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Abstract: With the development of large-aperture and high-frequency radio telescopes, a surface adjustment procedure for
the compensation of surface deformations has become of great importance. In this paper, an innovative surface adjustment
strategy is proposed to achieve an automated adjustment for the large radio telescope with adjustable dual reflectors. In the
proposed strategy, a high-precision and long-distance measurement instrument is adopted and installed on the back of the
sub-reflector to measure the distances and elevation angles of the target points on the main reflector. Here, two surface
adjustment purposes are discussed. The first purpose is to ensure that the main reflector and the sub-reflector are always
positioned at their ideal locations during operation. The second purpose is to adjust the main reflector to the location of the
best fitting reflector, and the sub-reflector to the focus of the best fitting reflector. Next, the calculation procedures for the
adjustments of the main reflector and the sub-reflector are discussed in detail, and corresponding simulations are carried
out to verify the proposed method. The results show that the proposed strategy is effective. This paper can provide helpful

guidance for the design of automated surface adjustments for large telescopes.

1. Introduction

Large radio telescopes have been widely used in deep
space exploration and radio astronomy because of their high
gain and narrow beams [1]. The common features of this kind
of telescope are a large aperture and a high operating
frequency. A high operating frequency requires a high surface
accuracy, especially for millimetre and sub-millimetre
telescopes, while a large aperture can reduce the surface
accuracy. More specifically, a large aperture can result in a
large gravitational deformation, and the telescope can also
become more sensitive to inevitable external environmental
impacts, such as temperature and wind [2-4]. Numerous
research papers have analysed the effect of the surface
deformation of a radio telescope on its electromagnetic
performance [5-8].

To reduce the surface deformation, the traditional
method is to increase the structure stiffness as much as
possible and achieve an acceptable precision, which can be
impractical both from economical and technological points of
view. A homologous design was first proposed by S. von
Hoerner to overcome the gravitational limit and has been
further studied by many other researchers [9-11]. A
homologous design allows the reflector surface to deform
from one paraboloid to another while achieving a reduction
in weight. To further improve the telescope's electromagnetic
performance, an integrated structural-electromagnetic design
method has been proposed and studied by many researchers,
which can directly select the electromagnetic performance as
the optimization object, and good results have been achieved
[12-15]. However, with the trend towards larger apertures as
well as higher operating frequencies, it has become
impossible for these traditional methods to meet all of the
stringent accuracy requirements.

For a modern radio telescope, an active main reflector
has been considered to be the best choice for meeting the
stringent accuracy requirement. Each panel of the active main
reflector is fixed to four actuators at its four corners.
Compared with the traditional telescopes, the screws are
replaced by the actuators to uphold the panels, which will
greatly improve the panel’s adjustment capability.

Fig. 1 Adjustable structures
(a) An adjustable main reflector; (b) An adjustable sub-
reflector

Fig. 1 shows images of an active main reflector and an
adjustable sub-reflector. Taking the Tianma (TM) telescope
with an aperture of 50 m located in Shanghai as an example
[4], the sub-reflector is installed on a Stewart platform to
perform the adjustment, and the main reflector can be directly
adjusted by 1104 actuators with a surface root mean square
(rms) accuracy of 0.3 mm. The 50 m Large Millimeter
Telescope (LMT) at the summit of Sierra Negra and the 50 m
Large Sub-millimeter Telescope (LST) planned to be built
have higher frequencies [16-17], and the 100 m Green Bank
Telescope (GBT) in West Virginia and the 110 m Qitai



Telescope (QTT) planned to be built have larger apertures
[18-19]. The active main reflector can easily compensate for
the gravitational deformation using the table search method,
and the surface accuracy can be greatly improved. However,
for deformations caused by time-varying temperature and
wind, it will be very difficult to realize compensation because
the deformations are unknown. Many researchers have
studied the compensation methods for the effects of wind and
temperature [20-21]. For example, pressure sensors can be
adopted in studies related to wind, and a thermal control
system with a closed-up backup structure can be used to
minimize the effect of temperature. Ultimately, this approach
incurs a high cost, and it is still very difficult to achieve
satisfactory results in engineering applications.

If the main reflector deformation and sub-reflector
shift could be automatically determined in real time, all the
above problems would be simplified. Therefore, in this field,
measurement technology has become a research hotspot.
There are two methods commonly used for deformation
measurement. The first method involves directly measuring
the spatial coordinates of the reflector's nodes, which can be
achieved with a laser measurement system or a
photogrammetry system. In engineering, a laser measurement
system is generally used in the panel installation process on
the ground, and the process can be very time-consuming
because all of these single points have to be measured
manually. A photogrammetry system can be easily adopted
in the measurement process of the whole reflector after all
panels are installed. However, a manual measurement will
result in difficulties in the real-time measurement of time-
varying deformations. In addition, the main reflector and sub-
reflector must match each other to a high performance, so the
perfect compensation of the sub-reflector shift is also very
important [22]. Unfortunately, determining the sub-reflector
shift and amount of adjustment is also not easy. The common
practice in engineering is to measure the telescope's far-field
power pattern and then adjust the sub-reflector iteratively
based on the levels of the side lobes and gain. Obviously, the
whole adjustment process is ineffective and cannot be
achieved automatically. Another method is holography [23-
24], which has been successfully applied to some large
telescopes. The out-of-focus (OOF) technique is a typical
method that is used to estimate the main reflector’s large-
scale errors. This technique requires several out-of-focus
images of a compact source and the signal-to-noise ratio
needs to be very good. This means that the measurement
process cannot be carried out during the working period or for
some attitudes. Thus, holography is also not suitable for
automation.

In this paper, a laser measurement system is adopted
because of its high precision and long measurement distance.
At the same time, considering that the sub-reflector must
match with the main reflector, to avoid the measurement
procedure of the sub-reflector, we install the measurement
system on the back of the sub-reflector. In this case, the
measurement data of the main reflector are in the coordinate
system attached to the sub-reflector, and the relationship
between the main reflector and the sub-reflector can be easily
established. In fact, for a large telescope, the size of the sub-
reflector is large enough for the installation of the
measurement system. Here, we assume that this can be
realized through the design of a suitable mechanism, such as
designing the wheel rail to be along the edge of the sub-

reflector or the round door hole to be in the centre of the sub-
reflector. The laser tracker produced by the companies API
or Faro can be taken as an example because of its micron-
level measurement accuracy, measurement distance of
dozens of metres, and automatic target search ability. Based
on these above assumptions, two surface adjustment
procedures will be discussed. The first procedure ensures that
the main reflector and the sub-reflector are always positioned
at their ideal locations during telescope operation, and the
second procedure adjusts the main reflector to the location of
the best fitting reflector and the sub-reflector to the focus of
the best fitting reflector. These two adjustment strategies will
be discussed in detail, and corresponding simulations will be
presented in the following sections.

2. Pattern analysis of dual reflectors

Fig. 2 shows a geometric diagram of the Cassegrain
dual-reflector telescope, where a represents half the length of
the short axis and ¢ represents half the length of the focal
length of the sub-reflector and @ , and 0, represent the two

angles shown in Fig. 2.
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Fig. 2 Geometric diagram of the Cassegrain dual-reflector
antenna

Assume that the point (x,y,z) on the surface of the
main reflector will undergo a displacement (Ax,,Ap,.Az) -
The resulting change in the optical path length can be
presented as [25-26]

6,=2(Ax,cosa+Ay,cos f+Az,cosy)-cosy (1)
where cosa, cos f and cosy are the direction cosines of
the unit normal vector, cosa =cos¢ , cosfB=sing ,
cosy =cos(d,/2) , ¢=arctan(y/x) , 6, =2arctan(r/(2f)) »

6, =2arctan(r/(2Mf)) , r=+/x*+y" , and f and Mf are the
focal lengths of the main reflector and the equivalent prime

focus paraboloidal reflector, respectively.
Assuming that the sub-reflector’s rigid-body
translation and rotation are (Ax,Ay,Az) and (y_,p.) >
respectively, the resultant expression for the change in the
optical path length can be written as follows [25-26]
6,= (-Ax,cosg—Ay,sing)(sind, —sind,)+
Az (cos B, +cosb,)+(c—a)- @

(v, sing—y, cosg)-(sind, +Msind,)



where gin @ :M, né :”/71(, and

T (/M) T (/2f)

for the Gregorian dual-reflector telescope, (sin 6,—sind,) in

equation (2) should be replaced by (sin 0,+sinb,).
Because the relationship between the aperture field

and the far field is a Fourier transform pair, with the

additional effects of 51; and 56, , the far field pattern can be

calculated by the following formula

E (é, ¢3) = _U F(r, ¢)eﬂ“ rsindeos(p=) /K (0 0 )rdrd¢ 3
A

where A4 is the projected area of the reflector on the O-XY-
plane, (€,¢) is the observation direction, F(r,¢) is the

aperture amplitude distribution, k:27z/ A, and A is the
wave length.

3. Measurement strategy

Fig. 3 shows a diagram of an ideal dual-reflector
telescope and laser measurement system. Here, we refer to
0,-x,y,z, as the reference coordinate system, where O, is the
origin of the main reflector and O, coincides with the main
reflector's axis. For the active main reflector, the panels are
fixed to the actuators, and for the traditional main reflector,
the panels are fixed to screws. Then the measurement targets
are pasted on the main reflector near the actuators for the
active main reflector or near the vertices of the panels for the
traditional main reflector, and the ideal coordinates of the
measurement targets in O.-x,y,z, are denoted by (x],.,z.),
wherea =1,2,---, N and N is the total number of targets. The
measurement instrument is installed on the back of the sub-
reflector and the instrument coordinate system is denoted by
O,x.y,z,, where O, is the origin of the sub-reflector and O,=,
coincides with the sub-reflector's axis and points to the main
reflector. Here, points O,and D, are used to determine the sub-
reflector's position and attitude. The ideal spherical
coordinates of the measurement targets are marked as
(d;,6,,¢))in the instrument coordinate system, which can be
easily calculated by the ideal design parameters.

Sub;reﬂector
X, )

Laser tracker,  D;i

Instrument < Us
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Main reflector

N

Fig. 3 Geometric diagram of the ideal dual-reflector
telescope and laser measurement system

For an ideal telescope, because all the locations of the
targets can be known in advance, the laser tracker can
automatically find the targets by being given the angles
(6,,¢)) . When the telescope is deformed under external
environmental impacts, the targets will also slightly deviate
from their ideal positions, and the measurement instrument
will experience a rigid displacement when the sub-reflector is
moved. In this case, the instrument should first be given the
angles (0,,9;) and then should automatically search the
measurement targets in a small area, which is possible
because the deformations are usually very small.

However, in engineering, although there are no
difficulties in installing the measurement instrument on the
back of the sub-reflector, there are still some other problems
that need to be further considered. For example, we should
ensure that the measurement system does not affect the
reflector's aperture field and that a suitable structure is
designed, such as the wheel rail for a measurement at the edge
of the sub-reflector, or the round door hole for a measurement
at the centre of the sub-reflector. These points should be
further considered by the structural designers and control
designers and will not be discussed in this paper.

4. Adjustment to the ideal location

This section focuses on describing the adjustment
process of the deformed reflectors to their ideal locations. As
shown in Fig. 4, under the effects of environmental loads, the
main reflector will be deformed, and the sub-reflector will be
shifted slightly. Thus, the measurement instrument will also
experience a slight deviation. In this case, the measured

distance and the elevation angle are denoted by d.’ and 6.,

respectively, where the superscript ' used in this paper
denotes the quantities associated with the deformed telescope.
Here, the rotations of the main reflector around the axis O,-,

and the sub-reflector around the axis OD, are neglected, and
as a result, the measured azimuth angle#’ can be replaced by
the ideal azimuth angle ¢ . Then, the measured spherical

coordinates (d,,6,.¢,') can be transformed into Cartesian

coordinates (x*,),z), expressed as
X' =d"sin@" cos g’
¥ =d!sind sing] )
z)* =d!" cos "

Distorted
Qg’-‘ldeal sub-reflector

&/ sub-reflector

Distorted
main reflector

| S

Ideal main
reflector

Fig. 4 Geometric diagram of the ideal dual-reflector
telescope and deformed dual-reflector telescope



Next, to determine the transformation relationship
between the instrument coordinate system and the reference
coordinate system, we need to select three points as reference
points in the reference coordinate system, which are denoted
by 4, B and C in Fig. 3. It should be pointed out that there are
two requirements for the reference points. The first
requirement is that their deformation displacements should be
much smaller than the telescope's deformations, which
requires the locations to be near the centre of the main
reflector. In this case, the best method is to separate the
reference points from the main reflector through a suitable
structural design to avoid the effect of the main reflector
deformation and ensure that the reference points are not
affected by the external environmental impacts, such as
temperature and wind, through some protection measures and
compensation technologies. As a result, the reference points'
deformation can be approximated as zero. The second
requirement is that the points 4, B, C, and O, , as shown in Fig.
3, must not be coplanar to ensure that the transformation
matrix between the instrument coordinate system and the
reference coordinate system can be derived.

Here, the most important point is that the three
reference points 4, B, and C in Fig. 3 are behind the main
reflector, which means that the three points are out of sight of
the laser tracker. It should be clarified that Fig. 3 is just a
schematic for the locations of the reference points to show
that the reference coordinate system can be derived by these
three reference points. In fact, these reference points can be
located anywhere as long as the two requirements mentioned
above are met. Therefore, to ensure that the reference points
can be measured by the laser tracker instead of other
instruments to reduce the complexity of the measurement
system, we can select the three points near the gap between
the panels. For example, point 4 can be replaced by point 4,
as shown in Fig. 3, and in this case, the laser tracker can
measure point A’ through the panel gap. In terms of
engineering, this gap can be slightly modified for the
measurement target installation if necessary.

For the reference points 4, B, and C, similar to (4), the
measured coordinate values can be described as,

X' =d!sin@" cos ¢’
Y =d’sinf" sing’
s rs
=d)’ cosl,

and e=4,B,C %)

where d° and 0° are the measured distance and the
elevation angle, respectively, and the measured azimuth angle
@' can be replaced by the ideal azimuth angle ¢, for
simplicity.

The relationship between the instrument coordinate
system and the reference coordinate system includes two
parts: a translation and a rotation. Obviously, the translation
is determined by the coordinates of the origin of the
instrument coordinate system in the reference coordinate

system. Assume that the coordinates are x;, , ¥5, , and z ,
and then the following equations hold

H(XA,}/4,Z1) (x(; ,y(')', d”
H(thyB’ZB) (xo ,yg,zo =dy ©
H(x(‘symzc) (xo ,y" ) =d;

"

zy >0

where x],)., andz express the coordinates of the reference
point 4 in the reference coordinate system when the subscript
e is replaced by 4, which is the same as the points B and C.
Obviously, the translations x; , ¥, , and z, from the

reference coordinate system to the instrument coordinate
system can be determined by solving the following
optimization model

find xo N y(')' 720

min Ad=(Ad,|+|Ad,|+|Ad,])/3

s.t. Ad d“*H(XAy}’p 1) (xa,y(':,zo
@)

A‘127 H(xﬁ’y,e’ B) (x() 7yZa

Ad,=d —H(xc,yﬁ,z() (x5, Y0, %0,

"

zp >0

Obviously, model (7) is a simple constrained nonlinear
multivariable optimization problem, and in this paper, the
“fmincon” function in MATLAB is directly applied to solve
(7). The function “fmincon” has many optimization methods,
such as the interior-point method, trust-region-reflective
method, sequential quadratic programming (SQP) method,
and active-set method, and the interior-point method is
selected in the following simulations.

For the rotation, we denote the rotation matrix from
the instrument coordinate system of the deformed telescope
to the reference coordinate system by T, , and then the
following equations hold

(5, V2= ('xA’yA7Z”)T,Zr+(x07y;)y’ZO
(x5, V5o 25) = (x5, 15, 25T, +(x0 ’yo ’Zg) ®)
(3 Y6 20) = (3, ye 20 )T, +()Cu ’yg7zo)

By solving (8), we can obtain

-1 " r " "

rs 15 rs —_ — —
Xpay  Voay  Zoay Xa=%0, Vi~ Yo, Z Zo,
v | s s s rr _
To = Xn Yow Zom | | %=X, Ye—Yo, Zp—Z0, | (9)
rs rs rs ” " " " ” "
Yooy Yooy Zery] | Xe—Xo Ve=Yo Zc~Zo,

With T,,, we can easily obtain the coordinates of the
measurement targets in the reference coordinate system,
which can be written as

’
(xa ’ya ’Za) (xa ’ya ’Za) s2;+(x0 ’yO’ 4 (10)

Therefore, we can easily derive the ad]ustments of the

actuators according to the displacements in the z-direction, as
indicated in Fig. 5, and the expression is

An, =(z;~z])/ 7, (an
in which g, =dot{(0,0,1)-7,} and #,is the unit normal vector
of the main reflector.

The position and posture of the sub-reflector can be
determined by the coordinates of the points O, and D, . Fig. 6
shows the locations of the sub-reflector before and after the
deformation, and the points O, and D, are the corresponding
locations of points O, and D, after the deformation. Then, it
is clear that the key to determining the sub-reflector's
adjustment is to obtain the coordinates of the points O, , D, ,
0., and D; in the reference coordinate system. We know that
the points O, and D, are on the ideal sub-reflector, so their
coordinates can be easily obtained by the ideal geometric
shape shown in Fig. 3 and are denoted by (x;,,),,2,) and

4



(xp,»¥p,»25, ), respectively. For the pointd, its coordinate is
derived by solving (7) in the preceding part, and the
corresponding adjustment can be expressed as
(A%, Ay, 20 ) = (X0, V5, ,20) = (X6, V5, ,76)  (12)
For the point D, its coordinate can be derived through

the translation between the instrument coordinate system and
the reference coordinate system, and the expression is

(5 35525)=(0,0,2)) T, +(x5.525)  (13)
Then, the corresponding adjustment can be expressed as
(Axp, Ay, Azp)) = (x5 V) 5 2p ) = (X, V- 2p) - (14)

Distorted;

Fig. 5 Geometric diagram of the adjustment calculation for
the main reflector

Sub-reflector

Fig. 6 Geometric diagram of the adjustment calculation for
the deformed sub-reflector

Until now, we have derived the adjustments for both
the main reflector and the sub-reflector through (11), (12),
and (14). As the telescope operates, the measurement system
can continue working and the main reflector and the sub-
reflector can always be adjusted to their ideal locations.

5. Adjustment to the best fitting location

In engineering, the best fitting reflector shown in Fig.
7 is always selected to measure the surface accuracy instead
of an ideal reflector. The best fitting accuracy is more
reasonable and accurate for characterizing the telescope's
precision. In this case, the sub-reflector should be moved to
the focus of the best fitting reflector, and at the same time, the
adjustments of the main reflector will be significantly
reduced. It should be noted that the best fitting reflector
mentioned here is different from the traditional best fitting
paraboloid. In this paper, an ideal reflector is directly adopted
to fit the deformed reflector, so the shape of the best fitting
reflector is the same as that of the ideal reflector. The reason
for this is that the main reflector is usually a shaped reflector,

which is not an ideal paraboloid. To ensure that the best fitting
reflector and the sub-reflector can match each other very well,
the best fitting reflector must be identical to the ideal reflector.

To calculate the adjustments, the best fitting reflector
should be determined first. As shown in Fig. 7, when the
telescope is deformed, we assume that there is one imaginary
best matched reflector that matches the real sub-reflector
perfectly. Then, the best fitting reflector can be obtained
through a rotation and translation of the best matched
reflector, and the real sub-reflector will also be moved to the
new focus with the same rotation and translation.

—>p'

s(fitting

(0!

s(fitting Best matched
reflector

Sub-reflector

Distorted .
refelctor

Y
1

Pabha
Best fitting

refelctor

Fig. 7 Geometric diagram of the best fitting process

According to Fig. 3, the ideal coordinates of the
measurement targets in the instrument coordinate system can
be easily identified and are expressed as (x;,y,,z,), where
a=1,2,---,N . For the best matched reflector in Fig.7, its
coordinates in the instrument coordinate system for the real
reflector are the same as the ideal coordinates in the
instrument coordinate system for the ideal reflector and can
also be expressed as (x;,y,,z,) . Then, the corresponding
four-dimensional coordinates can be described as

xonoa 1
LR

ideal

15
Xy oyyozy 1

Here, it should be pointed out that because the
translation and rotation are performed simultaneously, four-
dimensional coordinates are adopted to obtain the four-
dimensional transformation matrix, in which the first three
dimensions correspond to the rotation transformation and the
fourth dimension corresponds to the translation
transformation.

Similarly, according to (4), the four-dimensional
coordinates of the measurement targets for the deformed
reflector in the instrument coordinate system can be described
as

s s s

RN A |
s s s

V' _|* 2 A 1

distortion

(16)

rs rs rs
Xy vy zZy 1

Similar to the concept of the best fitting paraboloid,
5



for the deformed reflector with a rigid-body displacement and
a flexible deformation, a transformation matrix is needed to
ensure that the real reflector approximates the best matched
reflector through the coordinate transformation in the least
square sense. This fitting process can be expressed by the
following equation
Vd’lstomon ~ VldealTﬁmng (17)
in which T, is the four-dimensional transformation matrix

that can be derived as
Tr Tr !
ﬁnmg (Ydeal\]ideal ) Ydeallestomon ( 1 8)

where the superscript Tr is the transposition operator.
Next, we further derive the adjustments of the main
reflector and the sub-reflector with the help of the

transformation matrix T, .

For the main reflector, the adjustments are determined
by the difference between the coordinates of the measurement
targets for the best fitting reflector and those for the deformed
reflector. Obviously, the coordinates of the measurement
targets for the best fitting reflector can be easily obtained by
the following equation

Vf{lttlné <\]ideal Tfming >( Nx3) ( 1 9)

in which <‘>(NX3, stands for the operation of extracting the
elements in the first N rows and the first three columns of the
bracketed matrix; in addition, the data in each row of Vf'ming

represent the coordinates of the measurement targets for the
best fitting reflector, which for simplicity, can be expressed
aS  (Xliguing)» Vatsiwing)» Zatsing)) - Thus, the adjustments of the
actuators can be described as

. ~r( _ts rs ~1
Ana(ﬁning) - Slgn(Anu(ﬁning)) ' nOIm|:nu (Za(ﬁlling) —Z, )/(nu z ):| (20)

where the operator nonn[O] represents the length of the

bracketed vector, the operator (')L represents a vector's z-

component, the operator sign(e)is the sign function, and 7,
is the unit normal vector of the best fitting reflector:

. 1 Zzz(m(mg) < Z”
Slgn(Ann(ﬁning)) 1 s 21
Za(ﬁttmg) > Z
~/Tr __ ~Tr
n, =n, <Tﬁlling>(3x3) (22)

For the sub-reflector, the coordinates of the points O
and D in the instrument coordinate system can be expressed
as (0,0,0) and (0,0,z;, —z},) ,
further rewritten as four-dimensional coordinates as (0,0,0,1)
and (0,0,z,
and Dl in the instrument coordinate system can be

derived by the following equation
XS (fiing) ’yo\(mnn )’Zo v-mnu) <(0 0,0,1) ml“g>(l x3)

s Zn ) =0,0,25 =27, DT )

s (fiting) * D (iting)

respectively, and can be

—zp,,1). Then, the coordinates of points Oiing

(23)

D fiing) (24)

Thus, the adjustments of the sub-reflector in the
instrument coordinate system can be expressed as

(13)

(Axommmg) ’ AyO\mumE,) 0 s (fitting ) ) ( 0 S (fitting) y() s (fitting) * 0 S (fitting ) ) (25)
’s
(AXD\(H\Hng) > AyD\mum:x D fitting) ) ( Xp, s (fitting) yD s (fitting) ZD s (fitting) ZO\ + ZD\ )
(26)

Thus far, the adjustment process for the best fitting

reflector has been presented. The best fitting method can
guarantee that the telescope is always kept at the location of
the best fitting reflector during operation, which is the same
as the ideal reflector to guarantee a good match with the sub-
reflector.

Compared with the method presented in Section 4, the
difference is that the best fitting method requires no reference
points, which will reduce the complexity of the measurement
system and the adjustment amounts will also be reduced.
However, in engineering, adjusting the panels to their ideal
locations is a common practice. Therefore, the two presented
methods are reasonable, and simulations and comparisons
will be presented for a comparison in the following section.

6. Simulations

In this section, to assess the performance of the
proposed methods, a dual-reflector telescope is adopted for
the verification, where the diameters of the shaped main
reflector and the sub-reflector are 35 m and 2.4 m,
respectively. The focal length of the main reflector is 10.83
m, the magnification M of the focal length is 6.846, the
working frequency is 10 GHz, and the aperture amplitude
distribution in equation (3) is expressed as [27]

F(r,¢)=0315+(1-0.315)-(1-*)"" @7

Fig. 8 presents the deformation nephogram of the main
reflector when the telescope is pointing horizontally; the
rigid-body translation of the sub-reflector is -6.315 mm along
the Y axis and the rigid-body rotation of the sub-reflector is -
0.0012 rad around the X axis. In this case, we assume that all
the vertices of the panels are adjustable with the actuators,
and then the two methods presented in sections 4 and 5 will
be adopted to calculate the adjustments of the main reflector
and the sub-reflector to verify their validity.

20 3

15- o
2
10
=1l

Y/m
o

20 -10 0 10
X/m

20 mm

Fig. 8 Deformation nephogram of the main reflector when
pointing horizontally

6.1 Method A: Adjustment to the ideal location

In this simulation, the coordinates of the reference
points in the reference coordinate system are selected as (1.7,
0, 0.066), (0, 1.7, 0.066), and (-1.47, -0.85, 0.066), and the
coordinates of points O, and D,are (0, 0, 10.882) and (0, 0,
10.482), respectively. Here, the units are metres. It should be
noted that the reference points are randomly selected near the
centre of the main reflector. Then, the adjustments can be
easily derived according to (11).

Fig.9 presents the deformations in z-direction of the
vertices of the panels equipped with actuators before and after
the adjustment. The curve termed "Before Adjustment"
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represents the deformations before the adjustment, and the
curve termed "Case 1" is the deformations after the
adjustment. Obviously, the deformations are greatly reduced
and the deformation range is narrowed from approximately
+ 35 mm to £ 0.5 mm, which means that the
electromagnetic performance will be greatly improved
according to the Ruze formula or its modified form [27-28].
Fig. 9 also clearly indicates that method A is not effective for
relatively small deformations, such as the deformations of the
first 200 vertices. The reason is that the rotation matrix
derived by (9) from the instrument coordinate system to the
reference coordinate system is not exact and will result in
system errors. Fig. 10 shows the deformation nephogram of
the main reflector after the adjustment and clearly shows that
the distribution of the residual errors is regular, which is
caused by the inexact rotation matrix. To improve the
precision, we need to increase the number of reference points
to obtain an optimal rotation matrix in the least-squares sense.

To examine the influence of the three reference points
on the adjustment accuracy, the coordinates of the reference
points in the reference coordinate system are reselected as
(5.7, 0,0.742), (0, 5.7, 0.742), and (-5.47, -2.05, 0.779), and
the corresponding result is plotted in Fig. 9 and termed "Case
2". Compared with the previous reference points, the new
points are farther away from the centre, and their distances
between each other are longer.
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Fig. 9 Corner deformations of the panels in the z-direction
for method A
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Fig. 10 Deformation nephogram of main reflector after the
adjustment

Obviously, in this case, the adjustment accuracy
increases and the deformation range is narrowed down from
approximately 3.5 mm to 0.2 mm. The reason is that the

rotation matrix derived by (9) will be more accurate. It should
be pointed out that the difficulty in the design of the support
structures and the reference point’s deformation should be
considered when determining the locations. Fig. 11 shows the
structures of the Nanshan 26 m telescope and the Effelsberg
100 m telescope. The common features are that both have one
centre hub and one elevation axis. For the larger telescope,
generally, the centre hub is compact and massive and made
of steel, and the whole backup structure is supported by the
rigid fork or alidade at points A and B. Due to the high
stiffness of the centre hub, the deformation will be very small,
which is why the sub-reflector supporting legs are generally
connected to the centre hub at points A, B, C, and D.
Therefore, the reference points can also be located at the
panel gaps over the points A, B, C, and D, or the gaps between
panels and sub-reflector supporting legs, or other locations
within the centre hub. Generally, the distance between the
reflector panel and main beam of the centre hub is relatively
small, which will reduce the difficulty of designing the
supporting structures of the reference points. To avoid the
effect of the deformation of the backup structure, the
reference point’s supporting structure should be an
independent sub-truss supported by the centre hub at points
A,B,C,orD.
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Fig. 11 Support structures of the telescopes
(a) Nanshan 26 m telescope, China; (b) Effelsberg 100 m
telescope, Germany
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Fig. 12 Adjustments of the sub-reflector in the y-direction



Next, the adjustment process of the sub-reflector is
discussed. When the telescope is pointing horizontally, the
sub-reflector will be deformed and the displacements are
mainly in the y-direction because of the symmetry of the
telescope's structure. Thus, Fig. 12 only shows the
adjustments in the y-direction. In Fig.12, the line segment
termed “before adjustment” is the axis of the distorted sub-
reflector, and the line segment termed “ideal location” is the
axis of the ideal sub-reflector. Fig.6 shows the adjustment
process, the purpose of the adjustment process is to move the
distorted sub-reflector to the ideal location. Here, the axis of

the sub-reflector is adopted to indicate its location and posture.

Fig. 12 presents the location in the y-direction of the axis of
the sub-reflector after the adjustment, and the axis is termed
“after adjustment”. Obviously, the sub-reflector can be
accurately moved to the ideal location, but due to the
adjustment error of point D, , there still exists a small angle
displacement after the adjustment.

Fig. 13 shows the patterns before and after the
adjustment of the main reflector and the sub-reflector to the
ideal location, and a comparison with the ideal pattern shows
that the electromagnetic performance is greatly improved,
which suggests that method A is effective.
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Fig. 13 Pattern comparison (adjustment to the ideal

location)

6.2 Method B: Adjustment to the best fitting location

In this simulation, the adjustment to the best fitting
location is discussed. According to (20), (25), and (26), the
adjustments of the main reflector and the sub-reflector can be
directly obtained. Fig. 14 presents the corner deformations of
the panels in the z-direction before and after the adjustment
of the main reflector and the sub-reflector. The curve termed
"Before Adjustment" represents the deformations before the
adjustment. The curve termed "Adjust Sub-reflector”
represents the residual errors when the sub-reflector is moved
to the focus of the best fitting reflector and the main reflector
is not adjusted. The curve termed "Adjust Main Reflector" is
the corresponding residual errors when the main reflector and
the sub-reflector are adjusted. Obviously, the following
conclusions can be derived.

1) The sub-reflector adjustment can greatly reduce the
reflector's surface rms error, and the error range is narrowed
from approximately 3.5 mm to+ Imm, which will greatly
improve the telescope's electromagnetic performance
according to the Ruze formula.

2) The most apparent feature is that the large errors are
greatly reduced and the small errors are slightly increased for
the sub-reflector adjustment. Fig. 15 shows the distribution of
the residual errors; compared with that presented in Fig. 8, the
distribution is more uniform, which will greatly improve the
telescope's pointing accuracy.

3) When the sub-reflector and the main reflector are
adjusted, the residual errors are nearly zero in an ideal
situation. The main reason is that the adjustments of method
B are smaller than those of method A, which will make it
easier to adjust the panels to specific locations.

4) The adjustments of the actuators calculated by
method B are smaller than those derived by method A, which
is clearly shown in Fig. 16; at the same time, the adjustments
are more uniform, which is helpful for the adjustment of the
actuators.

5) Fig. 17 directly shows the patterns before and after
the adjustment of the main reflector and the sub-reflector to
the best fitting location. Obviously, just adjusting the sub-
reflector to the best fitting location will also result in a great
improvement, which shows that method B is also suitable for
the traditional telescopes.
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Table 1 Electromagnetic performance comparison of the
patterns presented in Fig. 13 and Fig. 17.

Cases GL/dB L-FSLL/dB R-FSLL/dB PE/°
Case 1 0 -24.41 -24.41 0

Case 2 0.17 -27.82 -16.42 -0.01
Case 3 0.01 -24.69 -23.82 =0
Case 4 0.02 -29.46 -20.99 =0
Case 5 =0 -24.81 -24.06 =0

To further compare the electromagnetic performance
after the panel adjustment for the presented two methods, the

main electromagnetic parameters of the patterns shown in Fig.

13 and Fig. 17 are listed in Table 1. Here, the gain loss (GL),
the left first side lobe level (L-FSLL), the right first side lobe
level (R-FSLL), and the pointing error (PE) are considered.
“Case 17 and “Case 2” represent the cases where the
parameters are calculated for the ideal reflector and the
distorted reflector, respectively, and the data correspond to
the patterns termed “Ideal Pattern” and “Before Adjustment”,
respectively. “Case 3”, “Case 4”, and “Case 5” denote the
quantities associated with the patterns termed “After
Adjustment” in Fig. 13 for method A, “Adjust Sub-reflector”
in Fig. 17 for method B, and “Adjust Main reflector and Sub-
reflector” in Fig. 17 for method B, respectively. Obviously,
the PEs are almost zero, and the FSLLs are close to the ideal
data, and the GL is reduced from 0.17 dB to 0.01 dB and 0
dB for method A and method B respectively. The GL of 0.01
dB for method A is caused by the adjustment errors of the

main reflector due to the longer adjustments shown in Fig. 9
and the angle error of the sub-reflector shown in Fig. 12.
Regardless, the performance improvement is evident for both
of the proposed methods. A comparison with Case 2 and Case
4 further shows that method B is also suitable for the
traditional telescope.

The above results and discussions clearly show that
method A and method B are both effective in reducing the
surface rms errors of the main reflector and the rigid body
displacements of the sub-reflector, which will greatly
improve the telescope's electromagnetic performance in
terms of gain and pointing accuracy. The comparison
between method A and method B also shows that method B
may be more suitable for engineering applications. Method B
can be applied to both the active main reflector and the
traditional telescope, and there is no need to select several
reference points, which will reduce the complexity of the
measurement system. In addition, the adjustments of method
B are smaller and more uniform than those of method A,
which will be helpful for the adjustment of the actuators.
However, it should be pointed out that telescope’s mechanical
axis and electric axis will always coincide with each other for
method A, which may not be achieved by method B. Thus,
telescope designers can choose method A or B according to
the actual engineering requirements.

In engineering, measurement accuracy and surface
control error are two important aspects that should be
considered. The surface control error depends on the
precision of the actuator and adjustment calculation error due
to the change in the normal vector of the deformed reflector.
These two kinds of errors are relatively small and do not
affect the adjustment. For the measurement accuracy, in this
paper, good simulation results are obtained with a precise
position measurement accuracy. The laser tracker is installed
on the sub-reflector to measure the target’s coordinate; when
considering its measurement accuracy, the measured
coordinate will be imprecise, and the scale of the coordinate
error will be the same as the laser tracker’s measurement
accuracy. Current laser trackers, such as the API or Faro laser
trackers, have a very high ranging precision. For example, the
distance measurement precision of the Faro vantage laser
tracker can be as high as 16um+0.8um/mxd, where d is the
measurement distance and the displacement error caused by
the angle measurement error for this laser tracker is
approximately 20um-+5um/mxd. Thus, for a measurement
distance of 20 m, the largest measurement error for a distance
measurement and angle measurement will be less than 0.032
mm and 0.12 mm, respectively. Of course, this measurement
accuracy may restrict the application of the presented method
in some sub-millimetre wave telescopes, such as the LMT 50
m telescope. However, for most other large telescopes,
especially for the millimetre telescopes, the measurement
error is very small compared with the structural deformations.
Therefore, the presented method will still significantly
improve the reflector’s surface accuracy and electromagnetic
performance, and the adjustment will not be affected by small
measurement errors. In engineering, we can also adopt an
instrument with a higher measurement precision if necessary,
or we can adopt more than one instrument to measure distance
due to the high distance measurement precision. However,
this requires further study.



7. Conclusion

This work presents an initial surface adjustment
strategy to realize an automation adjustment for a large radio
telescope with adjustable dual reflectors. In the presented
strategy, two different methods of adjusting the deformed
telescope to the ideal design location and to the best fitting
location are derived and discussed through several
simulations. The results clearly show that the two methods
can both be very effective in reducing the surface errors and
improving the electromagnetic performance in terms of gain,
side lobe level, and pointing error. The best fitting method is
more suitable for an implementation in engineering because
of its small adjustments and lack of requirements for
reference points. In fact, there are still some problems that
need to be solved for the implementation of the presented
method in engineering applications. For example, the
installation and operation of the measuring system should not
affect the telescope's electromagnetic performance. The
proposed strategy is presented as a reference for the design of
automation surface adjustment. In terms of engineering,
much more work is needed to realize closed-loop control in a
real-time manner, and further studies are still needed to
improve the telescope’s performance.
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