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Laser acquisition and pointing system is subject to establish a 10° km magnitude inter-satellite laser link with
ultra-high pointing precision of 10 nrad/ \/E (1 mHz-1 Hz) in space-based gravitational wave detection missions.
For the unprecedented challenge, a dedicated laser link construction scheme with three different detectors is
proposed. After initial pointing with star trackers, CMOS/CCD cameras intend to suppress the laser pointing error
to 1 prad. QPDs are subsequently used to achieve the final requirement. With various detectors and technologies,

the scheme need intensive verification and study. We first design and build an on-ground laser link construction
experimental system, which can simulate the whole process and recreate the actual critical working condition
as realistic as possible by comprehensively considering the simulation of optical system, far field beam receiving
characteristics and target precision. Results are well in agreement with the requirements and confirm the scheme
under realistic conditions, which have not yet been fully tested experimentally.

1. Introduction

Laser acquisition and pointing technique plays a vital role in inter-
satellite laser communication and precision measurement areas for con-
structing a stable laser link. With different payloads and targets, vari-
ous acquisition schemes have been proposed [15,18,21,23,24]. It is now
well established from a variety of studies and missions, that an inter-
satellite laser link of 105 km magnitude can be constructed with the
laser pointing error of 1 prad magnitude [14]. However, difficulty in
technical realization greatly increases with the increase of acquisition
distance and pointing precision. In space-based gravitational wave de-
tection missions, such as the LISA (Laser Interferometer Space Antenna)
[13] and the Taiji program [16], an equilateral triangle laser link, whose
arm length is as long as 10® km scale, has to be established before sci-
ence measurement. On the other hand, the laser pointing jitter need to
be suppressed to 10 nrad/ \/E (1 mHz-1 Hz) for achieving arm-length
variations measurement of picometer precision [12,13]. Because of the
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ultra-far acquisition distance, ultra-high pointing precision requirement
and restricted payload for laser link construction, traditional laser acqui-
sition and pointing schemes are not applicable. Thus, a dedicated laser
link construction scheme with three different detectors is proposed for
the LISA-like missions [1,5,11,17].

It stands to reason that, after one laser link is performed on one
arm, the signal acquisition process on the second and third arm will be
in principle the same. Thus, the signal acquisition of the single arm is
most concerned. The whole process can be divided into laser acquisition
phase and laser pointing phase. (1) Firstly, STRs (Star Trackers) are used
to preliminarily suppress the laser pointing error. After initial pointing,
the remote satellite is sited within an uncertainty cone of approximate
20 prad [6]. (2) Then, in the laser acquisition phase, CCD/CMOS acquisi-
tion cameras with smaller FOV (Field of View) and higher sensitivity are
used to further suppress the laser pointing error. The two satellites on
each end of the link are defined as SC1 and SC2. At the beginning, SC1
keeps staring into its reference direction, while SC2 performs a scanning
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maneuver to cover the whole uncertainty cone of SC1. At a certain time,
laser signal with enough power can be received by SC1 and imaged on
the acquisition camera with the help of a dedicated imaging system. Af-
ter measuring the offset between the laser spot center position and the
reference position, SC1 can adjust its line of sight and point to the direc-
tion of SC2. As a result, SC2 will also receive the transmitting laser beam.
With the same method, the direction of SC2 can also be adjusted. Once
both satellites have successfully received a laser signal on their acquisi-
tion cameras, a fine attitude closed-loop control can be performed based
on the read-out of the cameras. The laser pointing error is intended to
be suppressed to 1 prad after acquisition process, which is much smaller
than the FOV of the QPD (Quadrant Photodiode). As a result, the QPDs
can receive interference signal continuously after laser frequency scan
[1]. (3) Finally, QPDs are used in the laser pointing phase. With the
help of the DWS (Differential Wavefront Sensing) technique [9,19,20],
the included angle of the interference laser beams can be readout accu-
rately based on the measurement of phase difference between up and
down (or right and left) quadrants of QPDs. Through feedback control,
the laser pointing jitter can be kept at 10 nrad/ \/E

The above laser link construction scheme includes various detectors
and measuring techniques for achieving the ultra-high accuracy require-
ment. Thus, a considerable amount of literature has been published on
the laser link construction system of the LISA/Taiji to demonstrate the
feasibility of the extremely challenging scheme. The acquisition scheme
has been verified with simulation method [11,17], while the acquisi-
tion controller has been well designed based on a Kalman filter [1,2]. In
the studies on the laser pointing phase, the relative importance of the
DWS technique has been subject to considerable discussion. Theoretical
derivation and simulation results presented the potential of the DWS for
reaching the angular measurement precision of 1 nrad/ \/E magnitude
[4,9]. Principle methodology demonstration experiments of laser point-
ing system further proved its feasibility [3,8]. However, few writers have
been able to draw on any systematic research into the whole laser link
construction process from the perspective of simulation experiment or
engineering implementation. Although the whole process is divided into
laser acquisition phase and laser pointing phase, their optical system and
system parameters are strongly coupled. Moreover, compared with the-
oretical analysis and simulation method, a well designed experimental
system can help us expose, resolve and validate technique problems. As
a result, a laser link construction on-ground simulation experiment, in-
cluding laser acquisition and laser pointing process, will play a decisive
role in demonstration of the proposed scheme. This paper first focuses
on the design and construction of the on-ground experimental system.
We present an experiment that simulates the optical system, process,
far field beam receiving characteristics and target accuracy of the actual
Taiji laser link construction system, making it an fully demonstration on
the relevant core measurement techniques and the whole scheme.

The essay has been organised in the following way. In section 2,
details of the experimental system design is presented including optical
design and system parameter design. The section 3 is concerned with
the construction and implementation of the experiment. The experiment
results are shown and discussed in section 4, followed by a summary in
section 5.

2. System Design

The objective of our on-ground experiment is to simulate the actual
laser link construction system for gravitational wave detection missions
as realist as possible and achieve the target precision requirements of
laser acquisition & pointing at the same time. Make the Taiji program
as an example, each satellite has an identical optical platform, contain-
ing all the elements of the laser link construction system. After emitting
from the laser, the beam firstly reflect by a PAAM (Point Ahead Angle
Mechanism) [10], which compensates the point ahead angle caused by
satellite lateral motion. Then, the laser beam passes through a telescope
and transmits to the remote satellite. The laser link construction sys-
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Table 1

Core system parameters of the Taiji program and the laser link construction on-
ground experiment.Where, L is the platform separation, w, is the beam waist
radius, « is the half angle of scanning range, R,. is the radius of the uncertainty
cone, w_ is the beam radius at the receiving aperture, ¢ is the aperture radius,
my,, is the flat top beam approximate coefficient, n,, is the scanning range
coefficient, P,,, is the laser power at the receiving aperture, P,og is the laser
power at the CMOS camera, P, p, is the receiving laser power at the QPD, P, is
the local laser power at the QPD, f,,,, is the beat frequency of the interference
signal, ¢, is the target acquisition precision at the telescope, ¢, cros iS
the target acquisition precision at the CMOS, ¢, . is the target laser pointing
precision at the telescope and ¢, opp is the target laser pointing precision at
the QPD.

Parameter Taiji program Experiment
L 3% 10° km 10 m

@ 20 cm 0.5 mm

a 24 yrad 700 prad
R, 72 km 7 mm

@z 5 km 6.5 mm

£ 20 cm 0.5 mm
Mg 2.5x 10* 13

Mscan 14.4 1.1

Prec 1.5 nW ~1 W
Pemos ~100 pW ~100 pW
Popp ~1 nW ~100 nW
Pige ~10 uW ~10 i

Soear 1 ~20 MHz 2 MHz
Pacqael 1 prad /

Dacq.0PD 400 prad 400 prad
Ppoint el 10 nrad/ \/IE /

BpointoPD 4 prad/\/ﬁ 4 prad/\/m

tem of Taiji is a transmitting-receiving common path system. Thus, the
receiving laser beam passes through the same telescope. Then it is di-
vided into two beams and respectively transmit to acquisition cameras
and QPDs. In the acquisition phase, the attitude of the satellite is ad-
justed based on the readout signal of the cameras. After the receiving
beam entering the FOV of the QPDs, the DWS signal is served to fine
adjust the line of sight.

2.1. Optical design

In the experiment, the optical system aims at restoring the above
functions. As shown in Fig. 1, two identical optical benches are respec-
tively mounted on two hexapods, with the separation distance of about
10 m. PI P-915K652 hexapods, whose minimum angular incremental
motion is as small as 70 nrad, are used to simulate the motion of the
satellites. Because of restricted beam transmission distance on ground,
the telescopes are replaced by small apertures for simulating far field
beam receiving characteristics (details are introduced in section 2.2).
As a result, the influence of wavefront distortion caused by the tele-
scope is ignored. However, based on previous research, a well designed
telescope, whose wavefront distortion is kept within 1/30, will have lit-
tle impact on acquisition system [25]. From Fig. 1, it can be seen that
the transmitting beam passes through the aperture center to the op-
posite platform. After clipped by the opposite aperture, the receiving
laser is divided into two beams and transmits to the CMOS camera and
the QPDs respectively. The aperture is centrally located on the optical
bench, near the rotation center of the hexapod. The advantage is that
the rotation of the hexapod will induce minor unwanted change of the
entrance pupil position. The PAAM system is replaced by a mirror, as no
extra platform lateral motion will be introduced. A dedicated imaging
system is designed, making the aperture surface and the QPD surface
compose a conjugate plane pair. It can greatly reduce the influence of
beam walk to interference efficiency and DWS linearity performance.
The CMOS receives Airy spots of 100-picowatt magnitude with the help
of an imaging lens and a neutral density filter.
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Fig. 1. Diagram of the laser link construction on-ground experiment system. Where, FC is fiber collimator, PBS is polarized beam splitter, QWP is quarter wave plate

and NEF is neutral density filter.

In the Taiji program, the acquisition precision of 1 prad and the laser
pointing precision of 10 nrad/ \/}E are required at the telescope. Besides
that, the magnification of the telescope is 100x and the magnification of
the imaging system before QPD is 4x. While the laser spot at the QPD is
reduced 400 times by the whole optical system, the laser pointing angle
is amplified 400 times at the same time. Correspondingly, the acquisi-
tion precision required at the QPD is 400 prad, while the laser pointing
precision is 4 prad/ V/Hz. These requirements are equivalent for the mea-
surement system. As there is no telescope in the experimental system,
we estimate the laser pointing error at the QPDs. For examining the ac-
quisition precision, the DWS signal read out by the QPD is used. Mean-
while, The laser pointing precision is evaluated by the ASD (Amplitude
Spectral Density) of the DWS results. For achieving the requirements,
the system parameter design is introduced in the next sub-section.

2.2. System parameter design

Except for optical system, far field beam receiving characteristics
simulation need to be considered most. Table I presents the core sys-
tem parameters of the Taiji program. Because of the extremely far beam
transmitting distance, the beam radius at the receiving aperture w, is far
larger than the aperture radius e. Thus, the received beam has spherical
wavefront feature as well as homogeneous intensity distribution, that is
a flat top beam. Based on the spherical wavefront feature, the direction
of the remote satellite can be uniquely determined without consider-
ing the relative position relationship between the receiving laser spot
and the aperture. While only with homogeneous intensity distribution,
can the laser spot center position be used for the determination of the
line of sight offset. Therefore, the flat top beam simulation is one of the
most important factor for guaranteeing effectiveness of the acquisition
scheme. We define the flat top beam approximate coefficient m, as
the ratio of w, and e. After expansion, m g, can be written as,

o | 212

0 nz(oé
Mpla = = @
where, , is the beam waist radius and L is the platform separation.
From formula (1) we can find that, m,,,, increases with the increase of
L. For the beam transmission distance of 3 x 10® km in the Taiji, Mt
is as large as 2.5 x 10*. The bigger the m ,,, the closer the laser beam is
to a flat top beam. However, with restricted distance in the on-ground
experiment, we can only increase m,,, by adjusting the value of «, as

well as reducing the aperture size. Thus, as introduced in section 2.1,
we replace the telescope by a small aperture.

From Table I, it can also be found that the radius of the uncertainty
cone R, is larger than the receiving beam size. As a result, a scanning
strategy must be carried out for ensuring successful acquisition. In order
to simulate the scanning process, we define the scanning range coeffi-

cient ng,, as the ratio of R,. and w,. After expansion, n,,, is given by,
1
Ngean = —F/——> (2)
L? ,,20)[2)

where, « is the half angle of scanning range. ng,, also increases with
the increase of L. Thus, with particular « and w,,, the simulation of n,,,,
is also limited to the beam propagation distance on-ground.

The receiving laser power can be estimated by [22],

2 4

Pree = 5557 Pou ©
where, 4 is the wavelength, z is the transmittance in space and P,,
is the outgoing laser power at the transmitting telescope. For the Taiji
program, P, is approximate 1 W. Assuming = = 1, P,,, can be estimated
as 1.5 nW. As less than 10% of the receiving laser power will be allocated
to the acquisition camera, the laser power received by the CMOS is only
100 pW magnitude.

From formula (1)-(3), it can be found that there is strong coupling
in the design of system parameters. For instance, change trend of m g,
and ng,, with respect to w, is contrary, while the value of ¢ influences
My, as well as P,,.. Thus, flat top beam, scanning range and receiv-
ing laser power simulation should be comprehensively considered. The
right column of Table. I presents the system parameters used in the ex-
periment. Although P,,. reaches 1 W magnitude with P, = 1 mW and
L = 10 m, the laser power received by CMOS can be attenuated to 100
pW magnitude with attenuators. As a lens, whose focal length f = 150
mm, is used to image the laser beam, the laser spot on the CMOS is an
Airy spot. Assuming the pixel size of r,, the spot size expressed by pixel
number can be estimated as,

r=0612L @
Er,
Thus, the photo-electron number of the spot center pixel can be writ-
ten as,

_ASenwwrdy

Reenter = 3.83

,3Ag3(2J| (W)/W)zdlll

()
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Fig. 2. Comparison between numerical spot center positioning result and the
ideal spot center position.
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where, n, is the total photo-electron number, J;(y) is the Bessel func-
tion of y, h is the Planck constant and # is the conversion efficiency.
Thus, with e = 0.5 mm, r, = 15 pm/pixel, Py = 100 pW and # = 0.7, ng,,e,
is estimated as about 3 x 10° e~. The CMOS we used in the experi-
ment is Tekwin SH640, whose mean value of noise electrons is 1.5 x 10°
e~ /pixel. Therefore, around the spot center, the photo-electron number
is far larger than the noise electron number and the detector has enough
signal to noise ratio (SNR) for detecting weak light based on improved
centroid method [7]. As the NEP(Noise Equivalent Power) of the QPD in
the experiment is not small enough, the interference signal is generated
by a local beam of 10 W magnitude and a receiving beam of 100 nW
magnitude.

Because of limited angular dynamic range of the hexapod, the value
of n,,,, can hardly be restored. As a result, the optical platform acquires
the receiving light easily with simple scan. To fully verify the scanning
process with small n,, and increase signal to noise ratio, a threshold
is set for the receiving laser spot on CMOS. The scanning process will
continue until the maximum detected grey value of the CMOS exceeds
the threshold.

We can approximately simulate a flat top beam with the m,, of
13. However, as the value of m,,, in the experiment is far less than
that in the actual system, influence of in-flat top properties to the tar-
get precision should be carefully considered. In the acquisition phase,
laser spot center is positioned based on the centroid method. However,
if the intensity distribution is in-homogeneity within the aperture area,
the laser spot center position deviates from its centroid position. As a
result, the acquisition precision decreases. For estimating the effect, nu-
merical method is used. Firstly, the experimental optical system is simu-
lated using ASAP software. With different beam incident directions, the
intensity distribution on the CMOS camera is recorded. Then, we use
the centroid method to obtain the laser spot center position based on
Matlab platform. The numerical results are shown in Fig. 2 as the blue
spot, while results of the red line correspond to the exact value with flat
top beam incidence.

It can be seen that the numerical results well coincide with the ideal
center position. The in-flat top property also affects the DWS measure-
ment, as the beam transmitting direction is inconsistent within the aper-
ture area. To analyse the influence, the same numerical method is car-
ried out. The results in Fig. 3 illustrate that the DWS technique works
well and the maximum measurement error induced by in-flat top prop-
erties is smaller than the required precision. Therefore, the in-flat top
properties can be ignored with the designed parameters.
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3. Experiment

As illustrated in Fig. 4(a), we constructed the experimental sys-
tem based on the diagram in Fig. 1. Two optical platforms are placed
at each end of a marble vibration isolation platform, with the details
shown in Fig. 4(b). The optical platforms are respectively set up on
hexapods, while the hexapods are installed on four-axis manual dis-
placement stages. As the angular dynamic range of the hexapod is only
+700 prad, manual displacement stages are used for initial pointing and
making the half angle of the uncertainty cone smaller than 700 prad.
The whole system is protected by glass cover to lower the impact of air
turbulence and temperature fluctuation to interference measurement.

Before the experiment, we firstly calibrate the reference position of
the CMOS camera. The pitch and yaw direction of the hexapod are ad-
justed until the DWS signal of each direction equals to zero. At this time,
the laser spot position on the CMOS is defined as the reference position.
Then, we calibrate the angle-position conversion coefficient of CMOS
and angle-phase conversion coefficient of DWS respectively by fitting
the angular displacement with respect to measurement results of spot
center positioning and DWS technique.

For examining the measurement capability of the experimental sys-
tem, we test the background noise level, which is estimated by the root
mean square (RMS) value in acquisition phase and the amplitude spec-
tral density (ASD) within the frequency band of 1 mHz - 1 Hz in laser
pointing phase. Only the results in the yaw direction is introduced, as
the same conclusion can be obtained in the pitch direction. Without any
control, Fig. 5 presents the continuous results of laser spot center posi-
tioning. The RMS value is calculated as x,,,, = 0.0073 pixel, correspond-
ing to @, ,,,; = 0.73 prad. The center positioning error is mainly gener-
ated by background noise of the CMOS and the quantization noise of the
centroid method. As the acquisition precision is read out by the DWS sig-
nal, its performance should also be considered. Fig. 6 shows the angular
measurement results produced by the DWS technique in both time and
frequency domain. With the results in the time domain, we can obtain
the DWS read out precision as ¢,,,,, ,y; = 0.24 prad. Thus, the background

= 0.77 prad,

far smaller than the requirement of 400 prad. The results in the fre-
quency domain show that the maximum value of ¢, 45p is smaller

O s T P

read out noise in the acquisition phase is S rms T P rms

than the requirement of 4 prad/ \/E Therefore, the experimental sys-
tem has the potential to fulfill the precision requirement of the Taiji in
both acquisition phase and laser pointing phase.

For fully simulating the whole laser link acquisition process, the ex-
periment is divided into four successive stages.

(1) Stage I: Initialization. After initializing of each device, the optical
platforms arbitrary adjust their attitude within the uncertainty cone and
wait for the start command of acquisition.
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Fig. 4. (a) Physical picture of the laser link construction on-ground experimental system. (b) Physical picture of the optical platform. Two identical optical platforms

are placed at each end of the marble vibration isolation platform.
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Fig. 5. The continuous results of laser spot center positioning in the x-direction
of the CMOS without any control. The RMS value of the data is x,,, = 0.0073
pixel.

(2) Stage II: Coarse acquisition. At first, for covering the whole un-
certainty cone of P2, P1 platform performs Archimedes spiral scanning,
which is denoted as,

F= %qﬁ(z) (if:ig)) > where (1) = 27~ \/; . @

Here, d is the arc separation, T is the total scanning time and r,,,,
is the maximum value of the spiral radius. Meanwhile, P2 platform is
used as the laser receiving terminal and stares into its initial direction.
At a certain time, P2 receives the laser signal with enough power on
its CMOS camera. Based on the laser center positioning result, the line
of sight direction of P2 is adjusted for pointing to P1. At this time,
the CMOS on P1 can also receive enough laser power. With the same
method, P1 can change its attitude and point to P2. As the laser beam
has to transmit about 10 s between the satellites in the Taiji program,
the scanning satellite will keep scanning until it receive enough laser
power. For simulating the process, we introduce a certain delay during
the scanning.

(3) Stage III: Fine acquisition. After course acquisition, the two plat-
forms point to each other. Then, feedback close loop control is carried
out based on the CMOS read out. For the Taiji program, frequency scan-
ning is performed during this stage for obtaining the interference signal

on the QPDs. Thus, in the experiment, a certain delay is introduced for
simulating the process as well as examining the acquisition precision.

(4) Stage IV: Laser pointing. Finally, the hexapod control is based on
the DWS signal rather than CMOS signal in this stage. The laser pointing
precision is estimated by the ASD of the DWS read out.

4. Results and Discussion

The laser link construction simulation can be automatically fulfilled
with our self-developed upper computer software based on C_,. As the
maximum initial angular deviation is approximate 700 prad (within the
linearity range of the DWS), the whole process can be read out by the
DWS technique. One of the whole process record based on the current
setup is shown in Fig. 7. Similarly, only the results in the yaw direction
is presented. It can be seen that the initial angular deviation of P1 and
P2 are approximately —270 prad and 500 prad respectively.

In stage II, P1 performs Archimedes spiral scanning. Its projection
on the yaw direction is like a sinusoidal wave, whose amplitude is in-
creasing. At the end of this stage, both platforms point to each other
with single open loop control. After that, feedback close loop control is
carried out for fine acquisition with details shown in Fig. 8. The acqui-
sition precision at the QPD is estimated by the mean value of the DWS
readout data as @, .., = —8.94 prad, @ 0., = 8.29 prad. As introduced
in section 2.1, the corresponding acquisition requirement at the QPD is
400 prad. Thus, it can be concluded that we achieve the acquisition pre-
cision more than an order of magnitude smaller than the requirement.
We have known from section 3 that the background readout noise is
about 1 prad in acquisition phase. Except for that, the acquisition preci-
sion may deteriorate because of reference position deviation generated
by calibration error and displacement stage long-term drift. Thus, the
acquisition precision can further improve by increasing system readout
precision and change the manual displacement stage to a stable electric
displacement stage.

Based on the data in the laser pointing stage, we obtain the ASD
of angular measurement results, as illustrated in Fig. 9. We can con-
clude that the laser pointing precision is smaller than the requirement
of 4 prad/ \/IE By comparing with the result in Fig. 6, it can be also
found that the laser pointing precision is close to the background noise
level. Thus, background noise is the main noise source in this stage. As
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Fig. 8. Fine acquisition results. Where, the red line and the green line are
respectively the angular data of Pl and P2. The mean value of the results
@1 mean = —8.94 prad, @, ..., = 8.29 prad are regarded as the acquisition precision.

Fig. 9. Laser pointing results. Where, the red line and the blue line are the ASD
results of P1 and P2 out-of-loop data respectively, the green line and the yellow
line are the ASD results of P1 and P2 in-loop data respectively. The black dash
dot is the requirement of the Taiji program.
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the experimental system exposes in the atmospheric environment, the
background noise mainly comes from the air turbulence and tempera-
ture fluctuation. For further reducing the noise level, the experiment has
to be carried out in a vacuum chamber. Anyhow, the precision require-
ment in both acquisition and laser pointing phase can be fulfilled with
the current set up.

5. Summary

Aiming at establishing a stable inter-satellite laser interferometer,
LISA-like gravitational wave detection missions need to construct a 10°
km laser link with the pointing jitter suppressed to 10 nrad/ \/I-E Thus, a
dedicated laser acquisition and pointing scheme with three different de-
tectors is proposed for the extremely tough task. The purpose of the cur-
rent study was to fully verify the feasibility of the proposed scheme and
resolve the relevant technique problems based on experimental method.
We comprehensively considered the simulation of actual optical system,
acquisition & pointing process, far field beam receiving characteristics
as well as target accuracy and designed the optical system as well as the
system parameters. Because of restricted beam transmitting distance and
limited angular dynamic range of the hexapod, most parts can be well
restored in the experiment except for the simulation of flat top beam and
scanning range. The numerical results show that the influence of in-flat
top properties to the acquisition and pointing precision is smaller than
the requirement with the designed parameters. Based on the design, we
established the laser link construction experimental system. The whole
laser acquisition and pointing process can be carried out automatically.
The results present that the achieved laser acquisition precision is more
than an order of magnitude smaller than the requirement, while the
laser pointing precision can also fulfill the requirement.

The present study appears to be the first study to experimentally
demonstrate the proposed laser link construction scheme. The laser ac-
quisition and pointing precision requirement can be achieved in the case
of actual working condition simulation. For further improving the preci-
sion, the experiment has to be carried out under the vacuum condition.
The results show clearly that the three-stages detector scheme is feasi-
ble in the space-based gravitational wave detection mission. The design
methods of the experimental system have the potential to be used in
other space applications.
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