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ABSTRACT It is challenging to measure, analyze, and control the deformation and space attitude of
antennas in narrow radomes through geometric measurement to ensure the accuracy of phased array radar
application. In this manuscript, a method for rapid measurement of antennas by adopting the combination
of photogrammetry system, laser tracker and total station was proposed. The photogrammetric method was
used with a homemade auxiliary tool to measure and calculate the antenna’s deformation under different
temperatures and pitch angles. Mapping relations between the instrumental coordinate systems of pho-
togrammetry system, laser tracker and total station were established through common points, including target
balls and reflectors. Coordinates of mark points on antenna surface were converted from photogrammetric
coordinate system to laser tracker’s and total station’s coordinate system. Thus, antenna’s pitch angles relative
to the local horizontal plane and deflection angles relative to the north of the engineering coordinate system
were calculated. Planar fitting, coordinate transformation and space attitude calculation were all carried out
in the Spatial Analyzer (SA) software. The photogrammetric method detected the antenna’s gravitational
deformation sensitively, the maximum Root Mean Square Residual (RMSR) of the reference length was 54
µm, and that of the mark points was 59 µm, which was stably in line with its nominal accuracy. Deviations
caused by coordinate transformation had no significant effect on the calculation of antenna’s spatial attitude,
for the maximum deviation between the converted and measured coordinates in laser tracker’s coordinate
systemwas 0.139 mm, and that in total station’s coordinate systemwas 1.037 mm, both of which were within
reasonable limits of the derived theoretical maximum deviations between different instruments. As a result,
the maximum deviation between the calculated value and servo system’s nominal value of antenna’s pitch
angle was 59.4′′, and that of antenna’s deflection angle was 91.87′′. This method’s efficiency was greatly
improved by about ten times compared with traditional methods through statistics and estimates.

INDEX TERMS Coordinate transformation, flatness, laser tracker, photogrammetry system, spatial attitude,
total station.

I. INTRODUCTION
Phased array radar is a phase-controlled electronically scan-
ning radar whose antenna array consists of many radiation
units and receiving units. These units are arranged regularly
on a plane to form an array of the antenna [1]–[4].

Operational radars are usually equipped with a radome to
reduce the antenna’s environmental effects and allow contin-
uous operation under bad weather conditions [5]. However,
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the main beam’s homogeneity with respect to differential
power and phase is degraded with the radome [6]. The radio
frequency performance of a radome is affected by different
conditions, including dirtiness, wetness, and varying tem-
perature [7]. For instance, rainfall or a continuous water
layer on a radome may lead to transmission loss, attenu-
ation, reflections, or cross polarization [8]–[10]. However,
radome-induced azimuthal variability of the radar could be
negligible [6]. Meteorological requirements met by radars
may impact the design of antenna, transmitter-receiver, and
signal processor [11].
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Besides the environmental effects on the radome, a large
antenna structure inevitably is affected by gravity, temper-
ature and other factors. The resulting structure deformation
changes the planar degree and polarization direction of the
array surface, resulting in beam distortion, pointing deflec-
tion, gain decrease, and side lobe rise [12]–[14]. Therefore,
the analysis and compensation of the influence of structural
deformation on electrical performance have been a research
hotspot for a long time [15]–[17]. According to the theoretical
knowledge, antenna performance is related to the root mean
square value of its structural error, but not determined by the
maximum error of individual points. Nowadays, as the work-
ing frequency band and the aperture of the antenna increase,
the requirements on the precision of the form surface has
becomemore andmore stringent, and the simple design of the
conformal structure has been unable to meet the requirements
of high precision [18]–[20]. On the other hand, the antenna’s
servo system directly controls its spatial attitude, including
the pitch angle relative to the local horizontal plane and the
deflection angle relative to the engineering coordinate sys-
tem’s north direction. The error of the servo system directly
causes the pointing deviation of the antenna [21]. There-
fore, it is significant to correctly analyze and control the
antenna’s deformation and spatial attitude in phased array
radar application.

Form surface measurement technology of large-aperture
antenna has always been one of the research hotspots [22].
For example, the form surface of Lovell 76m of the UK [23]
was initially measured by the method of transit-steel tape or
the improved ones [24]. The total station was used in the
form surface measurement of Japan’s Nobeyama45m [25].
The form surface measurement and adjustment of Amer-
ica’s GBT100m [26], Arecibo305m [27] and China’s
FAST500m [28] adopted more advanced technologies such
as laser measurement, photogrammetry and microwave
holography.

There are few types of research on the technology of
attitude measurement for the large-aperture antennas. In typ-
ical engineering projects, total stations or double theodo-
lite systems are always adopted to directly measure the
three-dimensional coordinates of points on the antenna, with
a certain number of observation marks pasted on the antenna
surface. Then the antenna could be fitted, and its attitude
parameters in space are obtained.

In this manuscript, the phased array radar antenna has an
aperture of 13 meters and a radome outside it. The space
inside the radome is narrow, as the distance between the base
track of the antenna and the wall is only about 2 meters. The
following measurement work would be completed:

(1) Detection of the antenna deformation under differ-
ent temperature and pitch angles, which is judged by the
antenna’s flatness. The temperature conditions were set in
four groups as 5◦C, 8◦C, 12◦C, and 25◦C. The pitch angles
of the servo system were set in six groups as 0◦, 15◦, 30◦,
45◦, 60◦, and 75◦. It was defined that the pitch angle of the
antenna in the vertical state was 0◦.

(2) Calculation of the antenna’s spatial attitude, includ-
ing the pitch angles relative to the local horizontal plane
and the deflection angles relative to the north direc-
tion of the engineering coordinate system, and the devia-
tion between the set angles of the servo system and the
calculated angles. The engineering coordinate system in
this manuscript is composed of Gauss-Krueger plane rect-
angular coordinate system and an independent elevation
system.

In allusion to the scenes and requirements of the measure-
ment in this manuscript, the traditional methods might have
the following disadvantages:

(1) The space for instrument erection in the radome is very
limited. Obstacles are everywhere, leading to poor visibility
of measurement points.

(2) The photogrammetric results belong to an independent
photogrammetric coordinate system and cannot be included
in the engineering coordinate system.

(3) The photogrammetric results lack external validation
values, so only the precision of inner coincidence can be
obtained, but its precision of external coincidence cannot be
known.

(4) Due to the limitations such as depth of field of the
industrial measuring camera, reflection angle of photographic
marks, size of the antenna, and pitch angle, a blind area is
likely to appear during measurement.

(5) The ratio of antenna size to the length of the photogram-
metric reference ruler is too large, which is not conducive to
global control of the scale precision.

(6) There is the function ‘‘Unified Spatial Metrology Net-
work’’ (USMN) in the SA software, which can combine a
variety of measuring instruments for combinedmeasurement,
such as photogrammetry, laser tracker, total station. However,
the instrument models supported by the software are limited.
In this manuscript, themodels of photogrammetry system and
total station we carried were not supported, so this function
could not be directly used.

(7) If only a total station were used for observation, not
only would the efficiency be reduced due to the excessive
number of observation marks, but also when the antenna is at
a high pitch angle, the total station could not directly observe
the points on the antenna surface due to the narrow space in
the radome.

In this work, our major contributions are as follows:
(1) The combination of photogrammetry system, laser

tracker and total station was adopted, not only solving the
targeting problem of laser tracker and total station when the
antenna was at a high pitch angle, but also greatly improving
the measurement efficiency by about ten times comparing
with the traditional methods.

(2) As there was no available manned equipment, an exten-
sion bar tooling was made to help extending the camera’s
measuring range and taking images of the full range of the
antenna plane, solving the problem of camera sampling when
the antenna was at a high pitch angle. Results showed that the
tool had good stability.
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FIGURE 1. Observation instruments and marks: (a) photogrammetry system; (b) laser tracker; (c) total station; (d) photogrammetric
mark points; (e) photogrammetric code points; (f) photogrammetric target ball; (g) laser tracker’s target ball; (h) magnetic base;
(i) Leica’s handheld wireless T-probe; (j) reflector; (k) prism. The arrows indicate the correspondence between observation
instruments and marks. Centre of the photogrammetric target ball (f) and laser tracker’s target ball (g) were unified by magnetic
base (h).

(3) Mapping relations between instruments’ coordinate
systems were established by target balls, reflectors, and
Leica’s handheld probe, and coordinate transformations were
done by the best-fit function in SA software as the Unified
Spatial Metrology Network (USMN) could not be adopted.

(4) The theoretical maximum deviations of observations
between different instruments were derived, giving a rea-
sonable explanation for the deviations caused by coordinate
transformation.

II. MATERIALS AND METHODS
A. OBSERVATION INSTRUMENTS AND MARKS
In this survey, the photogrammetry system V-Stars/INCA4
from GSI was adopted for the photogrammetric measure-
ment with the nominal accuracy of 4 µm + 4 µm /m. The
laser tracker was LEICA AT960 with a nominal accuracy of
15 µm + 6 µm/m, equipped with Leica’s handheld wireless
T-Probe, which has a nominal accuracy of no more than
60 µm within a measuring range of 8.5 meters. The total
station was LEICA TS60 with the nominal ranging accuracy
of 0.6 mm + 1 ppm and angular measurement accuracy
of 0.5′′.

Five kinds of observation marks were adopted, including
photogrammetric marks, photogrammetric target balls, laser
tracker target balls, reflectors, and prisms. The two kinds of
target balls were of the same size and served as common
points of the photogrammetry system and laser tracker by uni-
fying the balls’ centre by fixed magnetic bases. The reflectors
served as the common points of total station and laser tracker.
The common points helped to establish mapping relations
between coordinate systems of the three instruments.

There were four observation piers outside the radome on
which forced centring marks were set, whose names are Pe,

Pw, Ps, and Pn, with their coordinates in the engineering
coordinate system already known. There was also a forced
centring observation pier inside the radome, on which the
observation mark is named Pi, with unknown coordinates.
Beside Pi, there was a window on the radome wall, through
which the pier Ps could be seen. The distribution of the four
observation piers is shown in Fig. 2.

B. LAYOUT OF OBSERVATION MARKS, INSTRUMENTS
AND AUXILIARY TOOLS
Due to the limited space and the complex distribution of
mechanical equipment within the radome, it was neces-
sary to select positions with good visibility conditions and
appropriate observation angle for the instruments. In addi-
tion, to improve the precision of coordinate transformation,
the common observation points should be uniformly dis-
tributed in three-dimensional space. According to the above
principles and actual site conditions, five reflectors were
fixed on the inner wall and ground inside the radome, whose
names are K1, K2, K3, K4, and K5. Five magnetic ball bases
named S1, S2, S3, S4, and S5 were fixed on the side of the
antenna base, as shown in Fig. 2.

The antenna plane is formed by units arranged regularly on
a plane. In this work, since the unit is square, we defined mid-
point of each side of the unit as the key points, on which pho-
togrammetric marks were pasted. Photogrammetric marks
were uniformly laid out on the antenna surface from top to
bottom and from left to right, so as to ensure that there are at
least 12 mark points and 4 encoded points on each photo [29].
To ensure that the position of the five target balls on the
antenna base can be correlated with the photogrammetric
marks in the state of a high pitch angle, so as to complete
the photo splicing in photogrammetric calculation, a certain
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FIGURE 2. Layout of observation marks (photogrammetric mark points and code points, magnetic bases on which the target balls were
attached, reflectors, and prisms on observation piers), instruments (camera, laser tracker, and total station), and auxiliary tools (elevator
and extension bar) in and out of the radome.

number of encoded points were also laid on the bottom and
back of the antenna. A total of 795 photogrammetric mark
points were laid out on the antenna surface, named B1-B795.

The antenna is large, but the radome’s elevator could only
move vertically and horizontally for its base is fixed. So, if the
antenna is at a high pitch angle and the elevator rises to a high
altitude, the surveyor on the elevator is close to the lower
part of the antenna but too far from the upper part, so that
he is not able to take images of all the mark points on the
antenna surface, and the photogrammetric shooting angle is
too big at the same time. In order to overcome this problem,
an extension bar tooling was made to assist the photogram-
metric measurement. The extension bar is composed of three
2-meter-long aluminum bar pieces connected by connectors,
with a total length of six meters and a sliding device installed
above. In the process of measurement, the extension bar was
fixed on the elevator while the camera was fixed on the sliding
device. We pulled the sliding device by the steel wire rope
so that the camera could reach any position on the extension
bar. With the help of the remote shutter of the camera, the full
range of the antenna plane could be measured.

C. OBSERVATION METHOD
In this measurement, the antenna’s deflection angle was set
constantly at 150◦ by the servo system. And we succes-
sively set the temperatures at 5◦C, 8◦C, 12◦C, 25◦C and the

antenna’s pitch angles at 0◦, 15◦, 30◦, 45◦, 60◦, 75◦. At a
certain temperature, the antenna was flipped from 0◦ to 75◦

successively, and the measurement was done at each pitch
angle. After completing six sets of measurements, the tem-
perature condition was reset to another, and the antenna was
rotated horizontally once and returned to the deflection angle
of 150◦. Thus, a total of 4∗6 = 24 groups of observations
were obtained. Each group had 5 total station’s observations
(coordinates of 5 reflectors), 10 laser tracker’s observations
(coordinates of 5 reflectors and 5 laser tracker’s target balls)
and 800 photogrammetric observations (coordinates of 5 pho-
togrammetric target balls and 795 photogrammetric mark
points).

1) MEASUREMENT BY PHOTOGRAMMETRY SYSTEM
Five 1.5 inch (38.1 mm) photogrammetric target balls
were fixed to the five magnetic bases, with the direc-
tion of the reflective marks at the centre adjusted to face
towards the camera. Under different conditions of tempera-
ture and pitch angles, we took photos of the antenna surface
about 8 to 10 meters away from the antenna, holding the
INCA4 industrial camera and adjusting the measuring posi-
tion by the elevator. Images including 795 photogrammetric
marks B1-B795 and 5 target balls S1-S5 were obtained.

There were two one-meter-long reference rulers in the
V-Stars’ accessories. However, as the antenna is with a
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diameter of 13 meters, the distance between the target balls
measured by laser tracker was used instead as the reference
in the photogrammetric calculation, which could help obtain
a better length constraint.

After the image files were imported to the computer,
the supporting software of V-Stars was used for image pro-
cessing and calculation. The bundle adjustment was adopted
to calculate the camera’s internal and external orientation
elements and the coordinates of the mark points. Then the
three-dimensional coordinates of 795 mark points and 5 tar-
get balls in the photogrammetric coordinate system were
obtained.

2) MEASUREMENT BY LASER TRACKER
To measure and calculate the pitch angle of the antenna
relative to the local horizontal plane, we roughly levelled the
laser tracker. We then set up a horizontal plane measured
by the built-in gradienter of the laser tracker whose nominal
accuracy is ±1′′ and the function ‘‘Gravity Reference Mea-
surement’’ of the SA software. Thus, a spatial rectangular
coordinate system was established in which this horizontal
plane was the XOY plane and set as the laser tracker’s work-
ing coordinate system. Then the laser tracker’s target ball was
successively placed on the five magnetic bases and measured.
Leica’s wireless handheld T-Probe mounted with a 0.1 mm
probe was adopted to measure the reflectors, by placing the
probe’s tip stably on the cross-section centre of the reflector,
as shown in Fig. 3.

FIGURE 3. The way in which the laser tracker aimed at the reflector via
the handheld T-probe.

The antenna base was fixed, so the target balls’ positions
were constant when the pitch angle of the antenna changed.
Therefore, under each temperature condition, while the
antenna flipped from 0◦ to 75◦, the laser tracker measured the
coordinates of S1-S5 only once. Then the three-dimensional
coordinates of 5 target balls and 5 reflectors under the laser
tracker’s coordinate system were obtained.

3) MEASUREMENT BY TOTAL STATION
Firstly, we set up the total station on the pier Ps and prisms
on Pi and Pe. As the coordinates of Pe and Ps were already
known, after taking the height of the total station and prisms,
we took the prism on Pe as the orientation point andmeasured
the prism on Pi, thus obtained the coordinates of Pi in the total
station’s coordinate system.

Secondly, we set up the total station on the pier Pi and
measured the height of it. As the coordinates of Pi had been
obtained in the first step, we took the prism on Ps as the
orientation point and measured the 5 reflectors K1-K5, thus
obtained their coordinates in the total station’s coordinate
system.

The reflectors were fixed on the wall and the ground,
so they were not affected by the antenna’s attitude change.
Thus, their coordinates were measured only once by the total
station for all the 24 group observations.

D. CALCULATION METHOD
1) CALCULATION OF ANTENNA’S FLATNESS
An ideal plane was fitted with the minimum sum of the square
of the distance from the observation points, so as to calculate
the flatness value of the measured plane [30]. Coordinates
of the 795 photogrammetric mark points calculated by the
V-Stars software were imported to the SA software and used
to fit the antenna plane. Thus, the antenna’s flatness parame-
ter was obtained.

2) COORDINATE TRANSFORMATION
The SA software successively converted coordinates of mark
points on the antenna surface from the photogrammetric coor-
dinate system to the laser tracker and total station’s coordinate
systems. Taking one group of observations as an example,
the method is as follows.

Firstly, photogrammetric observations (including 795mark
points B1-B795 and 5 target balls S1-S5) and laser tracker’s
observations of 5 target ball S1-S5 were imported to the
SA software. A best-fit transformation was done, taking the
laser tracker’s observations S1-S5 as the reference, while
photogrammetric observations S1-S5 were the corresponding
values. Thus, coordinates of photogrammetric observations
B1-B795 were converted to the laser tracker’s coordinate
system.

Secondly, the laser tracker’s observations (including
795 converted mark points B1-B795 and 5 reflectors
K1-K5) and total station’s observations of 5 reflectors
K1-K5 were imported to the SA software. A best-fit trans-
formation was performed, taking the total station’s obser-
vations K1-K5 as the reference, while the laser tracker’s
observations K1-K5 were the corresponding values. Thus,
coordinates of laser tracker’s observations B1-B795 were
converted to the total station’s coordinate system, namely
the engineering coordinate system. Then the antenna’s atti-
tude under the engineering coordinate system could be
calculated.
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3) CALCULATION OF ANTENNA’S PITCH ANGLES AND
DEFLECTION ANGLES
Calculation of the antenna’s attitude was also done in the SA
software. On the one hand, we fitted the antenna plane by
the 795 mark points B1-B795 in the laser tracker’s coordinate
system, and obtained the normal of the plane. As mentioned
above, the XOY plane of the laser tracker’s coordinate system
represented the local horizontal plane. Then we queried the
angle between the normal line and XOY plane, which is the
angle between the antenna’s normal direction and the local
horizontal plane, namely the antenna’s pitch angle.

On the other hand, we fitted the antenna plane by the
795 mark points B1-B795 in the total station’s coordinate
system, obtained the normal of the plane, and projected the
normal line onto the XOY plane. As the positive X-axis
represented the north direction of the engineering coordinate
system, we queried the angle between the normal line’s pro-
jection and the positive X-axis, which is the angle between
the antenna’s normal direction and the north direction of the
engineering coordinate system, namely the antenna’s deflec-
tion angle.

III. RESULTS
A. ANTENNA’S FLATNESS
The flatness parameters of the antenna were expressed by
RMS or flatness. The RMS represents the root mean square
value of the distance between the points and the fitting
plane, while the flatness represents the maximum deviation
of the macroscopic concave-convex height of the actual plane
relative to the ideal plane. The flatness parameters of the
24 groups of fitting planes are shown in Table 1.

TABLE 1. Calculation results of antenna’s flatness.

It can be seen from Table 1 that the antenna’s flat-
ness presents a certain regular change. On the one hand,
at the same temperature, the larger the antenna’s pitch angle
is, the greater the value of its flatness is. On the other
hand, change of temperature did not significantly affect the
antenna’s flatness. This can be explained that the flatness is
determined by the relative positions of the units that make up
the antenna plane. Due to gravity’s effect, different degree of
settlement occurs in units of different parts. Thus, the larger
the antenna’s pitch angle is the greater the antenna’s defor-
mation. But temperature would not have a significant effect
on this. It is consistent with our normal cognition. The results
indicate that the photogrammetry system was able to detect
the deformation of the antenna sensitively under such mea-
suring conditions.

B. ANTENNA’S ATTITUDE
Deviations between the calculated attitude and the servo sys-
tem’s nominal values under different temperatures and pitch
angles were also calculated, as shown in Table 2.

TABLE 2. Deviations between antenna’s calculated attitude and servo
system’s nominal values.

On the one hand, the maximum deviation of pitch angles
was 59.4′′. Deviations of pitch angles did not show apparent
regularity with the change of the antenna’s pitch angle.

On the other hand, the maximum deviation of deflection
angles was 91.87′′. With the increase of the antenna’s pitch
angle, the deviations between the calculated deflection angles
and the servo system’s nominal values showed a systematic
change from positive to negative, and the absolute value
decreased first and then increased. The minimum absolute
value was 0.4′′.
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Therefore, it could be inferred that the deviations of the
pitch angles show irregular changes because they are mainly
caused by the random error of measurement. While the devi-
ations of the deflection angles reflect that the horizontal
rotation axis around which the antenna was pitching is not
parallel to the XOY plane of the engineering coordinate
system. Thus, with the increase of the antenna’s pitch angle,
the angle between the antenna’s normal line projection on
the XOY plane and the positive X-axis decreased first and
then increased. It is reflected in Table 2 that the deviation
value changes systematically from positive to negative, and
the absolute value decreases to 0◦ first and then increases.
In addition, by comparison, we found that the change of

temperature had no significant effect on the measurement of
the antenna’s attitude.

IV. DISCUSSION
A. DERIVATION OF THEORETICAL MAXIMUM DEVIATIONS
OF OBSERVATIONS BETWEEN DIFFERENT INSTRUMENTS
In order to arrive at the theoretical maximum, it is necessary
to make the possible deviations coplanar and collinear. In this
way, it turns a three-dimensional problem into a planar one.

(1) Theoretical maximum deviation of observations
between photogrammetry system and laser tracker

The theoretical model of the target ball’s measurement by
photogrammetry system and laser tracker, and the deviation
generation is shown in Fig. 4. According to the figure, the the-
oretical maximum deviation of one target ball’s observations
between the two instruments is as formula (1):

Dpoint = Uphoto + Dp−centre + Ulaser + Dl−centre (1)

Thus, the theoretical maximum deviation of the same
length observation between the two instruments is as for-
mula (2):

Dlentgh = Dpoint + D′point (2)

where Uphoto is the single point measurement uncertainty of
the photogrammetry system, Dp−centre is the nominal optical
centre deviation of photogrammetry’s target ball, Ulaser is
the single point measurement uncertainty of laser tracker,
Dl−centre is the nominal optical centre deviation of laser
tracker’s target ball.

In this work, the photogrammetry system’s observation
distance was about 10 meters at most, while that of the laser
tracker was about 5 meters. According to their nominal accu-
racy, their single point measurement uncertainty was about
0.05 mm. Furthermore, the nominal optical centre deviation
of the photogrammetry’s target ball and laser tracker’s target
ball was 0.01 mm. Therefore, it was calculated that the the-
oretical maximum deviation of target ball’s coordinate mea-
sured by the two instruments is 0.12 mm, and the theoretical
maximum deviation of the same length measured by the two
instruments is 0.24 mm.

(2) Theoretical maximum deviation of observations
between laser tracker and total station

FIGURE 4. The theoretical model of the target ball’s measurement by
photogrammetry system and laser tracker, and the deviation generation.

The theoretical model of the reflector’s measurement by
laser tracker and total station, and the deviation generation
is shown in Fig. 5. According to the figure, the theoretical
maximum deviation of the reflector’s observations between
the two instruments is as formula (3):

Dpoint = Utstation + Uprobe +Wcross ∗
√
2 (3)

whereUtstation is the single point measurement uncertainty of
total station, Uprobe is the single point measurement uncer-
tainty of the handheld T-probe, Wcross is the width of cross
marker on reflectors.

FIGURE 5. The theoretical model of the reflector’s measurement by laser
tracker and total station, and the deviation generation.

In this work, the nominal accuracy of the single point mea-
surement by Leica’s handheld T-probe is better than 0.06 mm
within 30 meters. The cross marker’s width on reflectors was
about 0.5 mm. We estimated the single point measurement
uncertainty of total station according to formula (4):

Utstation =

√
m2
s + (

SAP · mβ
ρ

)2 (4)

wherems andmβ are the nominal range accuracy and angular
accuracy of total station, respectively. SAP is the observation
distance, ρ = 206264. As the total station’s maximum obser-
vation distance was about 10 meters, it could be estimated
that the single point measurement uncertainty of total station
was about 0.85 mm.

Thus, according to formula (3), the theoretical maximum
deviation of the reflector’s observations between laser tracker
and total station was approximately 1.62 mm.
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B. ACCURACY EVALUATION OF PHOTOGRAMMETRIC
OBSERVATIONS
The accuracy of photogrammetric observations was evaluated
from the following two aspects.

(1) Root Mean Square Residual (RMSR) of the reference
length and mark points’ coordinates

The V-stars software obtained the RMSR of reference
length and mark points’ coordinates, as shown in Table 3.

As in Table 3, themaximumRMSRof reference lengthwas
54 µm while that of mark points’ coordinates was 59 µm.

TABLE 3. Root mean square residual of the reference length and mark
points’ coordinates in the photogrammetric callulation.

In this work, the photogrammetry system’s observation
distance was about 10 meters at most. According to its nomi-
nal accuracy, the single point’s measurement uncertainty was
about 0.05 mm, and it was in accordance with the RMSR
results of mark points’ coordinates.

It was also found that the accuracy of the photogrammet-
ric observation decreases with the increase of the antenna’s
pitch angle. It was speculated that the camera lens on the
extension bar was vertically downward due to gravity. When
the antenna is tilted, the camera lens could not face towards
the antenna plane so that all the images taken were tilted.
With the increase of the pitch angle, the images’ tilt angle
became larger, and so did the deformation of the circular
marks in the images. Thus, the measurement accuracy was
reduced. By comparing observations at different temperatures
under the same pitch angle, we found that the temperature
had no significant effect on the accuracy of photogrammetric
measurement.

(2) Mutual deviations of the length observations between
photogrammetry system and laser tracker

In each of the 24 observation groups, the photogrammetry
system and laser tracker observed 5 target balls S1-S5, which
were combined in pairs to form 10 length observations as
S1S2, S1S3, . . . S4S5. The mutual deviations between the
same length observations by the two instruments were calcu-
lated, and the results are shown in Fig. 6.

FIGURE 6. Mutual deviations of the length observations between
photogrammetry system and laser tracker.

Through statistics, the maximum, minimum, and average
of the mutual deviations were 0.192 mm, 0.001 mm, and
0.052 mm, respectively. As discussed in part A, the theoret-
ical maximum deviation of the same length measured by the
two instruments was 0.24 mm. Thus, the actual maximum
mutual deviation of 0.192 mm was within reasonable limits.

In general, based on the two discussion parts, it was con-
cluded that the photogrammetric method in this manuscript
is accurate in the field measurement.

C. DEVIATIONS OF COORDINATE TRANSFORMATION
1) DEVIATIONS OF COORDINATE TRANSFORMATION FROM
PHOTOGRAMMETRY SYSTEM TO LASER TRACKER
The maximum deviations between the converted and mea-
sured coordinates of target balls S1-S5 in the laser tracker’s
coordinate system in each observation group were calculated
according to formula (5):

Dmax = max[(XSi − xSi )
2
+ (YSi − ySi )

2
+ (ZSi − zSi )

2] (5)

where (XSi , YSi , ZSi ) are the coordinates of points Si mea-
sured by laser tracker, (xSi , ySi , zSi ) are the converted coor-
dinates from photogrammetry system to laser tracker, i =
1, 2, . . . , 5.
Results are shown in Table 4. As discussed in part A,

the theoretical maximum deviation of the target ball’s coordi-
nate measured by the two instruments is 0.12 mm under the
ideal laboratory environment. It can be seen from Table 4 that
the maximum deviation of a single point was 0.139 mm,
which is 0.019 mm larger than the theoretical value.

Considering the effect of a complex environment on mea-
surement accuracy, the theoretical maximum deviation of
the target ball’s coordinate measured by the two instruments
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should be greater than 0.12 mm. Furthermore, considering
that the antenna’s flatness parameter RMS reached a mil-
limeter or submillimeter level, which was far greater than
the deviation, it was believed that the deviation would not
significantly affect the fitting results of the antenna plane and
the calculation of the antenna’s pitch angles.

2) DEVIATIONS OF COORDINATE TRANSFORMATION FROM
LASER TRACKER TO TOTAL STATION
The maximum deviations between the converted and mea-
sured coordinates of reflectors K1-K5 in the total station’s
coordinate system under different temperature conditions
were calculated according to formula (6):

Dmax = max[(XKi − xKi )
2
+ (YKi − yKi )

2
+ (ZKi − zKi )

2]

(6)

where (XKi , YKi , ZKi ) are the coordinates of points Ki mea-
sured by total station, (xKi , yKi , zKi ) are the converted coordi-
nates from laser tracker to total station, i = 1, 2, . . . , 5.
Results are shown in Table 4. The maximum deviation

between the converted and measured coordinates of reflec-
tors is 1.037 mm, which is less than the two instruments’
theoretical maximum deviation of observations. Therefore,
in general, it is feasible that we measured the mark points
on the antenna surface by photogrammetry system, and then
converted the coordinates to laser tracker and total station’s
coordinate systems, instead of directly measuring the antenna
plane by laser tracker or total station.

TABLE 4. The maximum deviations between the converted and measured
coordinates of common points in laser tracker and total station’s
coordinate systems.

D. MEASUREMENT EFFICIENCY
The efficiency of this method was measured by the time it
took to get the measurement work done. By statistic, under
the condition of a certain temperature and pitch angle, it took
one person about 2 hours to independently complete all
the measurement, including observations by photogramme-
try system, laser tracker, and total station, and all of the
calculations. In contrast, if one took the measurement by
traditional methods, such as total station, assuming that a
single point targeting and measuring cost 2 minutes, then
the measurement of all the 795 points on the antenna would
cost 26.5 hours. Therefore, the efficiency of this method was
greatly improved by about 10 times comparedwith traditional
methods.

V. CONCLUSION
In this manuscript, a method for rapid measurement of the
deformation and spatial attitude of a large, phased array radar
antenna in a narrow space inside the radome by adopting
the combination of industrial photogrammetry system, laser
tracker and total station was proposed. The photogrammetric
method detected the antenna’s gravitational deformation sen-
sitively, the maximum Root Mean Square Residual (RMSR)
of the reference length was 54µm, and that of the mark points
was 59 µm, which was stably in line with its nominal accu-
racy. Deviations caused by coordinate transformation had
no significant effect on the calculation of antenna’s spatial
attitude, for the maximum deviation between the converted
andmeasured coordinates in laser tracker’s coordinate system
was 0.139 mm, and that in total station’s coordinate system
was 1.037 mm, both of which were within reasonable limits
of the derived theoretical maximum deviations between dif-
ferent instruments. The maximum deviation between the cal-
culated value and servo system’s nominal value of antenna’s
pitch angle was 59.4′′, and that of antenna’s deflection angle
was 91.87′′. Through statistics and estimates, the efficiency
of this method was greatly improved by about 10 times
compared with traditional methods.

This method’s uniqueness and superior characteristics are
that the industrial surveying method is effectively combined
with the traditional geodetic surveying method, which allows
the deformation measurement data to be directly applied to
the calculation of spatial position and attitude. It not only
solves the problem that the industrial surveying method could
not directly obtain the geographic position, but also gives full
play to the advantages of the industrial surveying method,
which is fast, high precision and with less blind area com-
pared with the traditional geodetic surveying method. In fact,
we believe that this technique is not limited to antennas or
phased arrays but can also be applied to all other similar
critical mechanical structures.

Further study should consider how to verify the accuracy
of themark points’ coordinates after each coordinate transfor-
mation. Additionally, it is necessary to investigate the stability
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and efficiency of this method applying to antennas with larger
size.
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