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Abstract This paper proposes an active sub-reflector suitable for large radio telescopes, which can com-
pensate both of the deformation of the main reflector and sub-reflector position offsets. The mathematical
formula of the main reflector deformation compensated by the sub-reflector is deduced based on Cassegrain

and Gregory antenna structures. The position of the sub-reflector is adjustable to compensate for defocusing

errors on high and low elevations, which are mainly caused by the deformation of the sub-reflector support-

ing legs. In this paper, the method of obtaining the optimum position of the sub-reflector from the aperture
phase by the interferometric method is introduced. The actual measurement is verified on the Tianma 65 m
radio telescope, which provides a new way to diagnose the position error of the sub-reflector.
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1 OVERVIEW

Mechanical and electronic compensation methods are
commonly used to compensate the main reflector de-
formation of large radio telescopes (Wang & Li 2014).
Mechanical compensation methods are divided into three
types, which are active surface compensation (Nikolic
et al. 2007), deformable beam-waveguide mirrors compen-
sation (Hoppe 2001), and deformable sub-reflector com-
pensation (Lawson & Yen 1988; Katow et al. 1983; Antebi
et al. 1994; von Hoerner & Wong 1979). The earliest large
radio telescope equipped with a deformable sub-reflector
was the NRAO 140-foot radio telescope in Green Bank,
United States. Due to the application of the deformable
sub-reflector, the beam shape of this radio telescope was
effectively improved and the ability to observe the wa-
ter maser line at 22.3 GHz was significantly improved.
However, this radio telescope has several drawbacks: (i) it
only contains four actuators for the adjustment and the
method is relatively simple; and (ii) it mainly takes into
account of the “homology” error caused by deformation
of the main reflector, the defocus problem, and the low-
order components of deformation except the high-order er-
ror. To overcome these problems, the sub-surface divided
in slices was proposed in von Hoerner & Wong (1979). As
the observation frequency increases, different slice mod-
els have a great impact on the compensation performance.

In addition, the compensation of the sub-reflector in von
Hoerner & Wong (1979) was derived from the known de-
formation of the main reflector by the ray tracing method.
In 2006, a deformable sub-reflector was installed on the
Bonn 100-meter radio telescope, which was an active sub-
reflector controlled by 96 actuators to compensate for the
gravity deformation of the main reflector. The aperture
efficiency in high frequency was obviously improved af-
ter the simulation compensation model adopted. Where
the main reflector shape error is known, the compensation
model can be established for the deformable sub-reflector.
The geometrical optical method can then be applied to
calculate the deviation of the corresponding Cassegrain
sub-reflector (Katow et al. 1983). As far as domestic re-
search is concerned, the position adjustable sub-reflector
has been widely investigated. However, the research of de-
formable sub-reflector is still in its initial stage. In Viskum
& Klooster (2013), the main reflector matrix is constructed
by sampling lines. Then, the compensation surface is de-
signed by constraining the laws of reflection, energy con-
servation, and equal optical path.

The electronic compensation method of transmitting
the compensation signal with a feed array was also adopted
in application of large radio telescopes (Wu 2015; Xu et al.
2009). The phase of the signal transmitted by the feed ar-
ray can be adjusted to compensate the deformation of the
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main reflector. This method may cause additional noise in-
jected. Therefore, this method may not be suitable for radio
telescopes with very low noise.

Compared with the active main reflector, the de-
formable sub-reflector has several advantages: (i) the de-
formable sub-reflector is much more compact; (ii) the
number of actuators is small; and (iii) it is very easy to
control and the assembling cost is relatively low. The dis-
advantages are: (i) the resolution of the compensation may
be coarse; (ii) the actuator and the panel division need to be
arranged according to the deformation of the main reflec-
tor; and (iii) the shielding of the electromagnetic interfer-
ence must be ensured in the engineering implementation.

The position adjustable sub-reflector can achieve ef-
fective focusing and improve the antenna efficiency degra-
dation that is caused by the deformation of the sub-
reflector’s supporting legs, the back frame, and the main
reflector on the high and low elevation. The Atacama Large
millimeter/submillimeter Array (ALMA) (Gasho et al.
2003), The Submillimeter Array (SMA) (Cheimets 1994),
Green Bank Telescope (GBT) and other international fa-
mous telescopes are equipped with such position ad-
justable sub-reflectors. For domestic radio telescopes, ad-
justable sub-reflectors have been installed on the Delingha
13.7 m millimeter wave telescope (Zuo et al. 2011), the
Tianma 65 m (TM65) radio telescope, the Nanshan 26-
meter radio telescope, and the deep-space station 66-meter
antenna (Leng & Wang 2011). The achievements on 65
meters shows that below X -band, the 90% efficiency drop
can be compensated by the sub-reflector position model in
the entire elevation range (Wang et al. 2014). However, the
reflector deformation compensation is necessary for fre-
quencies higher than K u-band.

This paper proposes an active sub-reflector based on
both deformable reflector and adjustable position to im-
prove the performance of large radio telescopes in all fre-
quency bands and entire elevation range.

2 ACTIVE SUB-REFLECTOR

2.1 An Equal Optical Path Length Compensation
Method for a Deformable Sub-reflector

The surface shape of the sub-reflector is deformable to
compensate the deformation of the main reflector. This
paper mainly analyzes two antenna structures — the
Cassegrain and Gregory antenna structures. Using the
method of ray tracing, these antenna structures are consid-
ered as two examples to introduce the method of compen-
sating the main reflector deformation with the constant op-
tical path length as the constraint. The parallel light emit-
ted is divided into three segments for consideration. The
first segment starts from the feed to the sub-reflector, the

second segment is from the sub-reflector to the main re-
flector, and the third segment is the main reflector to the
aperture plane. Then, the difference between each optical
path and the ideal optical path is calculated. Finally, these
three optical path differences are accumulated. The corre-
spondence between the main reflector deformation and the
sub-reflector deformation is given in Table 1. It is noted
that the constraint condition is that the reflected light is
parallel to the incident light during the calculation.

Figure 1 shows the overall optical path of the
Cassegrain antenna. The shape of the main reflector and
sub-reflector is in red. The ideal optical path is in black
along with the tangent line on the reflecting point that is
in a black-dashed line. Now we suggest the deformation of
the main reflector is A which caused the compensation of
the sub-reflector is €. The tangent lines are parallel to the
original ones and the dashed lines are in green. Figure 2
shows the optical path variation dl; caused by the deforma-
tion of the sub-reflector along with the derivation formula
of the optical path. Here we suggest the light start from
the Cassegrain focus. [ is the ideal first path length from
the focus to the sub-reflector. The 6 and 2P are the angles
between the original light and the axis, the reflected light
and axis respectively. 3 is the angle of reflection at the sub-
reflector. Now given an offset ¢ for the sub-reflector com-
pensation and then we can derive the relationship between
the change of /; and ¢ that is

€
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2 + 0
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Figure 3 shows the optical path variation dly caused by
the deformation of the sub-reflector dll2 and main reflector
dlg . Here a is the gap between the original light and the
changed from sub-reflector to the main reflector. At last

we get
a_2-5~sin<2¢+9>, 3)
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Figure 4 shows the optical path variation dl3 from the
main reflector to the aperture plane. Here the blue-dashed
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Fig.1 Optical path of Cassegrain antenna.
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Fig.2 The optical path variation dl; caused by the deformation of the sub-reflector.

line is from the reflection point on the main reflector and

normal to the optical axis. We can get
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The situation of the Gregory antenna is shown in
Figure 5. The overall optical path changing is listed in
Table 1.

To keep the optical path unchanged when the normal
direction of the main reflector is adjusted to —3 mm, the
compensation of the sub-reflector for the Cassegrain an-
tenna is shown in Figure 6. It is shown that the compen-
sation at the center of the sub-reflector is the same as that
of the main reflector, and the area away from the center
will compensate for the same deformation of the main re-
flector with a slightly larger amount of the sub-reflectors
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Fig.5 Optical path of Gregory antenna.
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Table 1 The Compensation Algorithm for Cassegrain Gregory Antenna

Antenna type Cassegrain Gregory
e(A) €= CO:(O;;?9> A €= Cosc{;;?e> A
dl & R
1 COS(2¢2+9> C05<2¢2—9>
dla —e cos(2¢+40) e cos(2¢—0)
cos<2¢2—+9) cos( 24)279)
’ — —
dl, #A(Q) — 2e cos (@) tan (¢) F(%) + 2¢ cos (2‘1)2 9) tan (¢)
dls 2¢e sin (@) tan (¢) + ACCO;S((QQ‘S) —2esin (2¢;0> tan (¢) — Acfss((zdﬁ)

Notes: A-main reflector deformation; e-sub-reflector compensation.

deformation. Figure 7 shows the TM65 telescope Finite
Element Method (FEM) main reflector deformation model
at 5-degree elevation (up image) and the corresponding
sub-reflector deformation compensation (down image).

To obtain high efficiency, low side lobe and low noise
performance, modified dish shapes are usually used in
modern antenna designs. For example, the main reflector is
a modified paraboloid, and the reflection surface is a mod-
ified hyperboloid or ellipsoid. In this case, The constraint
condition is that the total length of the optical path remains
unchanged. When realizing by programs, the input param-
eters are the main reflector deformation and the certain po-
sition. The output parameters are the adjustment quantity
and the corresponding position of the sub-reflector. The it-
erative algorithm is used in the calculation process, where
the calculation of the ray path is firstly from the feed to
the sub-reflector, then from the sub-reflector to the main
reflector, and finally from the main reflector to the aperture
surface. The total length of the three sections should be un-
changed. The criterion is that the difference of the optical
path is less than a certain threshold. Finally, the amount of
deformation of the sub-reflector and corresponding posi-
tion are given.

2.2 Sub-reflector Position and Aperture Phase
Simulation

The change in the position and attitude of the sub-reflector
can result in a change in the phase of the aperture and vice
versa in theory. Therefore, by detecting the phase distribu-
tion of the aperture plane, the position information of the
sub-reflector can also be obtained.

To separate the position offsets of the sub-reflector, the
primary focus, Cassegrain and Gregory sub-reflector offset
method are used respectively. Herein, the primary focus
offset is discussed as an example to illustrate the algorithm
of phase calculation and aperture plane deviation. In the
following formula, AX, AY, AZ are the phase of each
point on the aperture plane. dx, dy, dz are the focus posi-
tions. 6 is the angle between the ray from the primary focus
to the main reflector, and the optical axis. @ is the angle of

the point in the aperture plane referenced by the horizontal
direction. r is the radius corresponding to this point on the
surface, f is the focal length.

ox = 2—7Tsin(9)cos¢-AX

A
27 r/f b AX an
TN Tr e
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0z = 2{ (1 —cosh)AZ

o 20r/2f)° (13)

S 142
Table 2 shows the relationship between the aperture
phase and feed or sub-reflector offsets of the three antenna

structures, where 6 is the angle between the ray from the
sub-reflector to the feed and the optical axis.

2.3 The Position Measurement of the Sub-reflector
Based on the Aperture Phase

To obtain the optimum position of the sub-reflector, the tra-
ditional amplitude scanning method or the aperture phase
fitting method can be applied. The implementation of the
amplitude scanning method is based on an adjustable sub-
reflector. By setting several positions in a certain direc-
tion (such as the Z direction of the sub-reflector), we can
scan the antenna to obtain the beam amplitude correspond-
ing to the each position. Then, the quadratic fitting of the
beams’ peaks is performed and the optimal Z-direction po-
sition is obtained. This method has been fully introduced
on Tianma radio telescope and the aperture efficiency im-
provement is remarkable.

The aperture phase fitting method firstly requires an-
other antenna for interferometry. The measurement an-
tenna scans around the target source to get the two-
dimensional pattern, and the reference antenna always
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Fig.8 Aperture phase (Left: before trend taken; Right: after trend taken).

points to the target source. The amplitude and phase of the
two-dimensional far-field pattern can be obtained by the
cross-correlation. Herein, the aperture phase is obtained
based on the Fourier transform relationship between the
aperture field and the far field. This method is also called a
microwave holographic measurement.

Figure 8 is the aperture phase obtained by a microwave
holographic measurement. From the phase distributions,
the primary focal length of X, Y and Z directions can
be solved according to the above model in Table 2. Once

the sub-reflector model is used, the sub-reflector offset can
also be solved. For the same aperture phase offset, the cal-
culated sub-reflector offset is larger than that of the primary
focus, as listed in Table 3.

After obtaining the phase of the aperture at each ele-
vation, the least squares fitting model described in Table 2
can be adopted to obtain the attitude information of the
sub-reflector. It is worth mentioning that the trend change
of the aperture phase is mainly caused by the sub-reflector
attitude. Figure 9 shows the X, Y and Z positions for
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Fig.9 Sub-reflector position model derived from aperture phase method (-phase) and traditional amplitude method (-amp) respectively.

Table 2 Aperture Phase and Feed or Sub-reflector Offsets Relationship

Offset type primary focus mode Cassegrain or Gregory mode
Feed offset in Z 6z 5Z:27”(1—COSG)AZ Oy = 27"(1—cos€f) AZ
Feed offset in X 0 x JXZQT"sinGCOMz)-AX JX:QT"sintcomz)-AX

Sub-reflector offset in Z
Sub-reflector offset in X dx

6z =2Z [(1 —cos0) + (1 —cosOf)] AZ
ox = 27" (sinf —sinfy) - AX

Table 3 Primary Focus and Cassegrain Sub-reflector Offset
Derived from the Same Aperture Phase

X Y Z
Primary focus -0.534 —4.180  0.098
Cassegrain sub-reflector ~ -0.655 -5.165 —-0.100

the sub-reflector of Tianma radio telescope measured by
aperture phase, which agree well with the results from the
traditional amplitude scanning method (Sun et al. 2016).
During the measurement of the TM65 aperture phase,
the reference antenna Sheshan 25 m radio telescope was
adopted, which is about 6 kilometers far away from the
measured radio telescope. The observation is just a VLBI
(Very Long Baseline Interferometry). The sub-reflector is
kept fixed during the measurement. The trend variation of
the aperture phase is applied to solve the position of the
sub-reflector.

The successful practice of this method shows that the
aperture phase method can be used to diagnose the opti-
mum position of the sub-reflector in the radio telescopes.
A VLBI observation can be organized, and after the data
processing, the position offsets of the sub-reflector can be
givenin X, Y and Z directions.

3 SUMMARY

This paper focuses on the deformable and position ad-
justable active sub-reflector. The surface adjustment algo-
rithm based on the ray tracing method is derived along with

simulation results. The paper also gives the relationship
between the sub-reflector offsets and the aperture phase.
The sub-reflector position model is obtained on TM65 ra-
dio telescope by the aperture phase method, which agrees
well with that from the traditional method. This method
provides a novel way to detect the sub-reflector position,
which is not easy to be measured for a radio telescope with
a fixed sub-reflector.
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