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Abstract: Achieving space-based gravitational wave detection requires the establishment of an
interferometer constellation. It is necessary to establish and maintain stable laser interferometric
links using the differential wavefront sensing (DWS) technnique. When the distant measurement
beam experiences pointing jitter, it causes beam walk on the surface of the local detector. The reduced
overlap between the local reference spot and the distant spot increases the nonlinear errors in the
DWS technique, which need to be suppressed. Numerical analysis was conducted on the spatial beam
interference signals of the DWS technique when the distant measurement beam experienced pointing
jitter. An experimental measurement system was designed, and the beam walk was suppressed using
a conjugate imaging system. The results show that within a range of 300 µrad, the optical path with
the imaging system can reduce measurement errors by at least 83%. This way also helps to reduce
pointing jitter noise in inter-satellite links, thereby improving laser pointing control accuracy.This
method would provide a valuable reference for future DWS measurement systems.

Keywords: beam walk; angle measurement error; differential wavefront sensing; inter-satellite laser
link; laser pointing jitter

1. Introduction

The LIGO scientific collaboration and the VIRGO team detected gravitational waves
from the merger of two black holes on 14 September 2015 [1,2]. This marked a significant
leap forward for gravitational astronomy. Ground-based gravitational wave detectors are
affected by seismic noise, correlated gravity gradient noise, and thermal noise from the
final stages of suspension and test masses, generally limiting their detection capabilities to
high-frequency gravitational waves above 10 Hz. Space-based gravitational wave detectors
are situated in an excellent vacuum environment far from Earth-based noise sources. Space-
based gravitational wave detection involves constructing constellations of interferometers
with extremely long arm lengths while employing drag-free spacecraft technology. By
using payloads such as inertial sensors and micro-thrusters to counteract non-conservative
forces, these detectors can effectively detect low-frequency gravitational waves [3]. Notable
examples include the LISA (Laser Interferometer Space Antenna) mission and China’s Taiji
program [3,4].
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Gravitational wave detection in space involves the deployment of Michelson interfer-
ometers, having arm lengths ranging from tens to millions of kilometers [5–7]. To discern
gravitational wave signals, these systems measure relative distance variations at the pi-
cometer scale through heterodyne interferometry [3,8]. Differential wavefront sensing is
used to establish laser interferometric links. By measuring the phase difference between
the local and distal incident beams and converting it into an angle, this information is used
for satellite drive control. This forms the basis for establishing and maintaining stable
laser links [4,9,10]. After the satellite is launched into space, it experiences jitter due to the
influence of complex space environments such as solar wind and cosmic rays, which are
non-conservative forces. The drag-free control system will ensure the satellite’s attitude sta-
bility as much as possible [11]. However, residual errors will still couple into the outgoing
laser. The telescope on the receiving satellite platform will amplify this jitter. Ultimately,
this jitter will couple into the image plane of the Quadrant Photodiode (QPD) detector,
causing beam walk of the distal incident measurement beam on the image plane. The
overlap between the distal instant measurement beam and the local beam will be reduced,
affecting the measurement results of the DWS technique. As illustrated in Figure 1a, point-
ing jitter leads to variations in the angle between the incident and local beam, manifesting
as differential beam walk lengths on the QPD image plane.The measurement performance
of the DWS technique in this situation is shown in Figure 1b. Measurement errors caused
by beam walk may affect the results of measuring the angle between the distant beam and
the local beam. The angle between the two beams serves as a direct feedback parameter for
satellite link establishment. If there is a significant deviation between the DWS measured
angle and the actual angle, it could impact both the establishment and stability of the link.
This could potentially lead to the failure of gravitational wave detection [12–14]. Conse-
quently, it is crucial to explore the correlation between beam walk and the DWS signal.

Figure 1. (a) Coincidingwiththe local beam, the distal incident beam is incident vertically to the
center of QPD without beam walk. When beam walk exists in the pitch direction, the spot will shift
in the y-axis direction. (b) The measurement results of the DWS technique when beam walk occurs in
the incident beam. The left side indicates the interference conditions, while the right side shows the
phases of each quadrant.

Studies have been conducted on the technical characteristics of DWS and beam walk.
Previous research by Duan et al. [15] introduced an analytical model for the DWS technique
centered on Gaussian beam propagation, emphasizing the significant nonlinear effects in
DWS signals, which necessitate consideration during the system’s design and calibration.
In the context of the LISA program, Chwalla et al. [12] in 2012 proposed employing a
pupil relay imaging system to curtail beam walk arising from measurement beam pointing
jitter. In 2018, Tröbs et al. [16] devised an imaging system featuring a tiltable beam in
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the test mass interferometer, achieving minimized beam walk by adjusting the lens pitch.
Meshksar et al. [17] in 2021 posited that enhancing the detection range of the differential
power sensing (DPS) signal is feasible by incorporating a lens to mitigate beam walk within
a dual Gaussian beam interference framework. GAO et al. [18,19] analyzed the linear
performance of the DWS technique in the case of Gaussian beam–Gaussian flat-top beam
interference, as well as the impact of DWS on the static pointing error of gravitational
wave detection satellites and proposed a zero-offset reduction scheme. A technique for
enhancing the sensitivity of the torsion pendulum system by employing the DWS optical
readout was proposed by Wang et al. [20], and the results indicated that the angular
resolution of the DWS signal in optical readout mode can reach the level of 10 nrad/Hz1/2

over the full measurement band. Qi et al. [21] derived from the theoretical model of the
DWS method that increasing the wavefront curvature of the measured laser beam can
significantly improve the sensitivity to lateral displacement. Hao Yan [22] built a quasi-
monolithic compact interferometer bench for dihedral-angle error measurement and test by
the DWS technique. The experimental results showed that a resolution of ±0.15 µrad and a
nonlinear residual below ±3 µrad within a dynamic range of ±100 µrad was achieved.

Few researchers have delved into the ramifications of beam walk on the DWS signal.
In this work, the correlation between beam walk and DWS signals resulting from the
interference of Gaussian and Gaussian flat-top beams was scrutinized via physical modeling
and numerical simulation. Then, a conjugate imaging system was constructed using two
plano-convex lenses to verify the effectiveness of suppressing beam walk through conjugate
position imaging. Finally, a simulation experimental platform for the DWS measurement
process was set up. By introducing perturbations to the distant measurement beam, the
effectiveness of the imaging system in suppressing nonlinear errors caused by the beam
walk was validated.

The structure of this paper is delineated in the following manner: Section 2 establishes
a physical model of the DWS signal, interfered by Gaussian and Gaussian flat-top beams,
and delves into the linear characteristics of the DWS signal in light of the Gaussian flat-top
beam walk using numerical simulations. Section 3 presents the design and creation of an
inter-satellite laser link simulation system, accompanied by an experimental setup designed
to rectify the beam walk through an imaging system. In Section 4, measurements of the
DWS angle are taken across different lengths of beam walk, comparing outcomes with and
without the imaging system. Conclusions are subsequently drawn based on the synthesis
of these simulations and experimental insights.

2. Analysis of the Relationship between Beam Walk and DWS Signal

2.1. DWS Interference Signal Model in Practical Situation

As deduced from the prior discussions, the DWS signal undergoes interference from
both the local Gaussian beam and the distant Gaussian flat-top beam [15,18]. Utilizing
a rectangular spatial coordinate with the laser source at the origin, the primary mode of
Gaussian beam propagating along the z-axis can be represented as follows:

EG(x,y,z) =
A0

ω
(

zg

) · e
−

x2+y2

ω2(zg)
−ik

[

x2+y2

2R(zg)
+iφ(zg)+zg

]

(1)

where A0 is the laser power factor, zg is the propagation distance of the Gaussian beam,
ω(zg) and R(zg) represents the spot radius and radius of the wavefront curvature at zg

position, respectively, and φ(zg) is the additional phase shift.
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The laser emitted from the distal satellite platform will diffuse after far-field transmis-
sion, resulting in a spot size much larger than the aperture of the local satellite platform
telescope. Therefore, the laser entering the telescope can be approximated as a parallel
beam [18]. Within the same rectangular spatial coordinate system, anchored at the laser
source, the complex amplitude of the flat-top beam propagating along the z-axis can be
succinctly represented as follows:

E f t(x,y,z) = E0e−ikz f @(x2 + y2 ≤ ω f
2) (2)

where E0 is the amplitude, ω f is the radius of the flat-top beam spot on the QPD surface,
and z f is the propagation distance of the flat-top beam.

In the actual case, the distal incident beam’s Gaussian flat-top profile gets truncated
by the circular aperture of the receiving telescope, illustrated by the dotted blue circle
in Figure 2a. Given the marginal intensity of the interferometric signal in the peripheral
integration zone, this study simplifies the analysis by assuming that the Gaussian flat-top
beam is truncated by a square aperture, represented by the blue box in Figure 2b. This
approximation does not significantly alter the qualitative analysis.

This study primarily examines the beam walk in the x-axis direction to understand its
relationship with the DWS signal, though conclusions drawn are equally applicable to the
pitch direction.

Figure 2. Representation of interference dynamics amidst x-axis beam walk. (a) Depicts the QPD
surface within the black circle. The centrally injected local Gaussian beam is denoted by the red
circle, while the blue circle with the dotted line demonstrates the beam walk of the distant Gaussian
flat-top spot, establishing an angle ϕ between the two beams. (b) Exhibits Gaussian flat-top beam
post-square-aperture truncation, encapsulated in the blue box. Here, the y-axis integration ranges for
both left and right quadrants extend from −ω f to ω f , whereas the x-axis spans from (x0 −

ω f

cos(ϕ)
,−h)

to (h, x0 +
ω f

cos(ϕ)
).

The interferometric signal’s complex amplitude within the left semi-quadrant can be
expressed as follows:

Fle f t =
∫

Sle f t
dS · EG(x,y,z)E f t(x,y,z) (3)

The complex amplitude for the interferometric signal in the right semi-quadrant is
given by the following:

Fright =
∫

Sle f t
dS · EG(x,y,z)E f t(x,y,z) (4)
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The preceding two integral expressions can be succinctly denoted as follows:

Fle f t = E0 · B1 · B2 · B3 (5)

Fright = E0 · B1 · B2 · B4 (6)

where B1, B2, B3, and B4 can be determined as follows:

B1 =
A0

ω(zg)
· e[−iϕ(zg)−ikzg−ik sin(φ)x0+ikz f ] (7)

B2 =
∫ w f

−w f

e
−

y2

ω2(zg)
−

iky2

2R(zg) dy (8)

B3 =
∫ −h

x0−
ω f

cos(ϕ)

e
− x2

ω2(zg)
− ikx2

2R(zg)
+ik sin(ϕ)x

dx (9)

B4 =
∫ x0+

ω f
cos(ϕ)

h
e
− x2

ω2(zg)
− ikx2

2R(zg)
+ik sin(ϕ)x

dx (10)

The DWS signal is shown as follows:

DWS = arg(Fright)− arg(Fle f t) (11)

From the provided equation, the DWS signal prominently hinges on the beam angle ϕ,
QPD quadrant gap h, the spot size ω f , and the Gaussian flat-top spot offset x0 on the QPD
detection surface. Conversely, the detector size L bears no relevance to the analysis.

2.2. Numerical Simulation Analysis of Beam Walk

The phenomenon of beam walk, associated with the Gaussian flat-top beam, alters
the region of spot overlap on the QPD detection surface, consequently impacting the
integration area for the DWS signal. In the numerical simulation, the radius of the QPD
detector’s image plane L is set to 1 mm with the gap h of 25 µm. The laser wavelength is
1064 nm. The radius of the Gaussian spot and the Gaussian flat-top spot are 0.5 mm. The
propagation distance of the Gaussian beam is 0.5 m with a power of 20 mW. The power of
the Gaussian flat-top beam is 100 pW.

With a beam walk of x0 in the yaw direction from the distant Gaussian flat-top beam,
as depicted in Figure 2b, the integration areas along the x-axis are delineated as (x0 −

ω f

cos(ϕ)
,−h) and (h, x0 +

ω f

cos(ϕ)
). GAO [18] indicated, in the context of the Taiji program, that

the angle deviation for the incident beam, relative to QPD, ranges between 300 µrad and
−300 µrad. The angle measurement discrepancy attributed to the DWS methodology must
not exceed 300 nrad. Hence, any area where the error remains below 300 nrad is classified
as the linear region.

|∆ϕ(ϕ)| =

∣

∣

∣

∣

DWS(ϕ)

k
− ϕ

∣

∣

∣

∣

≤ 300 nrad · · · ∀ϕ ∈ [−300 µrad, 300 µrad] (12)

where ϕ is the angle between the two beams, ∆ϕ(ϕ) is the angular measurement error
caused by the nonlinearity of the DWS technique, DWS(ϕ) is the measured DWS signal
value, and k is the slope of the linear curve fitting. The DWS signal and angle measurement
error ∆ϕ(ϕ) are illustrated in the Figure 3 without the beam walk.
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Figure 3. Variation of angle measurement error ∆ϕ(ϕ) in the absence of beam walk (0 µm Scenario).

When the measured light beam undergoes pointing jitter, it is considered to be the
motion around the exit pupil of the telescope, namely the entrance pupil motion of the
optical platform. Due to the extremely small angle of deflection and the fact that the optical
platform only refracts the incident light beam, the beam walk caused by the image plane is
approximately equal to the arc length. It can be obtained by the following formula:

∆l ≈ ∆ϕ · R (13)

∆l represents the offset of the light beam relative to the center point of the QPD, ∆ϕ denotes
the angular offset, and R stands for the beam propagation distance. Given a fixed beam
propagation distance, as the angular offset changes, the beam walk increases with the
increasing angular offset. Assuming an axial propagation distance of 2 m, the relationship
between the beam walk at different degrees and the numerical results of the DWS technique,
as well as phase angle conversion results, can be established, as shown in the Figure 4.

Figure 4. DWS signals for various degrees of beam walk during light propagation over a 2 m
axial distance.

The angular measurement error under different beam offsets can be obtained by
subtracting the numerical results of the DWS technique from the phase angle conversion
results, as shown in Figure 5.
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Figure 5. DWS error signals for various degrees of beam walk during light propagation over a 2 m
axial distance.

It can be observed that when the beam walk is approximately within ±116 µm, it
meets the requirement of angular measurement error within ±300 µrad. For the maximum
beam offset, since the axial propagation distance of the beam is 2 m, the resulting beam
angular deviation can be calculated to be approximately ±58 µrad using Equation (13),
which is significantly below the required ±300 µrad range for DWS nonlinearity specified
by the Taiji program.

As the propagation distance decreases, theoretically, the beam walk caused by the
same angle will also decrease. Thus, reducing the distance may be effective in reducing
measurement errors. Therefore, it is necessary to investigate when, under different propaga-
tion distances, the ±300 nrad angular measurement error boundary can be met to achieve
an angular range of ±300 µrad.

Figure 6 indicates that the optimal propagation distance must not exceed 0.16 m,
correlating with a beam walk of 48 µm. An increase in the beam walk expands the angle
measurement range, yet the measurement error surpasses ±300 µrad, a threshold that
is impermissible. To ensure a measurement range beyond ±300 µrad amid beam walk,
it becomes imperative to constrain the Gaussian flat-top beam’s propagation distance.
Nonetheless, achieving a propagation distance under 0.16 m for the Gaussian flat-top beam
poses a significant challenge in practical engineering applications. Consequently, strategies
to curtail the beam walk demand serious consideration.

The angle measurement capacity of the DWS technique is inherently constrained.
Figure 3 illustrates the correlation between the angle measurement error and beam angle
when the beam walk equals =0 µm. The data suggest an approximate angular measurement
range ϕ of ±400 µrad, indicating that the linear region is adequate when both beams are
aligned at the QPD’s center. The analysis underscores the substantial nonlinearity of
the DWS signal induced by beam walk, a factor that exacerbates the angle measurement
error and restricts its range. To accommodate angle measurements across varying beam
propagation distances, it is essential to minimize the beam walk distance generated by the
pointing jitter of the Gaussian flat-top beam on the QPD surface.
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Figure 6. Correlation between propagation distance and angle measurement precision. Note:
Blue dots represent the magnitude of angle measurement errors that fall within the Taiji program’s
acceptable linearity range across various propagation distances, while the orange line depicts the
trend through linear fitting.

3. DWS Measurement Error Suppression Strategy

In the face of measurement nonlinearity induced by beam walk, adjusting the distance
from the measurement beam entrance pupil to the detector enables meeting the require-
ments of directional measurements for the Taiji program. However, preliminary factors
such as interference platform design, ground installation and adjustment, telescope, and
interference measurement platform coupling render this method challenging to imple-
ment. Based on DWS measurement results without beam walk, suppressing the beam walk
amount of the QPD image plane and ensuring optimal overlap of interference spots emerge
as the foremost considerations for resolving this issue.

3.1. Design of Imaging System Parameters

To achieve effective correction of the beam walk while minimizing the introduction
of additional sources of error, starting from geometrical optics, employing the method
of conjugate imaging can ensure object–image conjugation. Theoretically, this approach
can avoid introducing additional aberrations, and for ideal optical systems, it can achieve
symmetrical imaging while keeping the angular characteristics of beam jitter unchanged.

As shown in Figure 7, this design utilizes two plano-convex lenses arranged in parallel
with a separation of twice the focal length. The exit pupil and entrance pupil are positioned
at the focal points of the front and rear lenses of the imaging system, respectively.

In actual experiments, we employed the LA1433-C plano-convex lens (Thorlabs, New-
ton, NJ, USA) produced by Thorlabs, with a size of 1 inch and front and rear focal lengths
of 149.5 mm and 147.5 mm, respectively. The anti-reflection coating wavelength range is
1050–1700 nm, making it effective for the subsequent experiments utilizing a 1064 nm laser.

Simultaneously, we utilized a combination design of high-precision telescoping sleeves
and clamp wrenches to ensure precise positioning of the optical elements. The telescoping
sleeve allows for a travel range of 4 mm, with high-precision control of 0.5 mm per rotation,
and prevents rotation of the optical elements during movement. During the optical path
alignment process, it is consistently required to orient the convex surface towards the
direction of beam incidence, as refraction through both surfaces ensures the outgoing beam
achieves optimal focusing.
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Figure 7. Design of imaging system.

3.2. Design Results of the Imaging System

The corrective efficacy of the imaging system for angular deviations was validated
using a Gaussian beam with variable angles in Zemax. This process entailed measuring
the centroid coordinates of the beam at the exit pupil under different angular shifts. As
delineated in Table 1, the Gaussian beams were adjusted by 0.1 mrad, 0.2 mrad, 0.5 mrad,
and 0.8 mrad, respectively. The resulting centroid coordinate offsets were all under 1 µm,
and there was no significant alteration in the spot radius. These observations affirm that the
imaging system can proficiently rectify the beam walk without inducing spot distortion.

Table 1. Simulation results with an angular offset in x axis.

Offset/mrad Center of X/mm Center of Y/mm x-Axis Radius/mm y-Axis Radius/mm

0 −0.00005638 −0.00006197 0.24985080 0.25016640
0.1 −0.00007094 −0.00006395 0.24985112 0.25009686
0.2 −0.00009681 −0.00013026 0.24986038 0.25001645
0.5 −0.00032305 −0.00013623 0.24988321 0.24992484
0.8 −0.00053520 −0.00000460 0.24996465 0.25003379

4. Inter-Satellite Link Angle Measurement Simulation Experiment

From the above analysis, it can be concluded that the beam walk affects the results of
the DWS measurements, leading to unnecessary nonlinear errors. Meanwhile, the design
employing dual-lens conjugate imaging effectively suppresses the beam walk. To validate
the feasibility of this approach in practical usage, an inter-satellite link pointing control
system was constructed. Angle measurement data were obtained both with and without
the addition of the imaging system, followed by thorough analysis.

4.1. Design of Pointing Angle Measurement System

In 2022, GAO et al. [19] proposed that zero-offset analysis on the DWS technique
would affect the absolute angle measurement error and designed an experimental system to
verify the hypothesis. The zero-offset is theoretically eliminated at the beam waist position.
To reduce the impact of zero-offset on the experiment, we refer to his optical path design.
The pointing jitter noise verification system proposed by CUI et al. [23] in 2022 is regarded
as another reference for the following design.

Figure 8 illustrates the experimental setup where a laser undergoes division and
frequency alteration through two Acousto-Optic Modulators (AOMs), generating two
Gaussian beams with a frequency discrepancy denoted as ∆ f . In space interference, this
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frequency difference is caused by the Doppler frequency shift [6,24]. The ∆ f is set to
1.6 MHz, which is a value consistent with the Doppler frequency shift of the Taiji program
and the detector bandwidth.

Figure 8. Schematic diagram of the inter-satellite laser link simulation system.

The blue line depicts the reference beam, emulating the local Gaussian beam, which
traverses a linear polarizer (LP2) before reflection by a beam splitter (BS). Following
this path, the beam navigates through an imaging system and is precisely directed into
the QPD’s center. During optical path alignment, meticulous care ensures the Gaussian
beam’s propagation along the optical axis, injecting perpendicularly into the QPD. The
QPD’s placement on the conjugate plane relative to the waist position aims to negate
zero-offset. Conversely, the measurement beam, signified by the red line, proceeds through
a distinct linear polarizer (LP1) and a beam expander. This expansion endows the beam
with Gaussian flat-top characteristics, mimicking the beam relayed from a distant satellite.
A subsequent aperture trims the beam spot to align with the reference spot’s dimensions.
This beam then reflects off a Fast Steering Mirror (FSM), sequentially moves through BS
and the imaging system, and eventually intersects with the reference beam on the QPD,
thereby replicating the actual interference conditions of an inter-satellite laser link. In the
experiment, optical beam angular deviations induced by pointing jitter are simulated by
driving the Fast Steering Mirror (FSM) to generate beam deflections, mimicking the beam
walk phenomenon.

To ensure conjugate imaging, the QPD needs to be positioned at the rear focal point
of the imaging system, while the FSM should be positioned at the front focal point of the
imaging system. To suppress zero-offset and minimize its impact on actual measurements,
a reference beam is utilized. By moving the imaging system, a beam quality analyzer is
used to find two points with equal beam sizes in the vicinity and far from the rear end of
the imaging system. The central position of these two points is considered as the beam
waist position. This method effectively locates the beam waist of the reference beam, and
iterative adjustments of the imaging system ensure that this point coincides with the rear
focal point of the imaging system. The FSM is positioned at the front focal point of the
imaging system, which can be determined by the focal length of the lens.

In the Taiji program, the exit pupil position of the measurement beam after four off-axis
reflections from the telescope is also the entrance pupil of the optical system. Pointing jitter
will couple at this position, affecting interferometric measurements. After completion of
the alignment, the entrance pupil position of the optical system is designated as FSM, and
using FSM to simulate disturbances aims to achieve results as consistent as possible with
actual conditions.
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After completing the assembly and alignment of the simulation system, sinusoidal
perturbation is applied to FSM in the measurement optical path in the yaw direction to
emulate beam walk resulting from pointing jitter inherent in the laser link. This perturbation
signal operates at a frequency of 10 mHz, with an amplitude range of 0–800 µrad, under
which the DWS angle measurement is assessed. Following this, the imaging system is
removed from the optical path, maintaining all other experimental parameters. The DWS
angle measurement is then recalculated under this adjusted configuration. This research
evaluates the correlation between the beam walk and DWS angle measurement error
within the context of an inter-satellite laser link simulation system, focusing on the impact
of introducing and subsequently removing the imaging system.

4.2. Results and Discussion

The Figure 9 illustrates the angle measurements depicted by the blue line (without
imaging system) and the red line (with imaging system), in contrast to the ideal scenario
represented by the gray dotted line, where no measurement error exists. As the perturba-
tion angle expands, there is a corresponding amplification in the measurement inaccuracies
relative to the ideal condition. Notably, the error magnitude is considerably more pro-
nounced in the absence of the imaging system. This pattern underscores an escalating
nonlinearity in the DWS signal’s angle as the beam walk intensifies. Conversely, measure-
ments employing the imaging system more closely mirror the actual perturbation angles,
exhibiting enhanced linearity compared to the setup devoid of the imaging system.

Figure 9. Comparative analysis of the DWS angle measurement error with and without imaging
system correction for beam walk.

From the results, it can be observed in Figure 10 that when the piezoelectric-driven
amplitude reaches 300 µrad, the addition of the imaging system introduces an angular
measurement error of approximately 50 µrad, whereas the error without the imaging
system is approximately 300 µrad higher. The inclusion of the imaging system results
in a relative reduction in measurement error by 83%. This deviation could potentially
stem from optical alignment discrepancies, particularly the misalignment between the
two interfering beams or the displacement of the beam center from the QPD’s central
point. Nonetheless, the integration of the imaging system distinctly amplifies the DWS
technique’s angle measurement capacity and mitigates measurement inaccuracies. These
findings underscore the imaging system’s efficacy in rectifying the beam walk.

As shown in Figure 11, when the amplitude applied to the FSM is within 20 µrad, the
imaging system still significantly reduces the measurement error of the DWS.
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Figure 10. Comparative analysis of angular measurement errors: assessing performance with (red
line) and without (blue line) the imaging system.

During ground-based simulations, there is no magnification effect of telescope di-
agonal jitter. Narrowing the measurement angle range to 20 µrad allows for a clearer
assessment of the impact of the imaging system on the precision of QPD capture.

Figure 11. Comparative analysis of angular measurement errors in 20 µrad: assessing performance
with (red line) and without (blue line) the imaging system.

For the entire link pointing control system, the stability of the DWS technique in
reading out angles also constrains the stability of the link. Therefore, the next step was to
test the inhibitory effect of the imaging system on pointing jitter when driving the FSM at
different angular offsets.

From Figure 12, it is evident that when the angular deviation of the measurement
beam and the reference beam is constant, the root mean square value of jitter measured
by the DWS technique is significantly smaller in the optical path with the imaging system
compared to when the imaging system is removed. Therefore, the imaging system effec-
tively reduces pointing jitter, and it can be anticipated that further suppression of pointing
jitter will occur after closed-loop control by the control system.
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Figure 12. Comparative analysis of jitter RMS: assessing performance with (red line) and without
(blue line) the imaging system.

In summary, the integration of the imaging system notably enhances the angular
measurement precision and stability of the DWS technique. These results demonstrate
the effectiveness of the imaging system in correcting beam wander, making a significant
contribution to improving laser pointing accuracy and suppressing inter-satellite link
pointing jitter noise.

5. Conclusions

This study explores the complex relationship between the beam walk dimensions and
DWS signal in inter-satellite laser communications. Through detailed theoretical analysis
and simulations, it becomes evident that an increase in beam walk size leads to heightened
nonlinearity in the DWS angle measurements. With a constant pointing jitter, the DWS
measurement nonlinear errors caused by different degrees of beam walk will vary with
changes in the axial propagation distance, worsening as the degree of beam walk increases.
Next, a conjugate imaging system was constructed using two plano-convex lenses to
verify the effectiveness of suppressing beam walk through conjugate position imaging.
The imaging system can achieve conjugate imaging of the spot centroid within 0.8 mrad
with minimal distortion and the introduction of only minor spherical aberration. Then, a
ground simulation optical path for DWS angle measurement in inter-satellite links was
designed, and the setup and measurements were conducted in the laboratory. By precisely
aligning and locating the beam waist and the entrance and exit pupils of the imaging
system, alignment errors and the zero-point offset of the DWS technique were suppressed.
The experimental results show that with an angular offset of 300 µrad, the measurement
error can be reduced to 50 µrad by adding the imaging system to the optical path, which
reduces the error by 83% compared to the optical path without the imaging system. When
the angular offset is constant, the root mean square value of the QPD measurement jitter is
also smaller when the imaging system is added. This indicates that the experimental setup
can effectively suppress the nonlinear errors in DWS caused by the beam walk, and the
inclusion of the imaging system in the optical path helps to mitigate pointing jitter noise
in inter-satellite links, thereby improving laser pointing control accuracy. This method
will provide a valuable reference for the QPD interferometric measurement optical path
and QPD precision acquisition measurement control on the optical platform in the future
Taiji program.
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