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The accuracy of the pointing error in the subreflector is of great importance to the
large steerable radio telescope, so the measurement of the six degree-of-
freedom (DOF) poses of the subreflector is crucial, which are measured by
the detector and the laser array. The errors in the pose measurement system
of the subreflector contain random measure errors and fitting iteration errors; all
of them will add up to the pose measurement, which affects the accuracy of the
six DOF parameters. This paper proposed the accuracy analysis method in the
pose measurement of the subreflector of large antennas, which includes the error
in the variable model in laser three-dimensional point space linear fitting, iterative
accuracy analysis of spatial equations in Newton's downhill method, and the
analysis of the adjustment theory of the Bursa model. The experimental results
show that the measure time in six-DOF poses of the subreflector in a large-
aperture antenna is at most 0.5s, while the measurement accuracy error of
translation is within 0.0131 mm and the error of rotation is within 0.2323°, which
indicates that the pose measurement method of the subreflector in large
antennas based on stereo structured light is efficient and applicable enough
to analyze the measurement system accuracy.

accuracy analysis, EIV, fitting iteration error, adjustment theory, Bursa model
1 Introduction

Recently, with the further implementation of radio astronomy observation,
international deep space exploration will face new challenges such as more distant
communication distance and higher precision of deep space navigation, and the
performance requirements of large aperture antennas will be higher and higher. With
the in-depth research on related compensation methods, there is an urgent need to carry out
research on the influence of various types of errors on the compensation effect in the process
of service performance compensation in order to achieve the robustness of service
performance compensation. The influence of complex environmental factors on the
antenna’s electrical performance is inevitable, and the space for antenna service
performance improvement is getting smaller and smaller. Therefore, how to ensure the
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excellent and robust service performance of antennas in complex
environments is an important research direction in this field in
the future.

Large-aperture reflector antennas are highly susceptible to
changes in the reflector surface shape and pose deviation in
complex environments such as wind, thermal, and gravity,
which
subreflector surface pose error will cause changes in the optical

results in the reduced antenna efficiency. The
path difference of the whole aperture surface, which eventually
leads to the degradation of the antenna performance [1, 2]. It is an
effective method to achieve electrical performance compensation
through the active adjustment of the subreflector, which requires
an accurate measurement and evaluation of the antenna
subreflector. Many large-aperture antennas improved the
measurement accuracy of the antenna through subreflector
surface compensation methods, such as the American 100-m
Green Bank Telescope (GBT) [3, 4], the Italian 64-m Sardinia
Radio Telescope (SRT) [5], the 65-m Shanghai Radio Telescope [6,
7], the Guizhou Five-hundred-meter Aperture Spherical radio
Telescope (FAST) [8], and the Qitai 110-m Radio Telescope
(QTT) [9]. In order to reduce the defocusing effect caused by
the deformation of the GBT antenna structure, White et al. [4]
adjusted the subreflector surface through the Stewart mechanism
with six degree-of-freedom (DOF) to achieve focus matching and
feed cabin phase center adjustment. Wang et al. [5] used a
position-sensitive detector (PSD) for SRT antenna subreflector
pose measurement and experimentally verified it with laser
trackers. The measurement accuracy was better than +2 pm in
the vertical direction and +50 ym in the horizontal direction. The
accuracy with a tilt angle in the subreflector is +1” with the +2°
angle range, and the root mean square (RMS) is 40 yum. However,
its measurement range is small and can only measure 4 degrees of
freedom, with significant limitations. Yan et al. [10] proposed to
integrate antenna performance with electromechanical design and
used electromechanical coupling to evaluate and adjust the
subreflector surface pose of the antenna in real time, achieving
compensation for the subsurface pose of the antenna. Hou et al.
[11] used a laser tracer to calibrate the 80-m adjustment
mechanism to determine the position of the subreflector in
TM65 m with the 0.108-mm pose accuracy, which decreased the
highest position and pose errors by 87.75% and 46%, respectively.
Jiang et al. [7] used PSD to construct a subreflector surface pose
measurement system for TM65 m. The test results were compared
with the existing subreflector surface model constructed by the
radio method, which showed good consistency. However, it only
measured changes in five DOF, and the position of the Z-axis
direction was obtained through other methods.

Structured light measurement technology has advantages such
as simple installation, high accuracy, speed, and low cost. It has
become a noncontact, three-dimensional pose or metrology
devoted to
researching and has made outstanding contributions [12-14].
Wan et al. [14] created the new forms of ultra-DOF structured
light, which exhibited their power in increasing information capacity

measurement technology that researchers are

and safety. Iwasa et al. [15] proposed a high-resolution surface shape
measurement system incorporating a grating projection method and
avirtual-target registration method in the parabola antenna reflector
with a diameter of 1.5 m, which offered an effective high-resolution
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noncontact surface shape measurement system for large space
structures. Movable subreflector active compensation of the 110-
m QTT antenna system is required to improve the adjustment
accuracy under all working conditions, and its position needs to be
detected in real time and with high precision, which presents greater
challenges in the large-aperture antenna measurement. In our
previous work, we proposed a method based on PSD and a
multipoint structured light laser array without an optical system
to measure the six DOF poses of the subreflector, which can measure
the pose information in the subreflector at a distance of 5.78 m with
seconds and retain the position and rotation error within 0.014 mm
and 0.37°, respectively [16]. Based on the previous research, this
paper proposed the accuracy analysis method in the pose
measurement of the subreflectors of 110 m QTT, which includes
the error in the variable (EIV) model in laser three-dimensional
point space linear fitting, iterative accuracy analysis of spatial
equations in Newton’s downhill method, and the analysis of the
adjustment theory of the Bursa model. Compared with the previous
paper

measurement precision, and decreased the measurement time for

work, this improved the algorithm, increased the
subreflector pose detection, which verified the enforceability
through error analysis. More importantly, this paper solved the
limitations to the previous work for the greater variation in the
subreflector surface pose angle and the local iterations. The main

contributions in this work are threefold:

(1) The EIV model is applied to evaluate error in multipoint
structured light laser beam three-dimensional point space line
fitting, which provides the accuracy guarantee for the
subsequent subreflector surface pose measurement.

(2) Newton’s downhill method is applied to estimate the spatial
equations for iterative accuracy analysis, which solves the
limitation in local iterations and decreases the
measurement time.

(3) The Bursa model is used to calculate the six DOF poses of the
antenna subreflector, which solves the limitations of the
greater variation in the subreflector surface pose angle and

improves the measurement accuracy.

The structure of the rest of this paper is as follows: Section 2
provides basic methods for error models and precision analysis;
Section 3 presents the detailed experiments and data analysis results;
and Section 4 draws the conclusions of this work.

2 Materials and methods

This paper analyzes the EIV model in laser three-dimensional
point space linear fitting, the iterative accuracy of spatial equations
in Newton’s downhill method, and the adjustment theory of the
Bursa model.

2.1 Proposed method for the antenna
subreflector pose measurement

This paper analyzes the EIV model in laser three-dimensional
point space linear fitting, the iterative accuracy of spatial equations
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FIGURE 2
Flowchart of the pose measurement system.

in Newton’s downhill method, and the adjustment theory of the
Bursa model. As shown in Figure 1, the laser beam array group is
placed in the center of the feed cabin, and the detector is installed in
the subreflector, which is used to receive the laser beam spots. We
first build a structured light laser beam array system and detection
system to capture the two-dimensional position coordinates of laser
spots. Second, multiple sets of laser spot position data are used for
least squares fitting to obtain multiple spatial straight lines, and the
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accuracy is evaluated by the EIV model to meet the accuracy
requirements. Then, we iterate the space equation of a structured
light laser beam using Newton’s downhill method to obtain the
three-dimensional position coordinates of the laser spots, which
solved the limitation in local iterations and decreased the
measurement time. Finally, the Bursa model is used to convert
the three-dimensional position coordinates of the laser spots to the

reference coordinates, obtaining six degrees of freedom parameters
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FIGURE 3
Spatial linear fitting.

for the change in the subreflector surface pose, and the accuracy is
evaluated in adjustment theory. The flow chart of the pose
measurement system is shown in Figure 2.

2.2 Error models in the antenna subreflector
pose measurement system

2.2.1 Error model in spatial linear fitting

As shown in Figure 3, multiple sets of emitted laser beams are
fitted by the principle of least squares to capture the spatial straight
lines. The spatial linear equation can be expressed as follows:

X=a;Z+a,
y=biz+b,y, (1)
zZ=z

where (x, y,z) denotes the three-dimensional coordinates of the
laser spots captured by the detector, and a;, a,, by, and b, are linear
equation parameters.

Equation 1 can be formulated as follows:

a; a z| _|Xx
i) @
Assuming a total of n sets of measured laser spot points, Eq. 2
can be expressed as follows:

[ a a H Zsz iz ] _ [ szizi Zin ] 3)
b, b, 21z n | Xiyizi iy

Equation 3 can be formulated as follows:

[ a; a ] _ [ Yixizi Yxi ] [ KADYYZ j|1' (4)
by b, Yz Xy || Xiwon

The multiple linear equations can be expressed as follows:
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X1 =17,411 +ay

Y= z;by + by, (5)
zZ1=2;

Xy = 2413 + ayp

Y, = Z,b12 + by, (6)
Z) =2

X3 = 73413 + dy3

Y: = 23b13 + b, (7)
Z3 =23

where (x;, y;,z;) denotes the three-dimensional coordinates of the
ith laser spots captured by the detector, and ay;, a;, by;, and by; are
linear equation parameters, where i = 1,2,3.

Then, the EIV model is used to evaluate the precision of linear
equations, which can be expressed as follows:

V=BX-1, (8)

where Vis the error term, B is the coefficient matrix with vectors
of observations, L is the observation vector, and X is the parameter
vector. Equation 8 can be formulated as follows:
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TABLE 1 Space linear fitting equations and errors.

Spatial linear fitting of measured data Spatial linear fitting with the EIV
model of measured data

x1 = —0.0046z, — 0.6748 x1 = —0.0046z, — 0.6718 Aay, = 0.003mm 0.0002934 mm
L1: { y; = —0.0084z, +0.7011 L1 { y; = —0.0084z, + 0.7041 Aby, = —0.003mm

zZ1=2 zZ1 =2z

x, = —0.0458z, — 0.3491 X3 = —0.0458z; — 0.3459 Aays = 0.0032mm 0.0002937 mm
L2: { y, = 0.0684z, +0.7816 L2": { y, = 0.0684z, + 0.7842 Aby, = —0.0026mm

Z2 =2 Z =2y

x3 = —0.0891z5 + 0.1662 x3 = —0.0891z3 + 0.1696 Aay, = —0.0026mm 0.0002967 mm
L3: { y; = 0.0076z; — 0.9772 13": { y3 = 0.0076z3 — 0.9743 Aby, = 0.0029mm

Z3=23 Z3 =23

x1 error
yl error
z1 error
X2 error
error
z2 error
x3 error
y3 error
73 error

RAGARERA

Errors (mm)

-0.15 1

-0. 20 — T T T T T T T T
1 2 3 4 5 6 7 8 9 10

test data

FIGURE 5
Error between the iterative results and the measured values of three-dimensional coordinates by the last 10 groups test data.

V= [ z100 ] [ S ] [ x ] ©) Equation 10 needs to follow the same principles as Eq. 11, as follows:
oot !
z VTPV = min, (11)

where a,, a,, b;, b, are estimates of linear equation parameters.

! ] where the coordinates of each point are considered independent
Assuming a total of n sets of observations, Eq. 9 can be expressed

observations of the same precision so that P is a unit matrix, and X

as follows: can be expressed as follows:
rz, 1.0 07 £ X = (B"PB) 'B'PL. (12)
00z 1 1 b2
z;1 00 X2 Finally, the accuracy of the laser spot observations is evaluated,
V= 0 0 2:2 1 [ 4y G, l;l l;z ]T _ y 2| (10)  and the unit weighted medium error 6 is expressed as follows:

VTPV
z, 1 00 Xp 6o = , (13)
LO 0 z, 1] L yn N -t
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FIGURE 6

Last 10 groups of pose measurement errors. (A) Translation deviation. (B) Rotation deviation. (C) Scale change coefficient.

where N is total observation data, containing 3# x 1 dimensional
vectors, and t is the number of unknown parameters. In the linear
equations, t = 4.

2.2.2 Newton's downhill method for intersecting
spot centroid coordinate solving

According to the principle of equal spatial line segment length,
the relational expressions between the two-dimensional coordinates
and the three-dimensional coordinates of the detector spots are
as follows:

2

(qu _qu)z + (,Vql - )’qz)z + (qu - Zq2)2 = (% - x1)2 + (}’2 - }’1)
2 2 2

(% - qu)z + (g - )’qZ)z +(2g - Zq2)2 = (=% + (2 -y,

(an —qu) + (,an - )’ql) + (qu - qu) = (x - x3)2 + (}’1 - }’3)2

(14)

where (xq1, Yq1, 2q1)s (Xg2> Y25 Z242)» and  (xg3, ¥g3, 243) are the
three-dimensional coordinates of the centroid of the laser
(x1, 1), (x2,¥2), and (x3,y3) are the two-
dimensional coordinates of the centroid of the
laser spots.

In order to solve Eq. 14, we use Newton’s downhill method to

spots and

detector

iterate the solution of the equation, which gives random initial
values to speed up convergence while avoiding local convergence.
Newton’s downbhill can be expressed as follows:

xp = xpe — af (x-1)” f (Xkr)s (15)

where xj, xi-; are iteration roots in equation f(xx) and « is the
downhill parameter.

2.2.3 Error model for pose acquisition with
six DOFs

In the previous work [16], a simplified Bursa model was used
to analyze the 7-parameter transformation from the two-
dimensional coordinates of the detector laser spot centroid to
the three-dimensional coordinates of the antenna system space
coordinate system. Based on this, we propose the large-angle
spatial coordinate transformation Bursa model and analyze the
measurement precision in the subreflector pose of the large-
aperture antenna with adjustment theory.

The Bursa model is expressed as follows:
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XT Tx X
Yo |=|T, [+ (1+mRs (@R (w0 )Ri (@) | Y |, (16)
ZT Tz V4

where [ X7 Yy Zp]T is the three-dimensional coordinate of the
laser spots in the antenna coordinate system, which is the reference
coordinates; [ X Y Z]" is the coordinates of the laser spots in the
PSD coordinate system, which is the measurement coordinates; and
(Ty Ty T;), (wy w, w;), and m are the translation and
and the
converting from the measurement coordinate system to the

rotation parameters scale change coefficient for
reference coordinate system, respectively. R;(w.), R;(w,), and
R, (wy) are the rotation matrix obtained by rotating the
coordinate system Z-axis by w,, Y-axis by w,, and X-axis by wy,
respectively, which can be expressed as follows:

[ cosw, sinw, 0
R;(w,) =|-sinw, cosw, 0|,
L O 0 1
[cosw, 0 —sinw,
Ry(w))=| 0 1 0 | (17)
Lsinw, 0 cosw,
[1 0 0
Ri(wy) =10 cosw, sinwy
|0 —sinw, cosw,

The rotation matrix R can be expressed as follows:

R = Ry (@:)Ro(@,y )Ry (@)

COS W, COS W, COS W, sinw), sinw, + sinw, cosw, sinw, sinw, — cosw, sinw, cos w,
= | —sinw, cos w, cosw, coswy — sinw, sinw, sinw, sinw, sinw, cos w, + cos w;, sinw,
sinw, —COS W, Sin Wy COS Wy COS Wy
(18)

Equation 16 can be expanded by the Taylor series at the initial
values of the seven parameters (T?C,Toy,Tg, w?c,woy, wg,/lo =
(1+m)°), and only the first-order term is retained. Finally, the
error is rounded off by iterative computational control to obtain
Eq. 19:

Xr] [T9 X7 [dT. X X
Yr |=|TS | +A°R°| Y | +|dT, [+R°| Y |dA+2°dR| Y |,
Zrl LT z| Lar. z z

(19)

where dR can be expressed as follows:
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(cos wy cosw, — sinw, sinw, sin w, )dw,
+cos w; cosw), sinw,dw,
+(cos w; sinw), cosw, — sinw; sinw, )dw,

(cos w, sinw, + sinw, sinw, cos w, )dw,
—Cos w), cos wy cos w.dw,
+(sinw, cosw, + cosw; sinw, sinw, )dw,

—sinw, cosw,dw.
—cosw. sinw,dw,

dR = —(cos w, sinw. + sinw, sinw, cosw. )dw, (cosw. sinw, cosw, — sinw, sinw, )dw.
—sinw, cos w, sin w,dw, +sinw, cos w, cos wydw,

~(sinw, cosw, + coswy sinw, sinw,)dw, +(cosw, cosw, — sinw, sinw, sin w )dwy

~ cos w; cos wydw,
+sinw; sin wydw,

cosw,dw, sinw, sinw,dw, — cos w, cosw,dw, —sinw, coswydw, — cos w, sinw,dw,

(20)

Equation 19 can be transformed as follows:
XT=R'x%-1, (21)

R=[I A"M N,

T T
where X' =[Xr Yr Zr ], 3x3  3x3 3x1

and x = [dT, dT, dT. dw, dw, dw, dA].

T X X
L=-|T) [-AR’| Y |[N=R"|Y |,
Y z z

cosw, (Yeosw, + Zsinw,)
~Xsinw, cosw,
+sinw, sinw, (Zcosw, ~ Y sinw,)

cosw; cosw, (Y sinwy — Zcoswy)  cosw, sinw,, (Y cosw, + Zsinw,)
—Xcosw; sinw, +sinw, (Zcosw, — Y sinw,)

—sinw, (Zsinw, +Y cosw,)
—X cosw; cosw,
+cosw, sinw, (Z cosw, — Y sinw,)

sinw; cosw, (Zcoswy —Ysinwy) —sinw, sinw, (Y cosw, + Zsinwy)
+Xsinw; sinw, +cosw, (Zcosw, — Y sinw,)

sinw, (Y sinw, — Z coswy)

0
+X cosw,

~cosw, (Y cosw, + Zsinw,)

(22)

Based on Eqs 16-22, six DOF optimal estimates can be solved by
iterative computation through the least squares method. The
iterative process is as follows:

1) Select the initial values of the parameters: all parameters are set
to 0 except A% which is set to 1;

2) Substitute the initial values of the parameters into Eq. 16, and
calculate the matrix R';

3) Solve the estimates £ **!) by the least squares method, where k
is the number of iterations;

4) Check whether 25D meets the set threshold;

5) Estimate the six DOFs with precision.

Finally, the subreflector pose transform in a large-aperture antenna
is obtained by solving the six-DOF coordinate changes in PSD.

3 Experiments and results
3.1 Experimental platform

The pose measurement system is built for theory verification in
the subreflector pose measurement in a large-aperture antenna. As
shown in Figure 4, the multipoint structured light laser emission
system is fixed on the test bench, which emits beams of lasers with a
650-nm wavelength, and the detection system is fixed on the two-
dimensional translation platform. Multipoint structured light is
mainly used to obtain spatial pose information from multiple
laser beams through high-precision calibration. More equipment
parameter details can be found in our previous study [16].

The hardware server configuration for the experiments is an Intel
(R) Core (TM) i7-12700F processor, NVIDA GeForce GTX 3080
graphics card with 10 GB of RAM. The software environments are
Python 3.10.1 and PyCharm 2020.1. The proposed method in this paper
utilizes several libraries, such as NumPy, Matplotlib, and OpenCV.
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3.2 Simulation results and analyses

The three space linear fitting equations can be solved by
Eqs 1-7 combined with captured data of space spots, and the
three space linear fitting equations with the EIV model can be
calculated by Eqs 8-12. Finally, the unit weighted medium error
0y is evaluated by Eq. 13. Table 1 gives all the results about space
linear fitting equations and errors with the 31 sets of calibrated
data and the unit weighted medium error 6, with the last 10 sets
of tested data.

According to Table 1, it can be seen that the unit weighted
medium error 6y added to the EIV model is very small, which
indicates that the method proposed in this paper is effective and the
obtained parameter values of line fitting are more accurate. The
three spatial linear equations obtained after adding the EIV model
are substituted into Eqs 14 and 15 and iterated for the randomly
selected initial values to obtain the three-dimensional position
coordinates of the laser spots. The error between the iterative
results and the measured values is shown in Figure 5. It shows
that the iterative errors of the X- and Y-axes can be negligible, while
the iterative error of the Z-axis is large compared with the X- and
Y-axes. Based on this, the maximum error of the Z-axis is not more
than 0.1 mm, which is within the required range of Z-axis
measurement accuracy. Finally, the unsimplified Bursa model is
used to calculate the six DOF poses of the antenna subreflector by
Eqs 16-22. The scale change coefficient remained constant during
experimentation. Figure 6 illustrates the RMS of seven parameters. It
can be seen that the maximum RMS is 0.0131 mm in the translation
deviation and 0.2323°in the rotational deviation, and the scale
change coefficient is 3.16 x 107. Based on the above results, the
working time of the subreflector pose measurement system
combined with the error measurement system is less than 0.5,
which proves that the proposed method can be applied to the
measurement of the antenna subreflector and ensure high
precision rapidly.

4 Conclusion

In this paper, the EIV model is applied to evaluate error in
multipoint structured light laser beam three-dimensional point
space line fitting, which provides the accuracy guarantees for the
subsequent subreflector surface pose measurement; Newton’s
downhill method is applied to estimate the spatial equations for
iterative accuracy analysis, which solves the limitation in local
iterations and decreases the measurement time. The Bursa model
is used to calculate the six DOF poses of the antenna subreflector,
which solves the limitations of the greater variation in the
subreflector surface pose angle and improves the measurement
accuracy. The results prove that the proposed method can be
applied to the measurement of the antenna subreflector and
ensure its high precision (translation deviation RMS.x =
0.0131 mm, rotation deviation RMS,,,, = 0.2323°, and scale
coefficient RMS = 3.16 x 107°) rapidly (time less than 0.55s). In
our future work, we will focus on a more accurate and faster model
for the subreflector pose measurement of the large-aperture
antennas and a more generalizable model error analysis.
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