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Panel Adjustment and Error Analysis for a Large
Active Main Reflector Antenna by Using the
Panel Adjustment Matrix

Peiyuan Lian, Congsi Wang, Song Xue, Qian Xu, Na Wang, Binbin Xiang, Yu Shi, and Yu Jia

Abstract—Active panels are generally applied in large aperture
and high frequency reflector antennas, and the precise calculation
of the actuator adjustment value is of great importance. First, the
approximation relationship between the adjustment value and
panel elastic deformation is established. Subsequently, a panel
adjustment matrix for the whole reflector is derived to calculate
the reflector deformation caused by the actuator adjustment. Next,
the root mean square (rms) error of the deformed reflector is
expressed as a quadratic form in the matrix form, and the
adjustment value can be derived easily and promptly from the
corresponding extreme value. The solution is expected to be
unique and optimal since the aforementioned quadratic form is a
convex function. Finally, a 35 m reflector antenna is adopted to
perform the panel adjustments, and the effect of the adjustment
errors is discussed. The results show that compared to the
traditional model, where the panel elastic deformation is not
considered, the proposed method exhibits a higher accuracy and
is more suitable for use in large reflectors with a high operation
frequency. The adjustment errors in different rings exert
different influences on the gain and sidelobe level, which can help
determine the actuator distribution with different precisions.

Index Terms—Panel Adjustment Matrix, Active Panel, Error
Analysis, Power Pattern, Reflector Antenna

I. INTRODUCTION

LARGE reflector antennas have been widely used in deep
space exploration, radio astronomy, communications, and
other applications, owing to their simple structure, high gain,
and narrow beam [1]-[2]. With the development of reflector
antennas to have large apertures and high frequencies, such
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antennas must operate in the open air due to their large
apertures and are thus inevitably affected by external loads such
as gravity, temperature, and wind. In such cases, the reflector
may be deformed, leading to a considerable deterioration in its
electromagnetic (EM) performance [3]-[6]. Moreover, owing to
the high frequency, a high surface precision must be ensured,
which notably increases the difficulty in the structure design
[7]-[8]. To ensure high surface precision, active main reflectors
with adjustable panels have been widely applied to large
reflector antennas operating in the millimeter or submillimeter
wave band [9]-[10], such as the 110 m Green Bank telescope
with 2004 panels supported by 2209 actuators, and the 65 m
Tianma telescope with 1008 panels and 1104 actuators. As
shown in Fig. 1, each panel of the active main reflector is
supported by four actuators and can be adjusted to the locations
of the ideal reflector or best fitting reflector. Thus, the
deformation measurement and panel adjustment calculation of
the deformed reflector are two particularly important research
areas [11]-[13]. However, in this paper, we focus on the panel
adjustment calculation and the effect analysis of the panel
adjustment error on the EM performance of the reflector.

oy e

Fig. 1. Active main reflector of the 65-m Tianma telescope in China.

Reflector deformation compensation has been discussed in
many papers. Two compensation methods are commonly
applied. The first approach involves moving the subreflector
for the nonactive main reflector antenna through one six bar
mechanism, and the second approach is to adjust the panels for
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the active main reflector antenna through thousands of
actuators [14]. Reference [15] presented a subreflector
adjustment method to compensate for the main reflector
deformation through the surface piecewise fitting of the
deformed main reflector. References [16] and [17] indicated
that the main reflector surface accuracy can be enhanced to a
certain extent by moving the subreflector to a new location
determined based on the best fitting reflector. However, the
best fitting error of the deformed main reflector cannot be
compensated for by moving subreflector. For the active main
reflector antenna, the reflector deformation can be well
compensated by adjusting thousands of actuators. Reference
[18] described a calculation process of the panel adjustment;
however, only the best fitting reflector was considered, and the
panel elastic deformation was not taken into account. In [19], the
panel adjustment was discussed; however, the method pertained
only to the panel installation procedure, and the panel was
approximated as a rigid body with no elastic deformation. In [20],
anovel application for the active surface of a shaped reflector for
the primary focus operation was presented, and satisfactory
results were obtained; however, the actuators were adjusted only
to the positions of the panel vertices of the best fitting reflector,
and the panel elastic deformation was not considered. In [21], a
panel mold sharing design was adopted to reduce the cost;
however, the panel adjustment was not considered. Overall,
although panel adjustment has been examined in many studies,
the research on the detailed adjustment calculation procedure
for the active main reflector with thousands of actuators is
lacking. The common limitation is that the panel elastic
deformation is not considered, owing to which, the derived
adjustment is not optimal.

Many researches have focused on the error effect analysis of
the reflector antenna considering the EM performance. In [22]
and [23], the effects of random surface errors on axisymmetric
and offset cylindrical reflector antennas were discussed,
respectively. In [24], a practical approach was proposed to
evaluate the effects of the panel manufacturing errors on the
EM performance by considering the panel forms. In [25], the
effects of nonuniform surface errors along the radius on the
radiation characteristics of the reflector were examined, and the
performance of the deformed reflector was evaluated. In [26],
the influence of the buckled deformation caused by the
temperature load was addressed. In [27] and [28], an interval
analysis method was incorporated in the estimation of the
average pattern behavior of a reflector antenna with interval
surface deformations and bump-like surface deformations,
respectively, and the Monte Carlo method was adopted to
verify the proposed methods. Moreover, the interval analysis
method is an effective analysis tool to address the
uncertain-but-bounded error and has been widely applied to the
tolerance analysis of array antennas [29], [30]. Different
approximation calculation methods for the power pattern were
proposed in [31], [32], and [33], and the effects of different
external loads on the EM performance were discussed in [34],
[35], and [36]. In addition, many studies were also focused on
the surface error analysis, which were not listed here due to the
limited space. Nevertheless, there are few researchers focused

on the effect analysis of the actuator adjustment error for the
active main reflector antenna considering the EM performance.

In engineering applications, the actuator adjustment value is
generally determined through the deviation of the panel from
the ideal reflector or best fitting reflector. Although the EM
performance can be enhanced using the abovementioned
traditional adjustment method, certain adjustment errors remain
because the panel elastic deformation is not considered. In this
paper, a more precise calculation process for the actuator
adjustment value is proposed, and the effect of the actuator
adjustment error on the EM performance is analyzed
considering the panel elastic deformation. First, a panel
adjustment matrix is derived to calculate the reflector
deformations caused by all the actuators. Subsequently, the
calculation of the adjustment value is transformed into a convex
optimization problem, and a unique and optimal solution is
derived. Based on the derived panel adjustment matrix, the
adjustment error analysis is presented, and several numerical
examples are considered to demonstrate the effectiveness of the
proposed method and some useful results are obtained. Because
the objective of the proposed method is to increase the surface
accuracy by adjusting a large number of actuators when the
reflector is deformed due to the external loads, the kind of loads
that cause the deformation is not relevant. Moreover, because
no real wind field and temperature field is available for the
adopted reflector antenna to calculate the deformation, only the
gravity is considered in the simulations described in this paper.

II. POWER PATTERN CALCULATION

Fig. 2 shows the geometry of a prime focus reflector antenna
with a diameter D and focal length F. D = 24 , where a is the
radius. O is the projected circular region of the curved reflector
surface on the aperture plane with the polar coordinates p’ and
¢’ . F is the unit vector in the observation direction, and the
coordinates (r,9,¢) correspond to the observation point. r’
corresponds the point on the reflector surface. Considering the
relationship between the aperture field and far field to be a
Fourier transform pair, the far field pattern can be derived as
follows:

E@6,9)=[[ 0(p)"" " da, )

Q(p')=B+C£l—p—;zJ , (2)
a

where j=+/-1,k=27z/A, Ais the wavelength, Q(p") is the
aperture amplitude distribution, B+C=1, 1< P<2, and the
edge taper ET =20log B -
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Fig. 2. Geometry of a prime focus reflector antenna.

Assuming that the reflector deformation caused by the
external loads is 4(+") , which is relative to the ideal reflector or

best fitting reflector, and the reflector deformation caused by the
actuator adjustment is §(+”), the total deformation A can be

expressed as
AFy=d(r)+(r). 3)

By incorporating the effect on the aperture field caused by (3)
into (1), the far field pattern after the panel adjustment can be
rewritten as

E(6, )= I L O(p)e 7 sntecs(o-0 ke (0" &) g (4

where Ap is the change in the optical path length caused by the
total deformation A in (3). The surface errors manifest in the
pattern degradation primarily due to the introduction of the phase
error in the reflector aperture [22], as demonstrated in [31]
through formulation derivation. Thus, the surface deformation is
supposed to have a negligible effect on the amplitude of the
far-field pattern [27]. A& in (4) can be expressed as
Ap=2(Ax cos o + Ay cos B+ Az cos ¥) cos ¥ , in which Ax , Ay
and Az represent the components of the total deformation A in
the directions of the x axis, y axis, and z axis, respectively, and
cos o , cos B, and cos ¥ are the direction cosines of the unit
normal vector of the reflector surface with cosa@=cos¢
cos f=sin ¢’ , and cos y= cos(§/2) .

To improve the EM performance of the deformed reflector,
the total deformation A should be as close to zero as possible.
Thus, to derive the optimal adjustment values of all the actuators,
it is necessary to establish the relationship between the reflector
deformation §(r") and actuator adjustment value, as discussed
in the following section.

III. PANEL ADJUSTMENT MATRIX

Fig. 3 shows the finite element model of the e panel of an
active main reflector antenna. The panel is supported by four
actuators and reinforced by several beam structures. 0% 855 8¢
and ¢ express the adjustment values of the four actuators, and
the subscript e denotes the quantities associated with the e panel.
To derive the relationship between the deformation and all the
actuators for the entire reflector, the corresponding relationship

for one active panel should be first established.

53‘ Actuator 3

4

Actuator

ree
Actuator 1 ‘ 51

Fig. 3. Finite element model for one panel.

In Fig. 3, let o equal 1 and 855655 and 58 equal zero in
units of millimeters. The aforementioned boundary condition is
applied to the finite element model of the e™ panel, and the
corresponding deformation function f¢(s) is obtained through
the mechanical simulation. o =1 indicates that the unit
displacement occurs in the panel’s normal direction because the
actuator is generally mounted vertically to the panel. This
simulation is repeated three times for =15 8:=1, and
5 =1, and the corresponding deformation functions L)
£y, and ff(r) can be derived, respectively. The panel
deformation depends on the four actuator adjustment values of
each panel. The size of one panel generally ranges from 2 m to
5 m, and the panel maximum deformation is generally a few
millimeters. Thus, the panel deformation caused by the actuators
can likely be approximated through the linear superposition of
the four deformation functions NG ENAGINAGE and
£.2 (") with the corresponding adjustment values considered as
the weights because the reflector deformation is extremely
small compared with the panel size. Nevertheless, the
simulation results show that the approximation error is slightly
large when the four actuator adjustment values are all positive
or negative due to the panel elastic deformation. Let the four
actuators be displaced by 1 mm simultaneously. The fifth
deformation function f°(#) can be derived through
mechanical simulation and applied to reduce the approximation
error. To simplify the formulation derivation, FEFYs £,
INGINGE andf;(y') are replaced by AN AN ATAD and
£, respectively.

Figs. 4(a) and 4(b) present the axial components of the
deformation functions f¢ and f° , respectively. The
displacement of the point inside the panel is related to the
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distance between this point and the actuator; however, a certain
degree of nonlinearity exists due to the panel elastic
deformation. When the four actuators of one panel undergo a
unit displacement simultaneously, the panel does not translate
as a rigid body due to the different normal directions for these
four actuators, which results in the elastic deformation.

MX

Unit: mm
[___ I— ==
-.055 154 .362 .570 178
.050 258 466 .674 .882
(@ 6f=0.0,=0.8;=1.6;,=0
Unit: mm
| ___ N .
765 799 .833 .867 901
782 816 .850 .884 918

® 5 =1.0=1.0:=1.5¢ =1

Fig. 4. The axial components of the panel deformations

The aforementioned five functions FAN AT AR AR and A
are adopted as a set of basis functions to approximately
calculate the panel deformation caused by the adjustment of the
four actuators of the e™ panel. Generally, the actuator
adjustment value is small due to the small surface deformation.
Therefore, to a certain extent, the corresponding panel
deformation caused by the actuators can be approximated as the
sum of N AAY and 1 with weights of 85 655 85 and
o, respectively. To improve the approximation accuracy, the
fifth function f£° is introduced and its weight is defined as the
average value of the four actuator adjustment values. Moreover,
the weights of S5 £S5 i85 ot £, must be replaced with the
differences between the corresponding actuator adjustment
values and the average value. Therefore, the approximation
relationship can be expressed as follows:

Saleia)e

Equation (5) is an empirical formula derived by a large

number of simulations, and its correctness has been
demonstrated by different simulation results. We can expand
formula (5) and rewrite it in the following form

5 = 3ﬁﬁ€ﬁ+ﬁ 5 +-ff+3ﬁ-f-ﬁ+ﬂe S5t
_‘fieTf‘ZE+3‘f;€Tf;‘e +f‘5€ 5e+_ﬁ€_f‘2€Tf;;E+3f;‘e +f‘5£’ 68 ’(6)
4 ’ 4 ¢

=[e & & g][o & & &)

where

gt = S -fi-ff + 5 (7a)
gt = L3y f St S (7b)
g =S +3£f Si+ S5 (7¢)
g = W : (7d)

and the superscript “T” indicates the transpose.

Equation (6) is a general expression for the point inside the
" panel. By introducing all the point coordinates of the ™ panel
in (6), we can obtain the following expression in the matrix
form

6'=lg & & g6=G. (®)

where ge=[g5° & o 5:]T . The column vector gf is
obtained by mtroducing all the point coordinates of the e panel
in g/, and the column vectors g g and g¢ can be obtained in
a similar manner.

To reduce the workload, the deformation functions f°, £,
JARAR and A for all the panels do not need to be calculated.
In general, a reflector is composed of several rings, and each
ring includes a lot of the same panels. Because the external
loads are mnot considered in the derivation of the
abovementioned five deformation functions, for an ideal
reflector, only one panel is adopted for each ring to derive the
corresponding five deformation functions, and the functions for
other panels in the same ring can be directly obtained by
rotating the five deformation functions along the z axis of the
reflector. In this manner, one panel adjustment matrix for the
entire reflector can be derived using the relationships, as shown
in (8), for all the panels, to calculate the panel deformation of
the entire reflector caused by adjusting all the actuators.

Assuming the adjacent actuators of two adjacent panels to be
independent, the panel adjustment matrix G for the entire
reflector can be derived using (8), and the column vector
composed of all the point displacements for the entire reflector
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can be expressed as

G" 0 0 180
0 GY? 5@
- : : » 9)
— N _ all
5 - G(é’) 5(e) - Gaactuatcr
.0 :
| 0 0 G(M)__é-;m_

where M is the total number of panels, and ! is a column

vector composed of all the actuator adjustment values. The panel
adjustment matrix G is a block diagonal matrix.

However, for large antennas in engineering applications, to
decrease the number of actuators to reduce the cost, the adjacent
corners of the adjacent panels can be supported by one actuator.
In this case, the corresponding equation to (9) can be derived
with the only difference pertaining to the panel adjustment
matrix G not being a block diagonal matrix. We consider four
adjacent panels as an example, as shown in Fig. 5, to describe the
assembly procedure when the actuators are shared at the adjacent
corners of the adjacent panels.

" Actuator3 b Actuator6  Actuator9 \
Panel 2 Panel 4

% Actuator2 . Actuator5 Actuator8 \
Panel 1 Panel 3

\ Actuator 1 \ Actuator4 Actuator? \

Fig. 5. Actuator distribution for the four adjacent panels.

The panel distribution and actuator serial number are shown in
Fig. 5, and the corresponding equations to (6) for the four panels
can be expressed as

T

s =[a & & &) & & a]. o)
T

5(2)2[&(2) g g’ gz(12):|'|:52 o 9 53:| > (D
0

& =[g & & &1[6 6 6 aT. a2

s =[g" & & &)[a & & 5] 03

Next, the panel adjustment matrix for the four panels can be
expressed as
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g g 0 g g 0 0o o o]s

ol 0 & &’ 0 g g 0 0 05
- 3) (3) :

0 0 0 g g 0 g7 g 0

0 0 0 0 gY g’ 0 g g'|4

(14

:Cg:::ualor’

The panel adjustment matrix is not a block diagonal matrix
and is instead a banded matrix. In the following section, the
optimal actuator adjustment values are derived to minimize the
reflector surface errors based on the derived panel adjustment
matrix.

IV. OPTIMAL ADJUSTMENT CALCULATION

When a reflector antenna is deformed under the effects of the
external loads, the reflector surface precision must be enhanced
by adjusting thousands of actuators. Assuming that the column
vector d is composed of the node displacements of the finite
element model of the reflector and the actuator adjustment vector
is " | the total deformation vector A can be expressed as

actuator

A=d+6=d+G3"

actuator * (15)
Next, the reflector surface root mean square (rms) error after
the panel adjustment can be derived as

rms = 'AT%\[ = \/(d + Gé‘:i:uutor )T (d + Ga::luatur%v N

where N is the total number of nodes for the entire reflector.

In engineering applications, the actuator adjustment values are
generally directly determined considering the normal distances
between the corners of the panels of the deformed reflector and
target reflector, such as the ideal reflector or best fitting reflector.
However, this conventional approach is not optimal due to the
panel elastic deformation. The optimal adjustment values should
be derived by solving the following optimization problem:

(16)

Find &

actuator

Min f = Nxrms’ ’ a7

all < Sall up
actuator — ™ actuator

Subjectto &

actuator

down

are the upper and lower limits of

down

where g

actuator

 and g

actuator

the actuator adjustment values, and f is the revised objective
function.

Considering that the number of actuators is extremely large, to
promptly derive the optimal adjustment values, we expand the
objective function f'to be in the following quadratic form in the
matrix form

+28"  "G'd+d"d.

f = é‘all ! G TG J;L‘l:uator actuator ( 1 8)

actuator
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Thus, the optimal solution of (17) should satisfy the following
condition:

A
e

actuator

(19)

By solving (19), we can directly derive the optimal adjustment
values, and the column vector can be expressed as

6all

actuator _(GTG)_l (GTd) . (20)

Equation (20) shows that the optimal solution of the actuator
adjustment value is analytic, and thus, the computation can be
easily and promptly performed. Subsequently, we can derive the
total deformations after the panel adjustment by substituting (20)
into (15), and the EM performance of the reflector can be easily
obtained by introducing (15) and (20) into (4).

When the actuator adjustment value is positive, the panel
should be moved upward; otherwise, the panel should be moved
downward. The proposed method is as simple as the traditional
method, and all the adjustment values can be promptly calculated
through a simple matrix operation, as shown in (20). Moreover,
the adjustment values are more precise compared with those
calculated using the traditional method because the panel elastic
deformations are considered.

Regardless of the actuators being shared at the adjacent
corners of the adjacent panels, the calculation processes of the
adjustment values are identical. The only difference is that the
panel adjustment matrix is derived using (9) or (14) for the
independent or shared actuators, respectively. In general, the
difference between the deformations at the adjacent corners of
the adjacent panels is small because the surface deformation is
nearly continuous. Thus, to calculate the adjustment value of the
shared actuator at the adjacent corners of adjacent panels, in
addition to the method using (14), another simple method is to
adopt the average value of the adjustment values of the
independent actuators at the adjacent corners as the
approximation value of that of the shared actuator.

The following section describes several
performed to demonstrate the correctness of the proposed
method. Moreover, a comparative analysis of the proposed and
traditional methods is described, and the effect of the actuator

simulations

adjustment errors on the EM performance is discussed.

V. NUMERICAL RESULTS AND DISCUSSION

A. Simulation Object

To assess the performance of the proposed method, a large
reflector antenna with a diameter and focal length of 35 m and
10.8 m, respectively, is adopted for the simulations. Fig. 6 shows
the antenna’s finite element model and panel distribution form.
Nine rings of panels are supported by 10 rings of actuators, and
each panel is supported by four actuators. In general, one
actuator is shared at the adjacent corners of the adjacent panels

to reduce the number of actuators. For example, for the four
corners at location 5 in Fig. 6, we install only one actuator to
support the corners i, j, k, and m. The adjustment value of the
shared actuator is approximately equal to the average value of the
four adjustment values when the four independent actuators are
installed at corners 7, j, k, and m.

(b) Panel distribution and adjacent corners
Fig. 6. Simulation model of a 35 m reflector antenna.

First, we verify the panel adjustment matrix through the finite
element simulation. Next, the actuator adjustment is calculated
considering each panel to be supported by four independent
actuators, and the average adjustment value of the adjacent
actuators at the adjacent corners of the panels is derived.
Subsequently, the surface errors and beam patterns before and
after the panel adjustment are determined using the proposed
approach and traditional method respectively. Finally, the effect
of the actuator adjustment error on the EM performance is
analyzed. The parameter P in the aperture amplitude distribution,
as indicated in (2), is 1.5, and the edge taper ET is -10 dB in the
EM simulations.

B. Verification of the Panel Adjustment Matrix

Consider a panel located in ring 5 as an example. The panel is
supported by four actuators, and the actuator serial numbers are
the same as those shown in Fig. 3. Seven cases with different
adjustment values are considered, as indicated in Table I. The
first five cases correspond to the typical deformations. In cases 1
and 2, one side of the panel is deformed upward, and the other
side is deformed downward; in cases 3 and 4, one corner of the
panel is deformed upward, and the opposite corner is deformed
downward; in case 5, the entire panel is deformed upward. To
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verify the generality of the panel adjustment matrix, cases 6 and
7 are also considered, which correspond to two arbitrary
deformations. In the seven cases, the panel deformations caused
by adjusting the actuators are calculated using two different
approaches involving (1) the panel’s finite element model (2) the
derived panel adjustment matrix. The rms errors of the difference
in the results obtained using the aforementioned two methods are
presented in Table 1. The results calculated using the finite
element method are adopted as the references. The actuator
adjustment occurs in the reflector’s normal direction because the
actuator is generally vertical to the panel. Considering that the z
axial deformations exert the most notable effects on the
reflector’s EM performance, only the z axial deformations are
adopted to calculate the rms errors.

TABLEI
SEVEN SIMULATION CASES WITH DIFFERENT ADJUSTMENT VALUES
Cases 1 2 3 4 5 6 7
Actuator 1/mm 5 -5 -5 5 5 6 10
Actuator 2/mm 5 -5 0 0 5 -8 8
Actuator 3/mm -5 5 5 -5 5 2
Actuator 4/mm -5 5 0 0 5 -4 6
rms error/pm 26 26 26 26 96 52 128

» Finite Element
Model

. Panel Adjustment
5 Matrix
B

Panel Deformation / mm

X/ mm Y /mm

Fig. 7. Panel deformations for case 6.
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Fig. 8. Panel deformations for case 7.

The rms errors for the first four cases are extremely small,
close to 0.026 mm. Case 5 shows that the rms error increases
when the actuator adjustments are in the same directions, which
can also be verified by the result for case 7. Case 6 shows that
when the actuator adjustments are in different directions, the rms
error becomes relatively small, owing to which, the first four
cases involve small rms errors. Figs. 7 and 8 present the panel
deformations for cases 6 and 7, respectively, and it can be noted
that the two deformations calculated using the two methods are
in agreement, and the errors in the center area are slightly larger

than those in the edge region. Anyway, the results presented in
Table I and Figs. 7 and 8 show that the approximation error of the
panel adjustment matrix is very small.

C. Comparison Before and After Adjustment

Considering only the gravity deformation, several simulations
are performed to enhance the EM performance of the 35 m
reflector antenna by adjusting the actuators. Because the gravity
deformation at a given tilt angle can be expressed as a weighted
sum of the deformations at the horizon and zenith positions [37],
only the following two cases are considered: (1) pointing
skyward; (2) pointing horizontally. The corresponding actuator
adjustment values are calculated using two methods, specifically,
(1) the traditional method and (2) the proposed method. In the
traditional method, the adjustment value is determined by the
projection of the distance between the panel corner of the
deformed reflector and that of the ideal reflector in the axis
direction of the actuator. In the proposed method, the adjustment
values are derived using (20). To obtain the optimal panel
adjustments, the surface errors of the reflector after the panel
adjustment can be derived, and the rms errors can be obtained
easily.

Table II lists the reflector’s surface rms errors for different
methods, and Figs. 9 and 10 present the corresponding surface
error distributions when the reflector points skyward and
horizontally, respectively. When the reflector points skyward,
under the effect of gravity, the rms error is 1.333 mm before
adjustment, and after the panel adjustment, the rms errors are
reduced to 0.284 mm and 0.067 mm for the traditional method
and proposed method, respectively. Although both the methods
exhibit a reasonable performance, the precision of the proposed
method is higher than that of the traditional method, and the
proposed method is approximately 4.24 times more accurate.
When the reflector points horizontally, similar results are
obtained, and the proposed method is approximately 5.55 times
more accurate.

In general, the motion resolution of the actuator applied in
the large millimeter or submillimeter wave reflector in
engineering applications can reach a few microns. Thus, the rms
error can be further reduced from 0.284 mm to 0.067 mm or
from 0.283 mm to 0.051 mm, as indicated in Table II, when the
proposed method is adopted. Compared with the surface
precision after panel adjustment, the adjustment error caused by
the motion resolution of a few microns is extremely small and
does not considerably influence the surface precision.

TABLEII
RMS ERRORS OF THE REFLECTOR SURFACE BEFORE AND AFTER ADJUSTMENT

Pointing skywards Pointing horizontally

T a
erms BA TM PM | BA TM PM

rms error/mm 1.333 0.284 0.067 1.269 0.283 0.051

* B-A, T-M, and P-M denote before adjustment, traditional method, and
proposed method, respectively, and the same abbreviations hold in other tables.
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(c) Surface errors after adjustment using the proposed method

Fig. 9. Surface error distributions when the reflector points skyward.
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Fig. 10. Surface error distributions when the reflector points horizontally.
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Next, the surface error distributions are discussed. Figs. 9(a)
and 9(b) show the surface error distributions before the
adjustment and after the adjustment using the traditional
method. Although the surface errors are considerably reduced,
the error distribution is slightly similar to that before the
adjustment. As shown in Fig. 9(a), the deformations are always
negative when the reflector points skyward. Thus, the actuator
adjustment values are always positive when the reflector points
skyward. In the traditional method, when the panel corners are
adjusted to the positions of the vertices of the panels of the ideal
reflector, the panel elastic deformation is not considered, which
is always negative when the reflector points skyward. Thus, the
surface errors after the adjustment through the traditional method
are always negative, as shown in Fig. 9(b). Moreover, the axis
directions of the actuators do not coincide with the displacement
vectors of the panel vertices, and thus, the panel vertices of the
deformed reflector cannot be moved to the ideal locations
completely. At the same time, the axis directions of the actuators
of the deformed reflector antennas are unknown, and thus, the
ideal axis directions for the ideal reflector antenna are adopted in
the process of the calculation of the adjustment values, and
certain some adjustment errors remain. As shown in Fig. 9(b),
the errors at the panel corners do not become zero, especially for
the panels in the uppermost and lowermost regions with large
deformations. Thus, the actuator adjustment values are not the
optimal solution derived using the traditional method. Fig. 9(c)
shows the surface error distribution when the proposed method
is adopted. The surface error distribution is more uniform than
that when the traditional method is adopted. According to Fig.
9(c), for each panel after the adjustment, certain positive and
negative errors exist, indicating that the deformed panels have
been adjusted to the optimal locations.

Fig. 10 shows the surface error distributions for the case in
which the reflector points horizontally. Similar results as those
shown in Fig. 9 can be attained. The error distribution shown in
Fig. 10(c) is more uniform than that shown in Fig. 10(b),
because the panel elastic deformations are considered in the
derived panel adjustment matrix, which indicates a high
approximation precision, as clearly illustrated in Figs. 7 and 8.

Next, we demonstrate that the average value of the actuator
adjustments at the adjacent corners of the adjacent panels can
be approximately adopted as the adjustment amount of the
shared actuator when only one actuator is installed to support
the adjacent two or four corners. When the reflector points
skyward, as shown in Fig. 9(a), for the first ten adjustment
points in Fig. 6, the average value can be calculated by

6sharcd :(§t+§/+§k+6m)/4’ (21)

where, J; , J; , om , and J; are the adjustment values of the
actuators at corners i, j, k, and m, respectively, and the
adjustment values are listed in Table III. When the reflector
points horizontally, the corresponding values for the last ten
adjustment points in Fig. 6 are listed in Table IV. For the
adjacent corners, the two or four adjustment values are nearly
identical, and the max percentage error relative to the average
value is less than 6%, except for that of the twelfth adjustment
point. The reason for the large percentage error for the twelfth

adjustment point is the relatively small adjustment value. The
absolute value of the error is extremely small, and thus, it does
not considerably influence the EM performance. Therefore, for
the reflector with the shared actuator at the adjacent corners, in
addition to the method in which the adjustment value of the
shared actuator can be directly calculated using (14) and (20),
another simple method is to consider the average value of the
independent actuator adjustment amounts calculated using (9)
and (20) as the approximation adjustment value of the shared
actuator. The patterns for these two methods nearly coincide
and are not presented here due to the space limitation.

TABLE III
AVERAGE ACTUATOR ADJUSTMENTS AT THE ADJACENT CORNERS OF ADJACENT
PANELS WHEN THE REFLECTOR POINTS SKYWARD

a Oi 9 Ok Om Aver Max| Perc
Terms /mm /mm /mm /mm /mm /mm /%
1 \ 1.122 1.114 \ 1.118 0.004 0.36
2 1.102 1.162 1.177 1.090 1.133 0.044 3.88
3 0.332 0.298 0.301 0.327 0.315 0.018 5.71
4 0.235 0.223 0.232 0.246 0.234 0.012 5.13
5 0.276 0.257 0.263 0.272 0.267 0.010 3.75
6 1.054 1.013 0.995 1.037 1.025 0.030 2.93
7 1.495 1.429 1.397 1.459 1.445 0.050 3.46
8 1.511 1.465 1.435 1.476 1.472 0.039 2.65
9 1.547 1.549 1.527 1.517 1.535 0.018 1.17
10 1.222 \ \ 1.212 1.217 0.005 0.41

a«“Aver”, “[Max|”, and “Perc” denote the average value, maximum absolute
error, and percentage error, respectively.

TABLE IV
AVERAGE ACTUATOR ADJUSTMENTS AT THE ADJACENT CORNERS OF ADJACENT
PANELS WHEN THE REFLECTOR POINTS HORIZONTALLY

Terms i 9; Ok Om Aver [Max| Perc
/mm /mm /mm /mm /mm /mm /%

11 \ -0.172  -0.162 \ -0.167  0.005 2.99
12 0.143 0.186 0.178 0.138 0.161 0.024 15.5
13 0.418 0.445 0.432 0.401 0.424 0.023 5.42
14 0.551 0.568 0.556 0.552 0.557 0.011 1.97
15 0.858 0.880 0.875 0.882 0.874 0.016 1.83
16 1.497 1.525 1.516 1.505 1.511 0.014 0.93
17 2.512 2.490 2.491 2451 2.486 0.035 1.41
18 3.213 3.191 3.173 3.226 3.201 0.028 0.87
19 4.064 4.114 4.073 4.028 4.070 0.044 1.08
20 4453 \ \ 4431 4.442 0.011 0.25

Based on the reflectors with the surface errors, as shown in
Figs. 9 and 10, the corresponding power patterns are
determined through (4) considering an operating frequency of
24 GHz. Figs. 11 and 12 present the power patterns of the
reflectors in Figs. 9 and 10, respectively. For each reflector, the
patterns in the horizontal and vertical planes are determined.
The gain loss and first sidelobe level increment (SLLI) for each
pattern are presented in Tables V and VI for the reflectors in
Figs. 9 and 10, respectively.

When the reflector points skyward, under the effect of the
gravity deformations, as indicated in Table V, the gain losses
are 0.804 dB and 0.789 dB for the patterns in the horizontal and
vertical planes, respectively. After the panel adjustment
through the traditional method, the two gain losses are reduced
to 0.044 dB. When the proposed method is adopted, the two
gain losses are reduced to 0.013 dB. When the reflector points
horizontally, as shown in Table VI, when using the traditional
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method, in the horizontal and vertical planes, the gain loss is
reduced to 0.121 dB from 2.27 dB and to 0.028 dB from 0.244
dB, respectively. When using the proposed method, the gain
losses in the horizontal and vertical planes are reduced to 0.005
dB. Both the traditional and proposed methods lead to an
improvement; however, the gain loss is considerably smaller
when the adjustment is performed using the proposed method.
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Fig. 11. Patterns of the reflectors in Figure 9 when the reflector points skyward.

0 e
""" Ideal
o Deformed
"""" Traditional

Proposed |

Normalized power pattern / dB
)
S

-0.05 0
Angle / ©

'
=)

0.05 0.1

(a) Patterns in the horizontal plane

10

Normalized power pattern / dB
&
(=]

4,

Angle / °

(b) Patterns in the vertical plane

Fig. 12. Patterns of the reflectors in Figure 10 when the reflector points
horizontally.

TABLEV
GAIN LOSS AND SLLI FOR EACH PATTERN IN FIGURE 11
Terms ® Horizontal plane Vertical plane
B-A T-M P-M B-A T-M P-M
Gain loss/dB 0.804 0.044 0.013 0.789  0.044 0.013
L-1* SLLI/dB 8.53 0.41 0.09 / 0.13 -0.01
R-1* SLLI/dB 8.53 0.41 0.09 / 1.04 0.01

* L-1% SLLI and R-1* SLLI indicate the first sidelobe level increment in the
left and right sides, respectively.

TABLE VI
GAIN LOSS AND SLLI FOR EACH PATTERN IN FIGURE 12
a Horizontal plane Vertical plane
Terms BA TM PM | BA TM PM
Gain loss/dB 2.27 0.121 0.005 0.244 0.028 0.005
L-1** SLLI/dB -0.37 0.01 0.01 -0.7 -4.84 -0.16
R-1% SLLI/dB -0.36 0.01 0.01 9.42 3.06 0.09
P-E/arc second / / / 37.8 10.8 0

* P-E denotes the pointing error.

The patterns shown in Figs. 11 and 12 indicate that the SLLs
after the panel adjustment are nearly identical to the ideal
patterns, and the proposed method exhibits a higher agreement,
especially for the patterns shown in Figs. 11(b) and 12(b), in
which the SLLI is more notable due to the existence of the
pointing errors.

To consider the pointing error, Fig. 12(b) is considered as an
example. The pointing error is 37.8 arcsec for the deformed
reflector before the panel adjustment, and it is reduced to 10.8
arcsec while the traditional method is adopted. When the
proposed method is applied, the pointing error is nearly zero.
The effect of the proposed method is more pronounced
compared with that of the traditional method. Thus, next, the
proposed method is applied to the panel adjustment of the
deformed reflector with a higher operation frequency because
the pattern is more sensitive to the surface deformation.

The operating frequency of 96 GHz is selected for the
reflectors with the surface error distributions when the reflector
points skyward, as shown in Fig. 9. The patterns are plotted in
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Fig. 13, and the gain loss and first SLLI for each pattern are
indicated in Table VII. Fig. 13 shows that the patterns of the
deformed reflectors are considerably worse before the panel
adjustment because the operation frequency is higher, and the
advantage of the proposed method is more pronounced than
that of the traditional method. The gain loss is further reduced
from 0.701 dB to 0.208 dB, and the SLLs are notably improved
when the proposed method is adopted. In other words, the
correctness and effectiveness of the proposed method are
clearly demonstrated by the simulations.

Normalized power pattern / dB
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(a) Patterns in the horizontal plane
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[
S

Traditional
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-0.01 0
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(b) Patterns in the vertical plane
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Fig. 13. Patterns of the reflectors shown in Figure 9 when the reflector points
skyward with an operation frequency of 96 GHz.

frequency of 12 GHz is examined through the Monte Carlo
method by using the proposed panel adjustment matrix.
Assuming that the actuator adjustment error follows a normal
distribution with a zero mean and standard deviation 7, ten
thousand kinds of different adjustment errors for all the actuators
are generated in MATLAB, and the corresponding patterns are
calculated to derive the average gain loss and first SLL. The
parameter P is 1.5, and ET is -10 dB in the aperture amplitude
distribution, as indicated in (2). Table VIII lists six cases with
different standard deviations of the adjustment errors, along with
the corresponding average surface rms errors, average gain
losses, and average first SLLs. The surface rms error caused by
the actuator adjustment errors is approximately 0.67 .

TABLE VIII
SIX SIMULATION CASES AND SIMULATION RESULTS

7/mm 0.5 1.0 1.5 2.0 2.5 3.0
T/A 0.02 0.04 0.06 0.08 0.1 0.12

rms/mm 0.3 0.6 0.9 1.2 1.5 1.8
rms/A 0.012 0.024 0.036 0.048 0.06 0.072
Gain loss/dB 0.065 0.254 0.577 1.004 1.568 2.201
18 SLL/dB -24.97 -24.64 -23.98 -23.42 -22.56 -21.96

TABLE VII
GAIN LOSS AND SLLI FOR EACH PATTERN SHOWN IN FIGURE 13
Horizontal plane Vertical plane
Terms
T-M P-M T-M P-M
Gain loss/dB 0.701 0.208 0.701 0.208
L-1% SLLI/dB 4231 1.298 / 0.208
R-1* SLLI/dB 4.181 1.308 / 0.248

D. Effect Analysis of the Actuator Adjustment Errors

The effect of the actuator adjustment error on the EM
performance for the 35 m reflector antenna with an operating

Fig. 14 shows the variation curves of the gain loss and the first
SLL versus the standard deviation of the actuator adjustment
errors. The gain loss becomes increasingly large, and the first
SLL rises increasingly high with the increase in the adjustment
errors. The detailed values are listed in Table VIII. For example,
when the gain loss is required to be less than 0.254 dB, the
standard deviation of the actuator adjustment errors should be
less than (0.044. Using the curves shown in Fig. 14, we can
determine the actuator adjustment accuracy according to the
EM performance requirement.
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Fig. 14. Gain losses and first SLLs for the six different cases listed in Table
VIIIL.

Next, the adjustment errors for each ring of the actuators are
considered. Overall, there exist ten rings of the actuators, and
we assume that the adjustment errors only exist in one ring of
the actuators for each simulation. The relevant effects on the
gain and first SLL are analyzed for the different standard
deviations of the adjustment errors. Figs. 15 and 16 present the
effects on the gain and first SLL, respectively.
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For the active main reflector shown in Fig. 6, Fig. 15 shows
that the adjustment errors of the third and fourth actuators most
notably influence the reflector’s gain, and the effects become
increasingly large with the increase in the adjustment errors.
Fig. 16 shows the effects on the first SLL, and it can be noted
that the effects on the first SLL and gain are considerably
different. The adjustment errors of the first three rings of the
actuators increase the first SLL, whereas the errors of the other
actuators decrease the first SLL. The actuator adjustment errors
in rings 1, 2, 5, and 6 exert the most notable influence, and the
adjustment errors in rings 4, 9, and 10 only slightly influence
the first SLL. Specifically, the adjustment errors exert different
effects on the different SLLs, and the comprehensive effect
analysis of the adjustment errors of the different rings of the
actuators on the EM performance and the detailed sensitivity
analysis must be performed in the future work. Moreover, the
effects of the adjustment errors on the mian beam and SLLs are
also dependent on the aperture amplitude distribution and the
ratio of focal length to diameter. Considering Figs. 15 and 16,
we can determine a reasonable distribution of the adjustment
errors according to the requirements of the gain loss and first
SLL.
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Fig. 15. Gain losses caused by the adjustment errors of the different rings of
actuators
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VI. CONCLUSION

This paper presents a new method to calculate the actuator
adjustment values of an active main reflector antenna with a
large aperture and high frequency. In this approach, the panel
elastic deformation is considered, and a panel adjustment matrix
is established, based on which, a calculation equation for the
actuator adjustment value is derived. Several simulations are
performed, which demonstrate the correctness and effectiveness
of the proposed method. Compared with the traditional method,
the proposed method exhibits a higher adjustment accuracy, and
the calculation procedure is a simple matrix operation, which is
suitable for use in engineering applications to enhance the EM
performance of large aperture and high frequency reflector
antenna. The effects of the actuator adjustment errors on the
reflector’s gain and SLL are analyzed through the Monte Carlo
method, and several interesting results are obtained. Using the
derived variation characteristics of the gain loss and SLL, a
reasonable distribution of the actuators with different
adjustment accuracies can be obtained. In engineering
applications, the proposed method can be directly applied to
calculate the adjustment values of the actuators for the active
main reflector, and the simulation results can provide valuable
guidance for the design and adjustment of the actuator system.
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