; = 0.45m
at 1.25 GHz, and element spacing is d = 0.65A = 156 mm.
Therefore, at least 4 rings of elements (n = 4, 37 elements)
are necessary to build one subarray and to form a single
beam which can cover 95% energy region of the focal plane.
Figure 5(b) shows the sensitivity achieved by 37 elements as
the 4-ring beamformed subarray moves from center to the
array edge at an element-scale interval, which is illustrated in
Figure 5(c). As the location of the subarray moves, the beams
steer away from the boresight and overlap which achieve high
sensitivity in a wide field of view. In conclusion, Table 3 shows
the array configurations of the FAST.

4. Element Design

According to the content above, the phased array of the
FAST consists of 217 elements and covers a circular area
with a radius of 1.3m. PAFs should be able to work in
L-band. Additionally, PAFs should be dual-polarized, have
high isolation, and be miniaturized. Dipole-like antennas are
identified as candidates because of their low loss and low
profile and being easy to array and other good properties.
A regular dipole fed by a coaxial balun is a good choice.
However, its voltage standing wave ratio is very sensitive to
the dimension of the feeding probe. Moreover, the machining
accuracy of the probe is not easy to guarantee. In this study,
a cross-dipole fed by microstrip baluns is introduced instead
of coaxial cross-dipole antenna. Microstrip integrated balun
is widely used in the communication and radar systems owing
to its salient features such as light weight, wideband, low cost
and ease of fabrication, and suitability for integration with
circuit modules [17].

In Figure 6, the geometry of the proposed antenna is
modeled using Ansoft HFSS. The three pictures on the left
side are top and side views of the antenna. And the right two
pictures show the feeding structure of balun. The antenna
employs two vertical substrates that are cross-arranged and
four thick copper discs and a horizontal metalized ground
plane is used as a reflector to avoid backward radiation and
to achieve high gain. All substrates are designed using the
standard Arlon AD450, with a thickness of 1.0 mm. The
ground plane is an aluminum plate.

The feeding structure of the antenna is the microstrip
balun. Two baluns are designed to feed the dipoles. One balun
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FIGURE 7: A 37-element hexagonal array for FAST.

TABLE 4: Some parameters of the designed antenna.

Parameters ¢ H, H, T D W, W, L, L,
Values (mm) 33 835 54 7 40 09 18 55 305

is bent down at the middle of the horizontal microstrip line,
whereas the other balun is bent up to isolate itself from the
former. The two baluns are connected to the feeding probe of
a 50 Q2 SMA launcher.

Four thick copper discs with rectangular slots on the
edges are connected to the substrates as radiation parts.
Two of the four discs form the dipole and control one
polarization. As ground planes of the microstrip baluns, four
vertical rectangular patches located on the opposite sides
of the baluns join the arms of the dipoles and the ground
plate together. Some of the optimized key parameters of the
proposed antenna shown in Figure 6 are listed in Table 4.

A hexagonal array of 37 elements is presented in Figure 7.
The array is mounted on an aluminum plate with a radius of
260 mm and a thickness of 2.0 mm.

5. Results

5.1. Element and Array Characteristics. To validate the
designs, a prototype of the dual-polarized dipole antenna is
fabricated, as shown in Figure 8. The simulated and measured
S parameters are depicted in Figure 9(a). The measured
reflection coefficients are below —10 dB over the operating
band from 1.0 GHz to 1.5 GHz. Figure 9(b) shows the return
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FIGURE 11: Radiation patterns of the proposed antenna with right-hand circular polarization. (a) 3D polar plot. (b) Polar plot.

and insertion losses of the two-dimensional plot for the 37-
element array at 1.25 GHz. Figures 9(c) and 9(b) describe
the impedance characteristics of the antenna with real and
imaginary parts of the impedance matrix. These results show
that a good impedance match has been realized and high
isolation has been achieved.

In terms of a single feed with reflector, when the —11dB
width of the normalized radiation pattern is equal to the
reflection angle, the antenna efficiency reaches the peak.
Given that every radiation pattern of the unit superimposes
to form the array pattern and beams can be changed by

adjusting the weight vectors, the irradiation level of the single
antenna pattern on the reflector edge is not strictly required
to be optimal. Figures 10(a) and 10(b) show the normalized
measured and modeled radiations with every port excited. As
shown in Figure 10, the normalized gain on E plane is about
—12dB at +60 deg, which is close to —11dB. Figure 11 shows
the radiation patterns of the antenna at central frequency.
The two ports are fed with 77/2 rad phase difference to form
right-hand circular polarization. The antenna gain is 8.8 dBi
at1.25 GHz. Stable antenna gain of over 7 dBi in the operating
frequency is obtained as shown in Figure 12. Figure 13 is



International Journal of Antennas and Propagation

10 T

Gain (dBi)

0.8 1.0 1.2 1.4

1.6 1.8

Frequency (GHz)

FIGURE 12: Gain versus frequency for a dual-feed circularly polarization.

10 0

0
~10 4
-20 4
~30 4
—40 4
=50 4 270

Gain (dBi)

—40 4
730 -
“209 24
_10 -

0 4

10 -

—— E copolar
--- E cross-polar

10 -

0 4
—10 -
-20 -
-30 4
—40 4
=50 4 270

Gain (dBi)

—40 4
-30 4
-20 -
—10 4

0

10 -

—— E copolar
--- E cross-polar

FIGURE 13: Radiation patterns of primary polarization and cross-polarization for the proposed antenna. (a) Only port 1 is excited. (b) Only

port 2 is excited.

10 -

0 4
_10 -
-20 -
—-30 -
—40 -
-50 4270
_40 -
—-30 -
=20 -

Gain (dBi)

—10 4
0 -

10 + 210

—— H copolar
--- H cross-polar

10 -

04
~10 A
~20 A
—30 4
—40 4
=50 4270

Gain (dBi)

—40 -
—-30 -
-20 -
—10 -

0 -

210

10 -

—— H copolar
--- H cross-polar

(b)



10

=
=
g
<
oo
k]
3
=
E
S
Z
-8+ _
710 1 1 1 1
-60 -40 =20 0 20 40 60
0 (deg)
—— E-plane
--- H-plane

)
=
g
<
o0
k]
X
=
E
S
Z
-8+ _
710 1 1 1 1
-60 —-40 =20 0 20 40 60
0 (deg)
—— E-plane
--- H-plane

(c)

International Journal of Antennas and Propagation

=n
=
g
<
oo
o
X
=
g
5
Z
-8+ _
710 1 1 1 1
-60 —-40 =20 0 20 40 60
0 (deg)
—— E-plane
--- H-plane

Normalized gain (dB)

0 (deg)

E-plane
--- H-plane

(d)
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the radiation patterns of primary polarization and cross-
polarization for the proposed antenna at 1.25 GHz. The results
show that low cross-polarization level is achieved. Figure 14
shows the normalized radiation patterns of one element
in different positions of the array with linear polarization.
Radiation efficiency of the antenna is 98.99% at the central
frequency 1.25 GHz, which is over 98% and meets the criteria
in Table 2.

5.2. System Performance. The evaluation criterion of this
design is system performance. Given that receiver noise is
the major contributor to overall system noise temperature
and the LNA gain is quite large at 40dB, LNA noise
significantly dominates system noise. Thus a liquid helium-
cooled (cryocooled) LNA is applied to reduce noise [7].
A 300-m aperture is adopted to estimate the achievable

TABLE 5: Parameters for the LNAs.

LNA parameters

tit
(1.25 GHz) Quantity
Tmin 6.29 K
Zoo 712 + j15.7Q
Ry 0.706 Q)
G 39.2dB

sensitivity of the FAST reflectors. The parameters of this LNA
are illustrated in Table 5, where T,;, is the minimum noise
temperature of the amplifier, Z, is the optimal signal source
impedance of the LNA, Ry, is the equivalent noise resistance
of the amplifier, and Gy, is the LNA gain. Figure 15 shows
the simulation results with room temperature and with a
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TABLE 6: Parameters of system performance.

Parameters Quantity
Sensitivity 3953 m*/K
System noise temperature 161K
Aperture efficiency 61.7%
Field of view (HPBW?) 3.09 x 3.09

cryogenic system for LNA including sensitivity, aperture
efficiency, and noise temperature of the dual-polarized array.
The overall system performance index is shown in Table 6.
As shown in Figure 15(a), sensitivity increases signifi-
cantly with cooled LNA, and high sensitivity is achieved far
beyond the requirement (the horizontal dotted line in the

plot) over a slice of the field of view. The two curves of
aperture efficiency are similar in Figure 15(b). Figure 15(c)
shows that, with cryocooled LNAs, system noise temperature
has reduced a lot and has stable distribution which is less than
20 K over a wide field of view.

6. Conclusion

In this study, a broadband dual-polarized antenna for the
FAST-PAF is designed and a single element is manufactured.
The simulated and measured results of the fabricated element
verify the design. An array of 37 elements has been modeled.
The system performance of the PAF satisfies the requirement
of the FAST. The cross-dipole antenna is suitable for the next
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generation radio telescopes. The next step in this research will
be to cooperate with the FAST team of National Astronomical
Observatories of China and integrate the fabricated array
elements and cryostat for on-reflector tests.

Abbreviations

FAST: Five-Hundred-Meter Aperture Spherical Telescope
PAF:  Phased array feed

LNA: Low noise amplifier

SNR:  Signal-to-noise ratio

HPBW: Half-power beam width.
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