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Research on variable-speed scanning method for airborne area-array whisk-
broom imaging system based on vertical flight path correction
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Abstract; Airborne area-array whisk-broom imaging systems typically adopt constant-speed scanning schemes.
For large-inertia scanning systems, constant-speed scanning requires substantial time to complete the reversal mo-
tion, reducing the system’s adaptability to high-speed reversal scanning and decreasing scanning efficiency. This
study proposes a novel sinusoidal variable-speed roll scanning strategy, which reduces abrupt changes in speed
and acceleration, minimizing time loss during reversals. Based on the forward image motion compensation strate-
gy in the pitch direction, we establish a line-of-sight (LOS) position calculation model with vertical flight path
correction (VFPC) , ensuring that the central LOS of the scanned image remains stable on the same horizontal
line, facilitating accurate image stitching in whisk-broom imaging. Through theoretical analysis and simulation
experiments, the proposed method improves the scanning efficiency by approximately 18. 6% at a 90° whisk-
broom imaging angle under the same speed height ratio conditions. The new VFPC method enables wide-field,
high-resolution imaging, achieving single-line LOS horizontal stability with an accuracy of better than 0. 4 mrad.
The research is of great significance to promote the further development of airborne area-array whisk-broom imag-

ing technology toward wider fields of view, higher speed height ratios, and greater scanning efficiency.

Key words: airborne remote sensing, whisk-broom imaging, image motion, vertical flight path correction
(VFPC), line-of-sight (LOS) stabilization
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Introduction

Airborne infrared electro-optical imaging technology
is progressing rapidly toward wide-field and high-resolu-
tion imaging . Typical scanning methods for area-ar-
ray detectors include single-pass scanning ** and dou-
ble-pass whisk-broom scanning . To balance wide-field
and high-resolution imaging under the constraints of a
limited area-array while improving scanning efficiency to
extend effective imaging time, an increasing number of
airtborne cameras have adopted double-pass constant-
speed whisk-broom imaging schemes “*. However, un-
der high speed-to-height ratio conditions, the scanning
time per pass is shortened, necessitating an increase in
scanning speed, which in turn exacerbates time loss dur-
ing reversals. Due to the limited peak torque output of
the motors, further improving scanning efficiency is a
challenge. Therefore, to further extend effective imaging
time and enhance system efficiency, optimizing the scan-
ning strategy to minimize time loss during reversals is es-
sential.

Airborne imaging systems primarily rely on Position
and Orientation System (POS) data to determine system
orientation"”** , applying compensation based on posi-
tional and attitude information "', Studies on forward
image motion compensation during aircraft flight have
achieved promising results using constant-speed return-
sweep compensation schemes to stabilize the LOS at the
aircraft’s ground projection point "'"'. This method is
straightforward and effectively enables track-following
scanning trajectories under constant-speed whisk-broom
scanning in the wingspan direction, meeting the forward
overlap requirements of double-pass whisk-broom scan-
ning. However, theoretical calculations indicate that
the ground projection of this constant-speed return-
sweep compensation trajectory follows a hyperbola path.
At large forward-motion angle conditions, long single-
frame exposures cause image motion, resulting in
blurred images. As whisk-broom imaging technology
evolves toward wider fields of view and larger total scan
angles, deviations caused during large-tilt-angle scans
become more pronounced. Consequently, a new forward
image motion compensation scheme is needed to meet
the requirements of next-generation airborne cameras for
wide-field imaging and high speed-to-height ratios.

To address the limitations of the constant-speed
whisk-broom scanning scheme regarding scanning effi-
ciency, as well as the inapplicability of traditional con-
stant-speed return-sweep compensation methods in vari-
able-speed roll scanning, this study proposes a novel
sinusoidal variable-speed scanning strategy. This ap-
proach develops a LOS position calculation model with
VFPC and incorporates forward image motion compen-
sation, focusing on the high-accuracy compensation
control curve for the pitch scanning mirror. Through
software simulation modeling and hardware verifica-
tion, the control curve algorithm was optimized to en-
hance the precision and real-time performance of the
compensation, and the effectiveness of the proposed

method is validated through simulated flight imaging ex-
periments.

1 Imaging model of area—array camera
system

1.1 Imaging principle and system parameters
The schematic structure of the wide-field imaging
system with wingspan whisk-broom scanning is shown in
Fig. 1. The area-array camera is horizontally fixed on
the roll gimbal, achieving high-resolution ground imag-
ing by deflecting of the optical path via a reflective mir-
ror. The pitch mirror rotates around the pitch axis to com-
pensate for field-of-view (FOV) deviations caused by
pitch attitude disturbances of the system, ensuring that
the LOS during each imaging pass always points to the
initial exposure position, thus providing forward motion
compensation for target tracking. The roll gimbal rotates
around the roll axis to compensate for FOV deviations
caused by roll attitude disturbances while performing
wide-field imaging in the wingspan direction. An image
motion compensation mechanism is integrated into the
roll axis to counteract image blurring caused by wingspan
scanning motion during exposure.
Roll Gimbal

Pitch Mirror Area-Array

/ Camera

Flight Direction
—

Fig. 1 Imaging structure of the whole machine with wingspan
pendulum sweep
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In area-array scanning imaging, FOV overlap is re-
quired to ensure seamless image stitching. The overlap
occurs in both the forward flight direction and the roll
wingspan direction, as illustrated in Fig. 2. The aircraft’
s flight altitude is H, flight speed is v, and the detector
has a size of mXn, with an instantaneous field of view
(IFOV) angle of 8 and a total FOV angle of 6.

The FOV overlap ratio is denoted as p, and during
each scan, the forward flight distance of the aircraft is
L, with a scan time of . Due to time losses during the
reversal motion, the scanning efficiency is 17, the effec-
tive scanning time is t,,, and the scanning angular veloc-
ity is w. The expressions for these parameters are as fol-
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Fig. 2 Schematic diagram of FOV overlap: (a) FOV overlap in
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1.2 Basic constant—speed scanning strategy
1.2.1 Single—pass constant—speed scanning

The CA261 series camera, manufactured by Raythe-
on, uses an area-array detector for single-pass constant-
speed scanning . This camera is used for reconnais-
sance flights under medium to low speed height ratio con-
ditions. After each pass of constant-speed scanning, a
rapid return sweep is needed to reset the system to the
initial position, followed by acceleration to the scanning
speed for the next pass.

The scanning time for each pass is ¢, and the rela-
tionship between scanning speed and time is shown in
Fig. 3(a). The green area in the figure represents the to-
tal FOV angle 6. The acceleration time from the initial
position is t,, the constant-speed scanning time is ¢, and
the acceleration during the reversal is a.

The parameter relationships for single-pass constant-
speed scanning are shown in Fig. 3(b). When the angu-
lar velocity w =36/t, the minimum acceleration is a,,=
276/, and the scanning efficiency is 7,,,=33%. The
method requires a large acceleration and has low scan-

ning efficiency.
1.2.2 Double-pass constant—-speed whisk—broom
scanning

The area-array infrared camera, independently de-
veloped by Shanghai Institute of Technical Physics, em-
ploys a double-pass constant-speed scanning scheme .
Compared to single-pass constant-speed scanning, this
approach eliminates the need for a rapid return sweep. In
the wingspan scanning direction, only a velocity reversal
is required to initiate the reverse scan, allowing the cam-
era to capture two wide-field images in one whisk-broom
cycle.

The relationship between scanning speed and time
is shown in Fig. 4(a). The green area in the figure repre-
sents the total FOV angle 6.

The relationship between acceleration and scanning
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Fig. 4 Diagram of parameter relationships for double-pass con-
stant-speed scanning: (a) speed-time schematic diagram; (b) accel-
eration-speed relationship curve
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speed is shown in Fig. 4(b). When the angular velocity
is @=20/t, the minimum acceleration is a,,=860/t’, and
the scanning efficiency is 1,,,,=50%. When the acceler-
ation is a=496/5, the scanning efficiency increases to
N e=711. 4%.

For the entire whisk-broom system, further increas-
ing the speed-to-height ratio will proportionally reduce
the scanning time for each pass. The motor needs to pro-
vide a torque output that increases quadratically, compli-
cating motor control and reducing scanning efficiency.
Therefore, it remains necessary to optimize the scanning
strategy.

2 Variable-speed whisk-broom strate-
gy and vertical flight path LOS correction

2.1 Sinusoidal variable—speed whisk—broom strate-
gy

In response to the current system limitations, we pro-
pose a sinusoidal double-pass variable-speed roll scan-
ning strategy. The scanning position follows a cosine
curve, resulting in a sinusoidal speed curve. This elimi-
nates abrupt changes in speed and acceleration, reduces
the system’ s torque output requirements during scan-
ning, and enhances scanning efficiency. The relationship
between scanning speed and time is illustrated in Fig. 5.

/s’
Scanning
Speed One

ass Scanning Time q

N
Effective Imaging : Tls
Time o Total FOV
Angle 6

Fig. 5 Speed-time schematic diagram for double-pass variable-
speed scanning
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The scanning motion relationships are as follows :

0 . v
0. = Esm(czﬁt)

w,,; = gc icos(c 1t)
ro 2 ZH ZH
do 60 . v o’ (2)
a,,; = o = thzsm(czﬁt)
_ ’n
7 B - p)

where 6, is the position curve,
and ¢, is a constant.

This variable-speed whisk-broom scheme utilizes
the entire scanning process for imaging, maximizing the

scanning time for each pass. Considering the reset time

. is the speed curve,

rol

of the forward motion mechanism, the system efficiency
can reach up to 90%, representing a further improve-
ment over the double-pass constant-speed scanning
scheme. The maximum acceleration amplitude is a,, =
7°0/2t, reducing the peak acceleration by 50% and the
average acceleration by approximately 70%, thereby de-

creasing the torque demand on the motor during rever-
sals. This approach offers an effective solution for roll-
scanning cameras under high speed-to-height ratio condi-
tions and shows great potential for practical applications.

Compared to trapezoidal wave control, sinusoidal
wave-driven current is smoother, consisting primarily of
fundamental wave currents without high-frequency har-
monic components. This reduces fundamental wave cop-
per loss by 38. 2% and minimizes hysteresis losses. As a
result, total power consumption decreases by approxi-
mately 60%, effectively addressing motor heating limita-
tions.
2.2 Combined vertical flight path and LOS correc-
tion model

Double-pass whisk-broom scanning requires coordi-
nation between forward image motion compensation in
the flight direction and vertical flight path correction in
the wingspan direction. Without this, adjacent images
will have no overlapping areas, resulting in a step-like
overall image, which hinders subsequent stitching, as
shown in Fig. 6. Trajectory deviation can be divided into
forward image motion deviation in the flight direction and
scanning trajectory deviation in the wingspan direction.

Flight Direction

Fig. 6 Imaging schematic diagram without image motion com-
pensation in the flight direction
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2.2.1 Image motion in the flight direction

The generation and compensation principle of trajec-
tory deviation in the flight direction is illustrated in Fig. 7.
The rectangular box represents a simplified system,
where the pitch mirror can rotate around the pitch axis to
redirect the optical path for ground imaging. When the
aircraft is directly above the ground point, the pitch
mirror tilts at an angle of 45°. As the aircraft moves
forward, the pitch mirror rotates in the opposite direction
to maintain the LOS stable at the nadir point.
2.2.2 Scanning deviation in the wingspan direc-
tion

The scanning trajectory deviation in the wingspan di-
rection is shown in Fig. 8. When the system performs
whisk-broom motion under a large FOV, the actual
ground projection of the LOS varies significantly relative
to the flight altitude. In the traditional scheme “', for-
ward image motion compensation results in the LOS land-
ing on a conical surface with a radius equal to the flight
altitude H. When the forward tilt angle is small, the
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Fig. 7 Principle diagram of image motion compensation in the
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ground projection of the LOS is near the horizontal line.
However, as the forward tilt angle increases, the ground
projection deviates significantly from the vertical flight
path, and the deviation intensifies as the scan angle in-
creases. The solid line in the figure represents the hyper-
bolic trajectory of the scanning path, indicating the need
for a revised compensation strategy.

Fig. 8 Schematic diagram of track deviation in wingspan direc-
tion scanning: (a) small forward tilt angle condition; (b) large for-
ward tilt angle condition
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2.2.3 Design of the combined LOS path correc-
tion

Considering the half-cycle motion, the scanning sys-
tem begins its wingspan direction sweep from the aircraft
directly above point A and scans half of the total FOV an-
gle along the vertical flight path, reaching the maximum
FOV angle A" on one side. The relationship between the
scanning angle @ (¢) and time is given by Eq. (2). In
the flight direction, the system moves forward at speed v,
traveling from the starting point O to O’ over time ¢. The
aircraft’s flight altitude is H, and the pitch mirror rotates
around the pitch axis to perform corrective compensa-

Pitch Mirror

o

. z
Pitch Axis
Starting Point O

Actual Height
H'=H/ cos®

Initial LOS

Flight
Altitude

Fig. 9 Principle diagram of combined vertical track correction
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tion, stabilizing the LOS along the x-axis of the vertical
flight path. From the FOV angle @, the actual height H’
from the camera to the scanning point can be calculated
which in turn provides the actual LOS deviation angle a.
The expressions for the scanning angle @, actual
height H', and LOS deviation angle « are as follows:

0 . v
d(1) = 251n(c2Ht)
H

H(t) =——
cos (1)
t (3)

#tt), ) = arctan ( % cos Ot)

t it Q' iz
arctan H CcOS 2Sll’l CZH

According to the principle of optical reversibility,
during the scanning cycle, controlling the pitch mirror to
perform a reverse compensation of a/2 around the pitch
axis can stabilize the LOS along the vertical flight path
for scanning motion.

The expressions for the pitch compensation angle y
and compensation speed are as follows:

(t)—l(t)—l tan | 1 cos| s Ut)
Y —2a —2arcan I cos 2sm CZH

wpi!(:h(t) = dY(t) = 1

de v 0 v .
1+{Htcos{251n(cth):H
Y oosl Lainl e 20 ) | -
HCOS 2Sln CzH
(U)2l~ [ vt)(’ ( v,
c, i sin 25111 CZH 2cos czH

(4)

According to Eq. (4), the position and speed func-
tions of the pitch compensation mirror involve nested trig-
onometric functions, leading to high computational com-
plexity and significant hardware resource consumption.

a(t) = arctan(
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In hardware implementations, both the position loop and
speed loop require complex trigonometric calculations,
consuming considerable hardware resources and hinder
real-time compensation. Therefore, simplification and
approximation are needed to reduce the complexity of the
control algorithm and achieve efficient compensation.

By performing a polynomial expansion and approxi-
mation optimization on the trigonometric functions such
as arctan in the LOS deviation angle a, and ignoring
higher-order terms beyond the seventh order, the follow-
ing equation is obtained :

3 5
v Ly v 1 4(v s_
a(t) Tk 8062(H)l+24002 7t
1 v !
4 6l Y 7 9
602902(H)t+0(l)
lda(t) v 3, Zizz
pilch(t) > &t H 8002 H o+
iz 4i54 iz& e(”)76 8
24002(H)t 86062 7 ©°+ 0(%)

(5)

Considering only the approximation error in the com-
pensation algorithm, the optimized compensation func-
tion yields a LOS correction deviation of less than 0. 5%
at a maximum scanning angle of 40° , and less than
0. 8% globally, achieving precise vertical flight path cor-
rection. Compared to the nested trigonometric function
approach for exact calculations, this scheme simplifies
the process using a polynomial expansion, significantly
reducing the control complexity in both the position loop
and speed loop of the control system, thereby improving
the system s real-time performance.

3 Experimental verification and discus-
sions

A half-cycle simulation was conducted to verify the
accuracy of the correction path algorithm. The correction
algorithm path, compared to the theoretical position
curve, is presented in Fig. 13 (a), while the deviation
curve is shown in Fig. 13(b). The correction algorithm’s
compensation deviation was on the order of 10* compared
to the theoretical curve. Under an instantaneous FOV of
250 prad, the overall deviation was better than 1. 8 pix-
els. During a single frame exposure time of 10 ms, the
maximum deviation angle was 9. 8x10” rad, which was
better than 0. 4 pixels, meeting the requirements for LOS
compensation.

On the hardware platform, a single-step simulation
was used to compare the optimized LOS path algorithm
proposed in this study with the CORDIC algorithm. The
time difference between the end of the calculation and
the reset point defined the single-step computation time.
At t = 0.15 s, the theoretical LOS position was
0.0312 9 rad, while the calculated value from the pro-
posed LOS correction algorithm was 0. 031 25 rad, with
a deviation of 40 prad and a computation time of 75 ns.
In comparison, the CORDIC algorithm calculated the po-

T T T T

(a) 0.06

T
Actual
== == Approximate

0.04

alrad

0.02

L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3

tls
® T
2f
K
= 0 -
<
g 2r
o
4l
% i i i i i
0 0.05 0.1 0.15 0.2 0.25 03
tls
Fig. 10 Correction algorithm curve and theoretical position
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sition as 0. 031 37 rad, with a deviation of 80 prad and a
computation time of 645 ns. The proposed method re-
duced the computation time by an order of magnitude,
benefiting real-time compensation.

The LOS correction effect and the fitted curve at dif-
ferent time points are shown in Fig. 11. The fitted curve
aligned well with the simulation curve, with an error
ranging from -0.4 mrad to 0.4 mrad. The computation
time per step was consistently 75 ns, enabling LOS cor-
rection and compensation for the vertical flight path.
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Fig. 11 Correction effect of LOS
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A long-focus pod camera with a single-frame FOV of
9.33°x9.33° was used as the experimental subject. A
visible light area-array camera with the same technical
specifications was used to replace the area-array infrared
camera for functional verification. The camera achieved
70" wide-field coverage through seven exposures. The
equipment was mounted on a simulated flight test plat-
form for imaging experiments, using the aircraft’s actual
attitude variation curve within a single flight strip as in-
put, as shown in Fig. 12. The pointing commands were
superimposed and compensated for using attitude infor-
mation feedback from the POS.

The comparison of imaging results for the forward-
pass and return-pass scans are shown in Figs. 13 and
14. The dashed rectangular box represents the FOV for a
single image, with the center of the rectangle correspond-
ing to the LOS center. The solid rectangular box indi-
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(a)9s firming the effectiveness of the vertical flight path LOS

90 correction method proposed in this study.
S The LOS pointing deviations for the two scanning
%85 methods illustrated above are shown in Table 1, where
<80 (a)-(g) correspond to the exposure sequence of the sev-
é 75 en images. The center of the FOV for the center exposure
image (d) was selected as the horizontal LOS reference
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Fig. 12 Aircraft attitude angle change curves: (a) yaw; (b) pitch;
(c) roll
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cates the stitching alignment area, which remains consis-
tent for both methods. In the traditional method, the
maximum LOS deviation between the first and last frames
of each scan was 29 pixels, corresponding to 0.39°. In
contrast, the new method proposed in this study reduced
the maximum deviation to 5 pixels, corresponding to
0.07°. The central LOS remained essentially aligned
with the horizontal line of the vertical flight path, con-

mean square (RMS) of the central LOS stability devia-
tion was improved from 9. 23 pixels, as seen in the tradi-
tional method, to 2. 78 pixels.

From the data in Table 1, it is observed that using
the new vertical flight path correction method, the expo-
sure images near the center point of each image row show
pixel errors relative to the horizontal axis ranging from
1 pixel to 2 pixels, corresponding to 0.25 - 0.5 mrad.
For exposure images located at the boundary of a single
row (roll angle @ = 30° ), the vertical deviation relative
to the central horizontal axis is approximately 4 pixels,
corresponding to 1 mrad. In the previously discussed
simulation of the optimized algorithm, the error near the
central exposure point is approximately 0. 2 mrad, while
the error near the boundary of a single row is 0. 4 mrad.
The comparison indicates that during the simulated flight
imaging experiments, a system error of approximately
0. 6 mrad still exists.

The traditional algorithm did not account for chang-
es in actual imaging elevation caused by roll rotation.
Compared with the new vertical flight path algorithm, the
pitch angle of the camera in the traditional algorithm dif-
fered by a factor of the cosine of the roll angle. As a re-
sult, the imaging position gradually deviated from the
horizontal flight path as the roll angle increased, with cu-
mulative errors observed. This trend aligns with the in-
cremental pixel error shown in Table 1. Considering the
exposure position at the boundary of a single row with a
roll angle of @ = 30°, the pitch compensation angle for
the new algorithm was «,= 0. 04 rad. In contrast, for the
traditional algorithm, after applying a slow factor of n =
0.93, the pitch compensation angle was calculated as
a, = a,/ (ncos®) = 0. 043 rad. The compensation devia-
tion in this case was 3 mrad, corresponding to 12 pixels.

(a)*
29 px

(b)

Fig. 13 Comparison of imaging effects during forward-pass scanning: (a) traditional method; (b) new method
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Fig. 14 Comparison of imaging effects during return-pass scanning: (a) traditional method; (b) new method

K14 IR RARSOR I - ()58 0515 (0) 7 1%

Table 1 LOS stability deviation in area—array imaging
systems

®1 EERGRGNHBERE

Deviation (px)

Method RMS
(a) (b) (e) (d) (e) () (g
forward—pass -14 -9 -2 0 39 15 9.23
Traditional

return—pass 14 10 2 0 -3 -8 -14 9.02

forward-pass -2 0 -2 0 -1 -2 -5 2.33

New

return—pass 4 2 1 0 1 4 4 278

Comparing this result with the data in Table 1, a system
error of 2 pixels, equivalent to 0. 5 mrad, was observed.
In the experimental model used in this study, sys-
tem errors were classified into random errors, measure-
ment errors, control errors, and stitching errors. Since
the POS attitude was a known input under experimental
conditions, the random error was attributed to the syn-
chronization attitude error of the attitude simulation plat-
form. The measurement error originated from the encod-
er feedback error, with the encoder system employing a
26-bit absolute encoder that achieved an accuracy of
0. 058 mrad. Control error referred to the pointing error
of the servo motor, which could result in certain delay er-
rors due to the computation cycle and servo delay. As the
primary objective of this experiment was to verify the con-

trol path planning of the LOS center point, no post-pro-
cessing was applied to the images, and only simple
stitching was performed. Due to edge field distortion in
area-array imaging, a stitching error was also present,
which was calculated as 1 pixel, equivalent to 0. 25 mrad.
In summary, the servo control mechanism introduced ap-
proximately 0. 2 mrad of control error. This could be fur-
ther improved in future studies to enhance the pointing
accuracy of the LOS.

The 70° wide-field imaging effect based on vertical
flight path LOS compensation is shown in Fig. 15. The
system delivered good imaging performance, with rich
image information and clearly discernible target details.
Due to the simple stitching applied to the images, some
geometric distortions were observed in the buildings, but
the central FOV exhibited good overlap.

As with the majority of studies, the current study
was subject to limitations. The combined correction LOS
path design proposed in this study was based on the as-
sumption that all imaging rows were at the same ground
elevation. This strategy was less applicable to steep
mountainous terrains with significant ground elevation
variations. If the ground elevation changed significantly
within an imaging row, a corresponding scanning strategy
would need to be designed based on the actual terrain.

i

Fig. 15 Wide-field imaging based on vertical flight path LOS compensation
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4 Conclusions

To address the efficiency limitations of current wide-
field, high-resolution imaging systems during high-speed
reversals, this study proposes a novel sinusoidal variable-
speed whisk-broom scanning scheme. This method utiliz-
es the entire scanning time for imaging, improving time
efficiency by approximately 18. 6% compared to constant-
speed whisk-broom scanning. To solve the problem of for-
ward constant-speed image motion compensation being
unsuitable for large forward tilt angles and large scanning
FOV angles, a forward image motion compensation strat-
egy based on vertical flight path correction is proposed.
The compensation curve calculation is optimized to en-
hance computational efficiency, achieving a LOS com-
pensation accuracy better than 0. 4 mrad. Using an area-
array camera on a simulated flight test platform, an exter-
nal imaging experiment was conducted to verify the feasi-
bility of the variable-speed scanning method and vertical
flight path LOS correction. The experiment produced
wide-field, high-resolution images with a stable horizon-
tal LOS. This research is of great significance for advanc-
ing airborne whisk-broom imaging technology towards
wider fields of view, higher speed-to-height ratios, and
higher resolutions.
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