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Abstract

The integration requirements of laser ranging, imaging, and communication functions in
space target detection have placed higher demands on system performance. This paper
takes a modularly designed integrated laser ranging, imaging, and communication system
as an example and proposes a light source integration scheme based on fiber phased array
beam splitting—coupling technology, effectively enhancing the system’s integration level
and compactness. The system employs a Cassegrain optical system and beam splitting
structure to achieve functional integration of laser communication, ranging, and polariza-
tion imaging. Ground experiments were conducted to evaluate the functional feasibility
of the proposed integrated architecture. The visible light polarization imaging experi-
ments at kilometer-level distances demonstrate that polarization-derived information can
improve target-background separability under haze and low-contrast conditions. The
UAV-based dynamic ranging experiment verifies that the system can acquire, track, and
range a moving cooperative target under the tested field conditions, with the measured
results being consistent with the designed meter-level ranging requirement. In addition,
a 1 km coherent free-space laser communication experiment achieved 20 Gbps QPSK
signal transmission with a bit error rate on the order of 10~7. These results provide ex-
perimental support and design references for integrated optoelectronic terminals used in
space target observation, space debris monitoring, and related long-distance sensing and
communication applications.

Keywords: laser ranging; laser imaging; laser communication; Cassegrain optical system

1. Introduction

With the continuous development and advancement of information transmission
technology using laser carriers, laser carrier technology has been widely applied in spatial
information transmission missions. Equipping platforms such as satellites or aircraft with
laser carrier technologies, including laser communication, ranging, and imaging systems,
enables the provision of wide-range observation, high-precision measurement, and com-
munication capabilities. Laser communication refers to a technology that utilizes lasers
as carriers for transmitting information such as voice, images, and data. After years of
exploration, spatial laser communication has achieved breakthrough progress in recent
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years. Compared with radio frequency (RF) communication, laser communication operates
at a frequency four to five orders of magnitude higher, which endows it with distinct ad-
vantages, including large communication capacity, small system volume, wide bandwidth,
highly concentrated energy, and relatively low transmission power. As an effective means
to address the high-speed bottleneck of microwave communication, laser communication
exhibits enormous potential in both military and civilian applications. It is regarded as
the optimal approach for high-speed data transmission between various platforms, such
as satellite-to-satellite, ground-to-satellite, and aircraft-to-ground links. Laser ranging
technology, which accurately measures the distance to a target using lasers, is one of the
earliest and most widely adopted laser technologies in military fields. Classified by its
ranging method, it can be divided into two categories: pulsed laser ranging and continuous
wave laser ranging. With the steady development of laser communication and laser rang-
ing technologies, the design and implementation of an integrated system incorporating
laser communication, laser ranging, and imaging functions can enable multiple platforms
(e.g., satellites, aircraft, and ground stations) to achieve diverse capabilities, including laser
communication, ranging, and imaging.

The integrated laser communication, ranging, and imaging system is mainly divided
into three parts: laser communication, laser ranging, and imaging. Laser communication is
characterized by large information capacity, wide bandwidth, strong anti-electromagnetic
interference ability, and good confidentiality; laser ranging has the characteristics of high
power, good stability, and high precision; tracking and imaging technology has the ad-
vantage of stable tracking and imaging of targets. Combining the functions of the three
to form an integrated system device, the integrated system can be mounted on various
platforms such as aircraft, satellites, vehicles, and ships. Therefore, the integrated laser
communication, ranging, and imaging system has broad application prospects and great
practical value.

Due to the certain requirements of space exploration systems on their own weight
and load capacity, the system must achieve high integration and multi-functionalization.
Considerable efforts have been made at home and abroad to this end. A typical exam-
ple is the American X2000 flight terminal, which can realize functions such as two-way
communication, two-way laser ranging, and scientific imaging [1]. In the Integrated Laser
Communication and Space Imaging (ACLAIM) program of the Jet Propulsion Labora-
tory, the laser communication antenna and the space camera share a front-end telescope,
using a detector array as the acquisition and tracking system and simultaneously as the
imaging receiver. In 2005, John J. Degnan proposed a renovation plan for the SLR2000
satellite laser ranging station, which combines laser ranging and laser communication.
Specifically, the ranging light of the SLR2000 laser rangefinder is used as the beacon light
for laser communication to realize tracking and aiming, which fully reflects the idea of
integration of laser measurement and communication [2]. In 2010, the 504th Institute of
Aerospace Science and Technology adopted asynchronous transponder laser ranging and
communication technology [3]. In 2011, Jiang Huilin et al. proposed a multi-functional
optical system that can simultaneously realize laser ranging, multi-dimensional imaging,
and laser communication. On this basis, an integrated ranging, imaging, and communi-
cation system for detecting space debris was designed, which uses a catadioptric hybrid
Cassegrain system to achieve ranging, imaging, and communication [4]. In 2015, Germany
established a vehicle-mounted adaptive optical communication ground station, which real-
ized high-rate transmission between the vehicle-mounted adaptive laser communication
terminal and LEO with a transmission rate of 5.625 Gb/s. At the same time, it achieved
two-way laser communication with a bandwidth of 2.8125 Gb/s and an effective rate of
1.8 Gb/s between the laser communication terminal of the geosynchronous satellite Alpha
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sat [5]. In March 2021, ASTROSCALE planned to launch its first mission to actively remove
orbital debris, with the payload named “Servicer” [6]. In 2025, experiments on short-range
atmospheric laser communication conducted by Changchun University of Science and
Technology showed that Airy-like hypergeometric Gaussian beams perform the best in
weak and moderate turbulence environments, with less influence from turbulence than
other beams, and Bessel-Gaussian beams have better effects in strong turbulence [7]. In the
same year, the Jiangsu International Joint Laboratory of Gallium Nitride Optoelectronic
Integration proposed a laser communication system, which is conducive to promoting
low-cost, high-speed, and long-distance visible light communication systems [8]. Also in
2025, the original 1 m laser communication telescope system at the Changchun Station
of the Artificial Satellite Observatory was renovated to add the ranging capability for
space debris targets. The measured data showed that the maximum accuracy of effective
data is better than 1 m. For the optical design of space debris detection, the catadioptric
optical system with shared primary and secondary mirrors for multi-spectral detection
(visible, MWIR, LWIR) has been verified to have excellent imaging performance in the
space temperature environment, which provides an important optical structural reference
for the design of space-based debris detection payloads [9]. In 2026, Changchun University
of Science and Technology proposed a Doppler frequency shift link simulation scheme
based on the electro-optic effect of lithium niobate crystal and a dual-polarization parallel
structure IQ modulator [10].

Despite these advances, most existing integrated optical terminals mainly realize func-
tional coexistence by sharing a telescope aperture or by combining several independent
modules at the system level [1-6]. The light sources, optical paths, receiver chains, and
timing control units for laser ranging, beacon tracking, communication, and imaging are
still often configured separately. This leads to duplicated optical components, increased
alignment complexity, and higher size, weight, and power consumption, which are un-
favorable for spaceborne or maneuvering platforms with strict size, weight, and power
(SWaP) constraints. In addition, previous studies have mainly focused on single-function
performance verification, such as laser communication rate, ranging accuracy, or imaging
quality, while the cooperative operation of imaging, ranging, and communication under a
unified optical architecture has not been sufficiently validated.

In complex near-ground and space target observation scenarios, atmospheric haze,
turbulence, and background scattering can further degrade optical imaging quality and
reduce target-background separability. Recent studies on haze recognition and mitigation
have shown that haze-induced degradation is an important factor affecting reliable optical
and remote sensing image interpretation [11]. Therefore, it is necessary to introduce
polarization imaging into an integrated optical terminal to provide additional target—
background discrimination information under low-contrast atmospheric conditions.

To address these limitations, this work proposes an integrated imaging, ranging, and
communication architecture based on fiber phased array beam splitting and coupling. The
proposed architecture integrates the ranging laser, communication beacon, and signal light
source at the light source level and combines the laser ranging, visible light polarization
imaging, and high-speed coherent communication channels through a shared Cassegrain
optical system and beam splitting structure. The main contribution of this work lies
not only in the combination of three functions, but also in the coordinated optical path
design and ground-based experimental verification of multi-function operation, including
visible light polarization imaging under haze conditions, UAV-based dynamic ranging, and
20 Gbps coherent free-space laser communication.

The main contributions of this work are summarized as follows:
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First, a fiber phased array beam splitting—coupling architecture is introduced for light
source integration. This architecture enables the coordinated use of ranging light, commu-
nication beacon light, and communication signal light, thereby reducing the dependence
on separated light source modules and improving the compactness of the optical terminal.

Second, a shared Cassegrain optical system with a beam splitting configuration is
designed to integrate visible light polarization imaging, pulsed laser ranging, and coherent
laser communication within a unified optical architecture. This design reduces duplicated
optical channels and improves the feasibility of multi-functional integration under SWaP-
constrained platform conditions.

Third, visible light polarization imaging is incorporated into the integrated system to
enhance target-background separability in haze and low-contrast environments. Compared
with conventional intensity imaging, the polarization channel provides complementary
information for target detection and imaging under complex atmospheric conditions.

Fourth, a ground-based experimental validation framework is established to evaluate
the cooperative operation of the integrated system. The experiments include polarization
imaging at kilometer-level distances, UAV-based dynamic ranging, and 20 Gbps QPSK
coherent free-space laser communication, providing experimental support for assessing the
applicability of the proposed architecture to space target observation tasks.

2. Overall Scheme for Integrated Imaging, Ranging, and
Communication Technology

2.1. System Composition and Working Flow

The integrated laser imaging, ranging, and communication system proposed in this
study adopts a modular design concept and consists of four functionally coupled subsys-
tems: a laser ranging and communication beacon subsystem, information imaging and
communication transmission subsystem, laser detection and beacon and signal light source
subsystem, and target acquisition, pointing, and tracking subsystem.

Among them, the laser communication beacon and laser ranging subsystem is com-
posed of a beacon and ranging transmitting subsystem and a beacon and ranging receiving
subsystem. The laser ranging and communication beacon subsystem shares one optical
system; the information imaging and communication transmission subsystem shares an-
other optical system; and the laser ranging and beacon subsystem shares the same laser
source with the signal light source. The overall structure is shown in Figure 1.
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Figure 1. System block diagram.
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The main functions of each subsystem are as follows:

(1) The laser ranging unit of the laser ranging and communication beacon subsystem
transmits a 1064 nm active laser to scan spatial targets and receives reflected light from
the targets for ranging. The communication beacon unit receives reflected light from
the target or beacon light from other optical terminals to complete coarse tracking for
laser communication.

(2) Theimaging unit of the information imaging and communication transmission subsys-
tem performs polarization imaging under coarse tracking. The polarization imaging
waveband is 400-700 nm; the aperture, focal length, and field of view are determined
by the application environment. The communication transmission unit transmits
signal light and receives signal light from other optical terminals simultaneously to
achieve fine tracking and transmission for laser communication.

(3) The laser ranging and beacon signal light source adopts optical fiber phased array
beam splitting and coupling technology to realize multi-wavelength, high-power, and
high-stability light source integration for laser ranging, beacon, and signal light, thus
achieving system miniaturization and lightweight design.

(4) The target acquisition, pointing, and tracking subsystem can realize guiding and
pointing, acquisition and pointing, coarse tracking and fine tracking, and finally
complete laser communication.

The working process of the laser ranging, imaging, and communication system is
shown in Figure 2. First, the navigation system determines the target and sends information
to the turntable. For cooperative targets, the local unit transmits a beacon/ranging laser,
and the opposite unit also transmits a beacon/ranging laser. The two parties realize
acquisition and tracking through the APT (Alignment, Acquisition, Tracking) system,
perform visible light linear polarization imaging simultaneously, process the received
ranging light to realize laser ranging, and transmit communication laser for data exchange.
For non-cooperative targets, ranging laser is transmitted, acquisition and tracking are
realized through the local APT system, ranging is performed using reflected light, visible
light linear polarization imaging of the target is carried out, and the obtained information
is transmitted back to the local unit via the laser communication system [12].

Non-cooperative target
Laser communication
—* to the command-and-
control (C2) platform

Ranging laser
emission

Full-polarization
imaging

—> Laser ranging —¥

Navigation - Beacon laser
— Gimbal platform —» . =
system emission

ATP mutual
acquisitionand —» Laser ranging —»|
tracking

Full-polarization

k . —» Laser communication
imaging

Cooperative target

Figure 2. Operational flowchart of laser ranging, imaging, and communication system.

The integrated laser imaging, ranging and communication system studied in this
paper is mainly oriented to situation awareness of spatial non-cooperative targets. Typ-
ical application scenarios include precise orbit determination and feature recognition of
space debris, on-orbit state assessment of failed satellites, and close-range observation of
non-cooperative targets. Such tasks put forward the following core requirements for the
detection system:

Multi-function integration: synchronously obtain target distance, visual image and
characteristic polarization information on a single platform, and establish a high-speed
data return link.
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Miniaturization, lightweight, and high reliability: adapt to the strict constraints on
payload volume, weight, and power (SWaP) of satellite-borne or space maneuvering
platforms and possess space environment adaptability.

Dynamic adaptability: realize stable acquisition, tracking, and measurement for non-
cooperative targets with certain relative velocities.

2.2. Laser Communication Beacon Light and Laser Ranging Receiving Subsystem

The laser communication beacon light and laser ranging receiving subsystem consists
of an optical fiber amplifier, a modulator, transmission fiber, a collimating and beam
expander, and a 1064 nm fiber laser, as shown in Figure 3a. The fiber phased array light
source can be split and amplified in multiple channels through a coupler, which not only
realizes high-power laser output but also provides reference light as the local oscillator light
for coherent reception in the communication and ranging systems. Driven and modulated,
the fiber phased array light source emits laser pulses through the collimation and beam
expansion of the optical system for ranging and imaging.

LaserW avelength Calibration and Spectrum
Measurem entSystem

Ranging and beacon subsysten Beacon
Beacon e ccp
ceo e P
Transnm itting Receiving d] Tran sm 1Ft1n g /Receiving l-
opticalsystem opticalsystem
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= =
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Pow ersupply /Driver E

(b)

Figure 3. Schematic diagrams of the laser ranging and communication beacon subsystem:

Pow erSupplyDriver

(a) transmitter and light source integration branch; (b) receiving, tracking, and ranging process-
ing branch.

Although the two optical layouts share a similar beam-expansion and beam splitting
structure, they correspond to different functional branches. Figure 3a emphasizes the
transmitter and light source integration path, whereas Figure 3b emphasizes the receiving,
tracking, and ranging processing path.

The ranging laser is pulsed light, while the communication beacon light is contin-
uous wave light. The repetition frequency of the transmitted laser is 1 kHz-2 kHz, and
the operating frequency of the beacon-receiving CCD tracking camera is 50 Hz with an
exposure time of 2 ms. Within the exposure time, 2—4 pulse signals are received, enabling
target tracking.

2.3. Laser Ranging and Communication Beacon Subsystem

The design of the communication subsystem achieves a maximum communication
rate of 20 Gbps with a bit error rate (BER) no higher than 1 x 10~7. This performance
is realized through high-order QPSK/M-QAM modulation technology and a coherent
detection scheme, and the signal quality is ensured by EDFA amplification and an adaptive
optical system. Within the 1 km ground verification experiment, the system was used to
evaluate the high-speed coherent communication capability under a near-ground free-space
path. Together with the link budget analysis, the result provides a feasibility reference for
longer-distance optical communication under the assumed receiver sensitivity and optical
path parameters.
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The ranging subsystem is required to achieve a ranging accuracy of no more than
2 m in dynamic scenarios. This indicator is jointly guaranteed by the 1064 nm pulsed laser
ranging scheme, a high-precision timing system, and distance gate control technology. The
maximum operating distance of the system is not less than 10 km in an equivalent ground
environment. Relying on a high-power fiber laser and a large-aperture receiving optical
system, it can support multi-mode ranging of cooperative and non-cooperative targets,
meeting the needs of orbit refinement and close-range early warning tasks.

The laser ranging and communication beacon subsystem consists of an optical system,
a beam splitter, a laser ranging detector, an attenuation sheet, a coarse beacon-receiving
CCD, a counter, and a laser ranging processing system [13], as shown in Figure 3b. The
laser signal emitted by the laser hits the target through the atmosphere. For cooperative
units, part of the optical signal passes through the beacon optical system, hits the beacon-
receiving CCD through the beam splitter for reception, and captures and tracks the laser in
preparation for laser communication, and the other part is reflected back and received by
the laser ranging optical system for counting to measure the distance; for non-cooperative
targets, communication is not required, and the reflected laser is directly used for ranging.
To receive the pulsed laser spot emitted by the coarse beacon, a pulsed laser with a repetition
frequency greater than 2 kHz is considered at the receiving end according to the operating
frequency of the CCD (25 Hz), so that the CCD can continuously receive the laser spot.
Then, considering the impact of the high instantaneous power of the aforementioned
pulsed laser on the detection device, adding a reasonable attenuation device can realize
the integration of laser ranging and laser communication coarse beacon. Considering that
the field of view of the laser communication signal light receiving and visible light linear
polarization imaging detection subsystem is small, it is planned to adopt a combination of
general survey and detailed survey detection methods, that is, to use the large field of view
of the laser communication beacon light and laser ranging receiving subsystem for general
survey detection, search for targets within a large field of view, then stably track the targets
with APT technology, and then perform visible light linear polarization imaging-based
detailed survey detection [14].

The ranging laser is pulsed light, while the communication beacon light is continuous
light. The repetition frequency of the transmitted laser is 1 kHz-2 kHz, and the operating
frequency of the beacon-receiving CCD tracking camera is 50 Hz with an exposure time of
2 ms. Within the exposure time, 2—4 pulse signals are received to realize target tracking [15].

To cover the short-range ranging of typical low-Earth orbit debris, the accuracy needs
to meet the requirements of orbit element refinement and close-range operation safety
distance early warning. To meet this requirement, an operating distance of 100 km and a
meter-level accuracy are required, which is verified for feasibility through ground equiva-
lent experiments in this paper.

A high-precision pulsed laser ranging system and optical path integration design are
adopted. A 1064 nm pulsed laser is used, combined with a high-precision time counter and
distance gating technology, to realize accurate distance measurement of cooperative and
non-cooperative targets. By sharing the optical antenna and transceiver path between the
ranging light and the communication beacon light, combined with a compound-axis APT
system, the system is designed to achieve meter-level ranging performance under dynamic
scenarios, while the UAV-based field experiment in Section 4.3 verifies the acquisition,
tracking, and ranging capability of the integrated system under the tested conditions.

The communication beacon subsystem adopts a high-rate coherent laser communica-
tion link and an integrated optical terminal design. The system uses high-order modulation
formats such as QPSK and M-QAM and coherent reception technology, which supports
high-speed coherent signal transmission in the ground verification experiment. In the
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1 km free-space communication test, the system achieved 20 Gbps QPSK signal transmis-
sion with a bit error rate on the order of 10~7. The link budget analysis further indicates
that, under the assumed receiver sensitivity and optical path parameters, the proposed
configuration can provide a positive power margin for a 10 km-class link. The satellite
trajectory optical simulator technology can effectively simulate the relative movement of
space targets on the ground, which provides an important experimental method for the
dynamic APT performance test and verification of the system [16], laying a foundation for
long-distance, high-rate space data return.

2.4. Information Imaging and Communication Transmission Subsystem

In terms of the imaging subsystem, the system is designed with an operating distance
of 5 km, adopting a Cassegrain optical system with an aperture of no less than 200 mm
and a focal plane division polarization imaging technology to ensure high-quality image
acquisition within the typical close range of low-Earth orbit debris. Polarization imaging
technology is introduced to provide complementary target-background contrast under
haze and low-contrast atmospheric conditions. The representative field experiments in
Section 4.2 further quantify the contrast improvement obtained by the polarization channel.
The imaging waveband covers the 400-700 nm visible light range, and effective extraction
of target reflection and polarization characteristics is achieved through a beam splitting
structure and a filter system.

The information imaging and communication transmission subsystem consists of a
laser communication transmitting system, a laser communication receiving system, and
an imaging system, including a Cassegrain telescope optical system, a beam splitter, a
galvanometer, an imaging CCD, a communication CCD, a communication laser source, an
APT processing system, and a turntable. To meet the long-distance working requirements
of imaging, communication, and ranging simultaneously, a large-aperture optical system
must be adopted to collect sufficient optical signals. The Cassegrain optical system has
the advantages of long focal length, small volume, aberration correction, and polarization
imaging integration. For the resolution improvement of the optical system, the binary
phase filter technology can effectively narrow the point spread function (PSF) core to
achieve transverse super-resolution, and the Strehl ratio limit corresponding to the core
size can provide an important theoretical basis for the resolution and image quality balance
design of the imaging system [17,18]. The structural design is shown in Figure 4. The
turntable, APT system, and Cassegrain optical system of laser communication are used
for transmitting and receiving communication light, and the imaging system is installed
in the laser communication Cassegrain telescope optical system through a beam splitting
method. Although this reduces the field of view of imaging, the tracking and stabilization
functions of the turntable and APT system can better achieve rapid acquisition and stable
tracking of moving targets, realizing the combination of the laser communication and
imaging subsystems.

It should be noted that Figure 1 presents the system-level block diagram of the com-
plete integrated imaging, ranging, and communication architecture, whereas Figure 4
provides a detailed optical layout of the information imaging and communication trans-
mission subsystem. Therefore, the two figures are not duplicated; Figure 1 describes
the overall functional coupling among subsystems, while Figure 4 focuses on the inter-
nal optical path, beam splitting structure, and receiver arrangement of the imaging and
communication module.
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The Cassegrain optical system and beam splitting devices support communication
light transmission and reception while also enabling visible light polarization imaging
through the shared optical path. The large-field-of-view target observation camera realizes
general survey, and the small-field-of-view Cassegrain system realizes detailed survey with
stable imaging [9].

3. Mathematical Model of the Ranging, Imaging, and
Communication System

3.1. Visible Light Polarization Imaging Model

This chapter aims to clarify how to effectively verify and evaluate the core performance
of the system in the space long-distance environment through ground-equivalent distance
experiments. By quantitatively analyzing the physical differences between the space and
ground links, the equivalent conversion relationship of key parameters is established so as
to provide a constrained basis for assessing the applicability of the ground experimental
results to space target observation scenarios.

3.1.1. llluminance Analysis of Visible Light Polarization Imaging

As an electromagnetic wave, the vibration direction of the electric field vector E of light
is asymmetric with the propagation of light, which is called the polarization of light [19].
The polarization state of light waves is usually described by the Stokes vector (Sg, S1, S,
S3)T, which can also be written as (I, Q, U, V)T, where I represents the total light intensity,
Q and U represent the linear polarization components at different angles, and V represents
the circular polarization component [20].

g _ St _ | Q| _ | Io—1Io 1)
S2 u Iys — Iizs
S5 1% Le — I,

The present experiment focuses on linear polarization imaging using the 0°, 45°,
90°, and 135° channels of the division-of-focal-plane detector. Therefore, the polarization-
derived images and contrast analysis in this work are based mainly on the linear po-
larization components, while the circular polarization component is listed only for the
completeness of the Stokes representation.

In the formula, Iy and Igg are the light intensities in the 0° and 90° polarization
directions, respectively; Is5 and I35 are the light intensities in the 45° and 135° polarization
directions, respectively; I, and I are the light intensities of right-handed and left-handed
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circularly polarized light, respectively. The change in light polarization parameters can
well describe the change of light polarization state, among which the degree of polarization
(DOP) is one of the important parameters in light polarization parameters. The degree of
polarization is defined as the ratio of the polarized light component to the total light wave
component, and its expression is:

/02 2 2
DOP:M

- @

The angle of polarization (AOP) is also an important parameter among the light
polarization parameters. It is defined as the phase difference between the two radiation
components, and its expression is:

AOP = 1arctan (U) 3)
2 Q

Through the above calculation formula of the Stokes vector, the polarization param-
eters can be further obtained so as to derive the polarization information of the detected
target. For the quantitative analysis of the polarization characteristics of space target
materials, the polarization bidirectional reflection distribution function (pBRDF) model
considering the masking effect can effectively invert the physical parameters of the target
surface (refractive index, roughness, etc.), which provides a more accurate theoretical
support for the design of the polarization imaging system [20].

Polarization imaging can simultaneously acquire two-dimensional spatial information
and polarization information of the target, capture the difference in polarization character-
istics between the target and the background, and has the advantages of high contrast and
high sensitivity. Combined with the spatially modulated interferometric spectral imaging
technology represented by SMIFTS [21], which can realize the simultaneous measurement
of all infrared spectral channels under a wide field of view, the multi-dimensional infor-
mation acquisition capability of space targets including polarization, spatial, and spectral
characteristics can be further improved. Therefore, polarization detection has attracted
much attention in various fields. At present, the widely used polarization detection and
imaging methods include time-division polarization detection, split-aperture polarization
detection, split-amplitude polarization detection, and focal plane division polarization
detection. Since these methods have their own advantages and disadvantages, they can
be reasonably selected in different scenarios. This study adopts the focal plane division
polarization detection [22].

The focal plane division method integrates polarization elements onto the focal plane,
where one pixel on the focal plane corresponds to one micro-polarization element. Figure 5
below shows a schematic diagram of the structure of the focal plane division polarization
imaging detector. A layer of micro-nano structure polarization array is processed or
pasted on the focal plane of the imaging detector, with every four pixels used as a group,
each sensitive to polarization vectors in different directions. During polarization imaging
calculation, the response of the current pixel and its surrounding pixels is used to directly or
indirectly obtain the polarization components or polarization state of the pixel in different
directions, and then the Stokes vector is calculated to complete the polarization imaging
calculation. The focal plane division method can simultaneously acquire polarization
components or polarization states of incident light in different directions, so it can image
both static and dynamic scenes, and has a compact structure and small volume [23].
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2x2Focal plane array 2x2Area array polarizer SP1 [—————=—=——

Incident light

(a) (b)

Figure 5. Schematic diagram of the focal plane division polarization imaging principle: (a) integration
of the detector and micro-polarizer array; (b) polarization imaging processing.

The laser-irradiated optical imaging system consists of two parts: a visible light
polarization imaging unit and a short-wave infrared active—passive composite imaging
unit. Among them, the visible light polarization imaging unit includes three parts: a pre-
installed visible light telescope module, a visible light polarization imaging module, and a
visible light image acquisition module. The parallel light obtained through the pre-installed
visible light telescope module passes through a beam splitter, and the transmitted light
enters the visible light polarization imaging module. A visible light focal plane division
detector is used to simultaneously acquire polarization information at 0°, 45°, 90°, and
135°, and the polarization information is visually processed through the image acquisition
module and displayed on the screen in real time [24].

Because the micro-polarizer array in division-of-focal-plane polarization imaging
inevitably introduces spatial sampling loss, polarization super-resolution and restoration
methods have been investigated to recover lost spatial information and improve polariza-
tion image quality [25].

3.1.2. lluminance Analysis

During polarization detection, due to the shooting of dynamic targets, the time-
division polarization imaging method cannot be adopted, and focal plane division imaging
is required. Generally, four polarization states need to be acquired, and polarization
imaging needs to consider whether the image plane illuminance can meet the minimum
response illuminance requirement of the detector. It is necessary to judge whether the
illuminance of the target reaching the image plane is greater than the minimum response
illuminance of the detector so as to determine whether the F-number design of the optical
system is reasonable.

Spectral irradiance is a radiometric quantity, used to describe the optical power re-
ceived per unit area and per unit wavelength interval, and it is commonly used in optical
measurement and radiometric analysis [26]. Within a small wavelength interval dA near
the wavelength A, the conversion formula between luminous flux d¢,(A) and radiant flux
¢e(A) is as follows:

Ao (L) = KV (A)e(A)dA 4)

In the formula: K, = 683Im/W V(A) = 1 is the absolute spectral efficiency value of
monochromatic light with wavelength A = 555 nm under photopic conditions. Assuming
the bandwidth of the filter is AA = 0.02 um, and the reflectivity -y of the ground and plants
is 0.2, the luminance when the target and background radiate into the space as indirect

radiators is:
L 683-v-AA-Eg)

= 0.435-E 5
o oA )
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At this time, the central illuminance of the image plane is:
Eg=7-T-7m-L-sin®U (6)

In the formula: T is the atmospheric transmittance; T is the transmittance of the
optical system, taken as 0.3; L is the luminance of the target; and U is the object-side
aperture angle.

The main factor affecting atmospheric transmittance is atmospheric scattering. Ac-
cording to previous studies, when the visibility is V;;, = 10 km, the relationship between
transmittance, wavelength, and detection distance / is:

391 /055\ 3 0.1794 - 1

Then, the formula for the image plane illuminance of the imaging system becomes:

Eo_exp<—(%)-T-n~L-sin2u (8)

The minimum detection illuminance of the CCD is Ejno = 0.2Ix under the condition of

F =14, and the minimum detection illuminance of the optical system is Epyin = (%) zEmino.
When Ey > Enin, the target can be detected.

In hazy weather, the aerosol particles in the haze have a strong scattering and ab-
sorption effect on visible light, resulting in the spectral distribution of ground spectral
irradiance being biased towards cool tones and the overall irradiance dropping sharply
compared with sunny days, about 100-500 Ix.

The relationship between the object-side aperture angle sin U and the F-number of the
optical system is:

. 1
sin U ~ 2F )

Substitute T, L, and sinU into Equation (11); combined with the inequality Eg > Epin,

0.17941 1\? F\?2
exp(—Als)-0.3-7r-0.435.E0/\-(2F> > (1_4) 0.2 (10)

Substitute the F-number and Ey, into it, and the range of detection distance can be obtained.

we can get:

After calculation, in a hazy environment, the optical system can realize target detection
within the range of 3-5 km in the entire visible-to-near-infrared band.

3.2. Ranging Energy Model and Analysis

To evaluate the performance potential of the integrated system in the space envi-
ronment, a theoretical mapping model from ground experiments to space applications
is established. Based on the energy equivalence principle, the performance measured
at a ground distance L is equivalent to that at a distance Req in free space without

atmosphere, where:

L
Req = (11)
Tatm(L) ' Lturb

where Ly, is the equivalent attenuation factor caused by turbulence and Tyaum (L) is the

atmospheric transmittance function. At a ground test distance of 5 km, the atmospheric
attenuation and optical path degradation provide a constrained near-ground validation
condition for evaluating target acquisition, tracking, and imaging feasibility. This scaled
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experiment is used as a feasibility verification rather than a complete reproduction of the
space target observation environment.

In the ground scenario, the attenuation equation for laser irradiating a diffuse small
target before entering the optical system is:

% = %TJJ{JZMP (12)
where W, is the received pulse energy; W; is the transmitted pulse peak energy; 6; is the
laser beam divergence angle; R is the operating distance; Ar is the aperture area of the
receiving optical antenna; ¢ is the scattering cross-section of the target; p is the target
reflectivity; 7, is the detector quantum efficiency; T; is the transmittance of the transmitting
optical system; and T, is the transmittance of the receiving optical system.

For a random photon flux, the probability of detecting k photons follows a Poisson

distribution: )
Nfexp(—N
() = PN (13)

The probability of obtaining more than one photoelectron can be calculated as:
P = 1 —_ ef?l[) (14)

where 19 is the number of acquired photons, ng = W; /W, , and W), is the single-photon
energy, Wp =h./A.

In this ground laser ranging experiment, the set detection distance is 10 km, and a
standard target with a size of 5 cm is used to simulate the ranging demand for small-sized
targets in the ground scenario. Although there are interferences from natural background
light (e.g., sunlight, ambient scattered light) and atmospheric backscattering in the ground
environment, the influence of background light and atmospheric scattering can be effec-
tively suppressed by adding a narrowband filtering module and a light-shielding structure
in the experimental setup. In this case, the system detection noise mainly comes from the
dark count of the laser detector itself, which is tested to be 3000 c¢/s @ 20% QE (quantum
efficiency). Combined with the experimental set ranging distance of 10 km, the round-trip
time of the laser signal is about 66.7 ps. In the actual detection process, only a range
gate width of 1 us is needed to accurately capture the target reflection signal. The noise
generated by the detector dark count within this narrow gate width is further reduced, and
its influence on the accuracy of ranging data can be neglected.

In the ranging subsystem, the signal power received by the detector is:

K-A,-6-p-cos¢

Pr:Pt‘ Gtz.Rz

Ty T, - T, (15)

where P; is the transmitting power of the transmitting unit; K is the light speed profile
function, set as K = 1; A, is the receiving area with an aperture diameter of 200 mm; J is the
target reflection area with a diameter of 100 mm; p is the target reflectivity, set as p = 0.2;
0 is the angle between the target reflection normal and the transmitted beam; cos ¢ = 1is
the transmitting beam divergence angle, set as 6; = 1 mrad; R is the distance between the
space target and the detector; T; is the transmittance of the transmitting optical system, set
as Ty = 0.33; T; is the transmittance of the receiving optical system, set as T, = 0.8; and
Ty is the single-layer transmittance under good atmospheric conditions, set as T, = 0.7.

K-A;-8-p-cos¢ 182 x 107
e e =R

P=D- =10"°W (16)
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When the operating distance is 10 km, the calculated result is consistent with the
empirical distance-power curve. Under certain conditions, the required transmitting
power of a laser ranging system using a 1.06 um laser is greater than 54.88 W.

3.3. Laser Communication Energy Model and Analysis

The laser communication equation is transformed from the electromagnetic wave prop-
agation equation [27]. Under the diffraction-limited condition, the laser communication
equation is:

P, =P -Gy 1ot - Ls - s - Lapr - Gr - for 17)

where P, is the received power; P; is the transmitted power; G; is the gain of the transmitting
optical antenna; 7 is the efficiency of the transmitting optical unit; Ls is the link attenuation
caused by free space; 775 is the power loss caused by the channel (approximately 1 for free-
space laser communication, with varying degrees of attenuation for atmospheric and
seawater channels); L 4pr is the power loss caused by APT pointing mismatch; G, is the
gain of the receiving optical antenna; and 7,, is the efficiency (transmittance) of the receiving
optical system.

The vacuum laser communication propagation equation can be derived from Equation (17):

A 2
Pr,vaC:Pt'Wt'Ur'Gt'Gr'(47_[R) (18)

where P; is the transmitted power, A is the laser wavelength, #; and #, are the transmitting
and receiving optical efficiencies, G; and G, are the antenna gains, and R is the transmission
distance.

For the laser communication unit, using power budget analysis, as shown in Table 1
the equivalent communication distance can be better than 10 km. At a communication
rate of 20 Gbps, semiconductor external modulation technology and EDFA high-power
amplification (3 W) are adopted; a margin of more than 3 dB is reserved in the design to
further improve channel adaptability. The APD limit sensitivity is —20 dBm at BER = 1077
and 20 Gbps [28].

Table 1. Optical power budget calculation table for master optical terminal transmission—slave
optical terminal reception.

System Parameter Value Note
Communication transmitting power 30 dBm 1 W laser adopted
Transmitting optical path loss —1.55dB Transmitting optical efficiency 0.7
Atmospheric loss —-3dB Atmospheric transmittance 0.5

10 km, transmitting angle 0.3 mrad,

Space loss —2398dB effective receiving aperture 200 mm
Receiving optical path loss —1.55dB Receiving optical efficiency 0.7
Received power at APD —0.08 dBm Actual power arriving at APD detector
. . g . _ -7
APD detection sensitivity —20 dBm APD limit sensitivity at BER =107,
20 Gbps
Safety margin 19.92 dB Margin above 3 dB reserved

The link budget result indicates that, under the assumed APD receiver sensitivity,
transmitting power, optical efficiency, atmospheric loss, and receiving aperture, the pro-
posed optical configuration has sufficient power margin for a 10 km-class communication
link. This analysis is used as a system-level feasibility estimate rather than a direct experi-
mental verification of the long-distance communication performance.
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4. Ground-Based Experimental Validation of the Integrated Imaging,
Ranging, and Communication System

Visible light polarization imaging was used to evaluate the imaging capability of the
integrated platform under complex near-ground atmospheric conditions. Compared with
conventional intensity imaging, polarization imaging can exploit the polarization difference
between the target and the background, thereby improving target-background separability
when image contrast is degraded by haze, turbulence, or background interference. In
this section, field imaging experiments are conducted to verify the effectiveness of the
polarization imaging module. The results also provide experimental support for assessing
the applicability of the proposed system to long-distance observation and space target
monitoring, together with the equivalence model established in the previous section.

4.1. Integrated Device for Space Target Imaging, Ranging, and Communication

To verify the technical feasibility and design rationality of the laser communication—
ranging-imaging integrated system scheme, this study designs and carries out indoor
simulation verification experiments and outdoor physical verification experiments, which
specifically include two types of core verification contents: first, through the collaborative
test experiment of the laser ranging and imaging system, verify the stability of the laser
communication beacon light link and the functional effectiveness of the laser ranging receiv-
ing subsystem; second, through the joint simulation experiment of the laser communication
signal light transceiver link and the imaging detection subsystem, verify the compatibility
and cooperative work feasibility of the laser communication function and imaging function
at the hardware integration and signal timing matching levels.

The above experiments provide key practical support for the engineering imple-
mentation of the laser communication-ranging—imaging integrated technology, and their
verification conclusions have important guiding significance and reference value for the
subsequent system performance testing and product R&D in the field environment.

Based on the overall system technical scheme and core mathematical model, this
study further develop an integrated experimental device for space target imaging-ranging—
communication, as shown in Figure 6. In addition to the functions of laser ranging and
laser communication for space targets, the device also integrates a visible light polarization
imaging module, which can realize multi-dimensional information detection of targets.

Figure 6. Physical prototype of the integrated experimental device for space target imaging, ranging,
and communication.
4.2. Visible Light Polarization Imaging Verification

Visible light polarization imaging experiments were conducted to evaluate the de-
tection and imaging capability of the proposed integrated system under complex near-
ground atmospheric conditions. This section first establishes the optical system equivalence
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between the ground-based experimental configuration and the intended long-distance
observation scenario. Then, representative intensity and polarization imaging results are
compared to assess the target-background separability, image contrast, and the comple-
mentary information provided by the polarization channel.

4.2.1. Optical System Equivalence

In this paper, a 1:10 equivalent scaling ratio is adopted to construct a high-tolerance and
high-precision hardware-in-the-loop simulation system for angle and range measurement
of low-Earth orbit targets, and field tests on angle and range measurement accuracy are
carried out using this system. The developed hardware-in-the-loop simulation system is
used to track and image a 5 cm target carried by an unmanned aerial vehicle at a distance
of 5 km. The main reasons are as follows:

When the imaging distance is no more than 5 km, the influence of atmospheric
fluctuations on the imaging of the optical system is small, so the ground demonstration can
provide scaled verification of the angular size relationship, target acquisition, and imaging
feasibility under a controllable near-ground atmospheric path.

According to the analysis by the atmospheric transmission simulation software MOD-
TRAN 5, the atmospheric transmittance of the optical system is greater than 90% within
a detection distance of 5 km in clear weather, as shown in Figure 7; when the ground
detection distance exceeds 5 km, the increased near-ground atmospheric attenuation may
introduce additional uncertainty into the scaled verification. Therefore, a 5 km test distance
was selected to maintain a controllable atmospheric path while satisfying the angular size
equivalence requirement.

1.00 4
0.98 4

0.96 4

Transmittance
o
©
o

e
©
)

0.84 4

0.82 4

0.80

1 2 3 4 5 6 7 8 9 10
Horizontal Distance

Figure 7. Relationship between optical system transmittance in the atmosphere and detection distance.

According to the feasibility analysis of space-based system indicators, the aperture
of its optical system reaches 1.2 m, so large-aperture reflectors must be adopted. The
1:10 scaling system can meet the requirements of principle verification.

The influence of equivalent scaling on detection distance and target size was further
analyzed as follows.

For observing a target with a size of 1 m at a distance of 1000 km, the detection
capability is 1 m@1000 km.

Due to the influence of detection distance on the atmospheric transmittance of the
optical system and the limitation of optical system cost, the detection distance of the
equivalent scaling target angle and range measurement field demonstration and verification
platform is set to 5 km.
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For observing a target with a size of 1 m at a distance of 1000 km, after 1:10 scaling, it
is equivalent to observing a target with a size of 1 m at a distance of 100 km.

Im _ 5am

100km  5km (19)

Therefore, after equivalent conversion, the 1:10 equivalent scaling target angle and
range measurement field demonstration and verification platform needs to observe a target
with a size of 5 cm at a distance of 5 km.

The scaled ground experiment is intended for principle verification rather than full
reproduction of the space target observation environment. The main equivalence assump-
tions and validity constraints are summarized in Table 2.

Table 2. Equivalence assumptions and validity constraints of the scaled ground experiment.

Item

Existing Basis in This Work Role in Equivalence Analysis Validity Constraint

Scaling ratio

Target size and distance

Atmospheric transmittance

Optical aperture

Turbulence and scattering

Angular motion

Received energy

Not a full replication of the
space environment
Mainly valid for imaging and tracking

1:10 equivalent scaling Used for principle verification

5cm target at 5 km Angular size equivalent verification . e O
principle verification
MODTRAN result: Limited to clear-weather or
transmittance > 90% within 5 km in Supports ground-path feasibility . s s -
high-visibility conditions
clear weather

Space system aperture estimated as

1.2 m; scaled system used for Does not fully represent all spaceborne

Supports aperture-scaling discussion aperture and payload constraints

ground verification
Near—ground‘pe‘xth includes Treated as environmental degradation Not equivalent to all space-to-ground
atmospheric influence or spaceborne paths
UAV /swing table dynamic test Used as tracking and ranging stress test ~ Not identical to orbital relative motion
Evaluated through Requi S
. o . . equires further validation for
ranging/communication Supports feasibility analysis I . .
ong-distance space links
energy models

Therefore, the ground experiment provides scaled verification of optical resolution,
target acquisition, tracking, and ranging capability under a controllable near-ground at-
mospheric path, but it should not be interpreted as a complete reproduction of the space
target observation environment.

4.2.2. Detection and Imaging Results

For quantitative comparison, the target region and the adjacent background region
were manually selected at the same spatial positions in the intensity, polarization, and
fused images. The contrast was calculated as

C=|l— Ib'/lb % 100% (20)

where I; and I, denote the mean gray values of the target and background regions, re-
spectively. The same region-selection criterion was used for each image pair to ensure a
consistent comparison. Since the field experiments were conducted under natural atmo-
spheric conditions, the reported contrast values are used as representative comparison
results rather than exhaustive statistical averages over all weather conditions.

The visible light polarization imaging system was used to observe the Jilin TV Tower
at a distance of 5 km, as shown in Figure 8. The target contour in the fused image is clear,
and the distinction between distant trees (natural targets) and buildings (artificial targets) is
obvious. As shown in Figure 9, in the intensity image, the contrast of the high-rise building
circled by the yellow frame is 1.65%, which increases to 2.74% in the fused image; in the
intensity image, the contrast of the TV tower circled by the red frame is 2.89%, which
increases to 4.41% in the fused image; the building circled by the blue frame is a near target,
which can be clearly seen in both the intensity image and the fused image.
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Figure 8. Experimental site for visible light polarization imaging: (a) actual view of the test site;
(b) corresponding location of the test site on the map.

Figure 9. Comparison of imaging results: (a) conventional intensity image; (b) fused image generated
using intensity and polarization-derived information.

Multiple visible light polarization imaging detection experiments were carried out
using the developed polarization imaging system. Under haze conditions, a chimney 3 km
away was imaged, and the experimental results are shown in Figure 10. In the intensity
image, the contrast of the smoke circled by the red frame is 5.4%, while in the polarization
image, the contrast of the same target is increased to 58%. In a haze environment, the
polarization image provides higher target-background contrast than the corresponding
intensity image.

(b)

Figure 10. Passive polarization imaging of a haze scene at an imaging distance of L = 3000 m:

(a) intensity imaging; (b) polarization imaging.

Visible light polarization imaging detection experiments were carried out in summer
and winter using the developed polarization imaging system.

As shown in Figure 11, the visible light polarization imaging system was used to
image a building 1.5 km away in a summer haze environment. In the intensity image, the
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contrast of the glass window circled by the red frame is 11%, while in the polarization
image, the contrast of the selected target is increased to 51%.

(@) (b)

Figure 11. Passive polarization imaging of a summer scene at an imaging distance of L = 1500 m:
(a) intensity imaging; (b) polarization imaging.

As shown in Figure 12, the visible light polarization imaging system was used to
image a building 1.5 km away in a winter haze environment. In the intensity image, the
contrast of the glass window circled by the red frame is 5%, while in the polarization image,
the contrast of the selected target is increased to 49%.
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Figure 12. Passive polarization imaging of a winter scene at an imaging distance of L = 1500 m:
(a) intensity imaging; (b) polarization imaging.

It can be seen from the experimental results in Figure 12 that in the atmospheric
environment, the scattering of background light weakens the brightness difference between
the target and the background, resulting in low contrast of glass windows and difficulty
in clear resolution. Since glass windows are smooth reflecting surfaces, they produce
reflected light with high polarization degree. There is a significant difference between the
polarization characteristics of atmospheric scattered light and the reflected polarization
characteristics of glass windows. This difference in polarization information improves the
target contrast, making the glass windows more clearly visible in the polarization image.

It can be seen from multiple groups of experimental images that by utilizing the
difference in polarization characteristics between smoke and the background, visible light
polarization imaging can improve target-background contrast when conventional intensity
contrast is degraded by haze scattering, making the effect of polarization images better than
that of intensity images [29]. These results indicate that polarization-derived information
can provide complementary target-background contrast under haze and low-visibility
conditions, which is beneficial for long-distance target observation when conventional
intensity contrast is degraded.

The experiments in this subsection mainly verify the passive visible light polarization
imaging capability based on division-of-focal-plane polarization detection. The polarization
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images were obtained from polarization-dependent intensity information, while the fused
images were generated by combining intensity information with polarization-derived fea-
tures. The representative haze experiments show that polarization-derived information can
provide complementary target-background contrast under degraded visibility conditions.

4.3. Laser Ranging Results
4.3.1. Distance Measurement Scale Test Platform

A scaled ground demonstration platform was established to verify the ranging, track-
ing, and acquisition functions of the integrated system under controllable field conditions.
The platform was used to evaluate the feasibility of the ranging subsystem and to provide
experimental support for the subsequent dynamic ranging test.

On a clear, cloudless night with high visibility, an integrated demonstration was
conducted in an open area with low background light in a suburban city to simulate a
dark deep-space background. The accurate distance was extracted from the laser ranging
data using a distance gate determined based on prior knowledge. The real-time spatial
coordinates of both the ranging subsystem and the BeiDou receiver and inertial navigation
module mounted on the diffuse reflective small target were determined, and the accurate
distance (in centimeters) was further calculated, thus verifying the tracking capability and
ranging accuracy. The dynamic measurement capability was verified by simulating the
motion of a satellite platform using a six-degree-of-freedom swing table set up under the
ranging platform. The relative angular velocity of a low-Earth orbit target relative to the
laser ranging system was simulated by controlling the distance between the UAV and the
integrated demonstration device, the UAV’s speed, and their positional relationship.

The impact of equivalent scaling on ranging accuracy is analyzed as follows:

The modeled single-shot ranging uncertainty is mainly determined by pulse width,
timing accuracy, detector delay, calibration error, and platform motion-induced optical path
variation. Therefore, the following uncertainty budget is used to analyze the dominant
error sources of the ranging subsystem rather than to represent the statistical distribution
of measured ranging errors. The source of optical system error is the residual error after
system calibration, which mainly depends on the calibration method and is unrelated to
factors such as system focal length and aperture. Therefore, the accuracy of a single ranging
measurement remains unchanged before and after scaling, still remaining at 1~2 m.

Table 3 summarizes the modeled uncertainty budget of single-shot laser ranging. It
should be noted that this table is used to analyze the dominant error sources of the ranging
subsystem rather than to represent the statistical distribution of measured ranging errors.

Table 3. Modeled uncertainty budget of single-shot laser ranging.

Serial Number Error Source Error Types Calibration Error Value (m)
1 Pulse width error Random error 1.15~2.02
2 Light emission delay error Random error + 0.02

systematic error

3 Optical system error Random error 0.002
systematic error

+
4 Detector delay error Random error 0.03
systematic error

. Random error +
5 Timer error . 0.03
systematic error

6 Calibration error Random error 0.075
7 Platform motion error (optical Random error + 0.01
travel time error) systematic error ’
8 Platform rotation error Random error + 0.001
systematic error
Total error after compensation 1.16~2.02
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Therefore, the theoretical uncertainty budget indicates that the scaling of the optical
aperture does not significantly change the dominant single-shot ranging error sources.
Under the tested dynamic conditions, the ranging results are consistent with the designed
meter-level accuracy requirement. However, a more complete statistical evaluation with
larger sample numbers and independent reference measurements will be required in
future work.

4.3.2. Dynamic Ranging

In the optical equivalence analysis, a 5 cm equivalent target was used to satisfy the
scaled angular size relationship. In the dynamic ranging experiment, a 10 cm cooperative
target assembly was mounted on the UAV for practical alignment and stable echo acqui-
sition. Therefore, the two target sizes correspond to different verification purposes: the
5 cm target is used for equivalence analysis, whereas the 10 cm target is used for dynamic
ranging validation. To test the system’s dynamic ranging performance, a scaled-down
integrated demonstration device was built in an outdoor field and used to measure the
distance to the 10 cm cooperative target mounted on the UAV.

Before testing, the drone’s positioning system base station, GPS time and frequency
receiver, and inertial navigation system were activated, followed by takeoff. The integrated
system then powered on to acquire and track the drone. Next, the positioning system
and ranging unit on the integrated system were activated, the ranging unit’s distance
gate was set, and distance data was acquired. After preparation, the drone began maneu-
vering. Upon landing, the positioning data was acquired and processed using custom-
developed software.

During testing, after the integrated demonstration system performs a self-test upon
startup, the tracking camera on the integrated demonstration device completes precise
tracking to test the acquisition and tracking capabilities of the ranging signal and the
ranging system. The real-time spatial coordinates of the ranging subsystem and the po-
sitioning module on the diffuse reflective small target are determined, and the accurate
distance between them is further calculated, thereby testing the ranging accuracy of the laser
ranging system.

Since the previous field experiment was mainly designed for functional verification
rather than exhaustive statistical evaluation, the raw ranging statistics and independent
reference uncertainty were not sufficient to support a complete error distribution analysis.

4.3.3. Angular Rate Analysis of System Design

The target motion adaptability of the system is primarily determined by the APT
(Acquisition, Pointing, and Tracking) subsystem. Its design specifications are derived
from the typical angular velocity of non-cooperative space targets (such as low-Earth orbit
debris). The angular tracking bandwidth f, and the maximum stable tracking angular
velocity wmax of the APT subsystem satisfy:

Wmax ~2 27T - fb - Omax (21)

where Omax is the maximum allowable tracking error angle (determined by the detector
pixel size and optical focal length). The design parameters of the APT subsystem of this
system are: f,, > 50 Hz, Omax < 25 prad. Calculated accordingly, the theoretically designed
maximum tracking angular velocity of the system is w = 7.85 mrad/s. At an action distance
of R = 100 km, this is equivalent to being able to stably track a target with a transverse
velocity of about 785 m/s, completely covering the relative angular velocity of the vast
majority of low-Earth orbit targets.
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In the ground experiment, an unmanned aerial vehicle (UAV) carrying a coopera-
tive target was used for dynamic ranging (Figure 13). The UAV experimental device is
shown in Figure 14. The drone trajectory recorded by the positioning system is shown in
Figure 15, and the ranging data acquisition and software processing results are shown in
Figure 16. The flight parameters of the UAV are: altitude H = 50-500 m, horizontal velocity
v =1~10 m/s, and closest slant range L ~ 500 m. Under these conditions, the maximum
measured angular velocity of the target relative to the system is:

v 10m/s
Wexp X T = zpa- = = 20 mrad/s (22)

Figure 14. Unmanned aerial vehicle experimental device.

Figure 15. Drone trajectory obtained by the positioning system.
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Figure 16. Ranging data acquisition and software processing: (a) partial distance data acquired by
the ranging unit; (b) processed distance data obtained by the software.

The angular velocity applied in the ground experiment, wexp = 20 mrad/s, is sig-
nificantly higher than the system design index w = 7.85 mrad/s. Despite the higher
experimental angular velocity, the system successfully completed continuous tracking
and ranging.

4.4. Laser Communication Results
4.4.1. Experimental Setup

The spatial optical path used in the experiment can be constructed by a pair of com-
munication optical transceivers, whose optical principle is illustrated in Figure 17. The
optical antenna of the transceiver is capable of compressing the beam divergence angle to
less than 200 prad, ensuring long-distance beam transmission. In addition, the transceiver
integrates a coarse—fine composite-axis acquisition and tracking system with a tracking
accuracy better than 25 urad. This system features the function of acquisition and alignment
between the two transceivers, which can ensure the alignment of the communication optical
axes over an atmospheric channel with a distance of more than 1 km, thus facilitating the
successful completion of the experimental work.

Tacking detection unit

: . Al z=ge-- Tacking detection unit

= =¥~ communication transmitting unit

.

!
Communication receiving unit

Figure 17. Optical path diagram of laser communication terminal.

The principle of bidirectional transmission of high-order modulated optical signals
is shown in Figure 18. A single-longitudinal-mode laser operating in the 1.55 um com-
munication band is selected as the optical carrier. Laser LD1 modulates the high-order
coherent coding for downlink transmission, while laser LD2 modulates the high-order
coherent coding for uplink transmission. The bidirectional transmission is multiplexed and
demultiplexed via a circulator, sharing the same optical system.
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Figure 18. Schematic diagram of bidirectional high-order modulation spatial laser transmission.

To realize high-speed spatial laser communication with high-order modulation, high-
order coherent encoded signals such as QPSK and M-QAM with a data rate of over
20 Gbps are adopted [30]. A QPSK signal carries four phase states, namely 0, /2, T,
and 3mt/2, which is generated by parallel modulation using an IQ modulator (i.e., three
nested Mach—Zehnder modulators), as illustrated in Figure 19a. Each arm of the main
modulator incorporates a Mach—Zehnder modulator biased at the null point, which can
generate chirp-free, equal-intensity 0-7t phase-shifted signals driven by OOK signals. By
biasing the phase of one channel by /2, a QPSK signal is obtained at the output of the
main modulator, whose data rate is twice that of the input OOK signal. Therefore, a
10 Gbps OOK signal can be used to generate a 20 Gbps QPSK signal.

Coherent

Relevant Modulation Demodulati
| | Optical
Data ]l !Data 2 signal Q |D°t°°t°’| | Module I >
t ical Polarisation b4
Optical t N~——" Optica Controller Direction Digital
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Modulator 2 Controller
Figure 19. QPSK coherently coded signal: (a) modulation diagram; (b) demodulation diagram.

Mach—Zehnder

M-QAM signals can be generated by driving the IQ modulator with multi-level
electrical signals produced by an arbitrary waveform generator, where a larger number of
electrical levels corresponds to a higher M value. Demodulation of QPSK and M-QAM
signals requires coherent detection, as shown in Figure 19b. The signal light and the external
local oscillator light undergo phase-diversity coherent mixing via a 90° hybrid coupler, and
the mixed signals are then received by four balanced detectors. A real-time oscilloscope
is used to sample the data and convert the analog signals into digital signals. Subsequent
offline digital signal processing (DSP) on the collected data enables the demodulation
of QPSK and other signals [29], yielding performance parameters such as constellation
diagrams and bit error rates (BERs). The signal eye diagram can be directly observed on
the received optical signal using an eye diagram analyzer [31,32].

The laser source in Figure 20a is transmitted through an optical lens after modulation
and amplification and then received by a Cassegrain telescope system for communica-
tion laser reception, as shown in Figure 20b, establishing a laboratory-simulated laser
communication link with a rate of 20 Gbps and a bit error rate (BER) of 107
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Figure 20. Experimental link system. (a) Laser communication transmitter setup; (b) laser communi-
cation receiver assembly.

4.4.2. Experimental Results

It should be noted that the link budget analysis in Section 3.3 and the ground communi-
cation experiment in this section correspond to different validation levels. The APD-based
link budget is used for system-level feasibility estimation, whereas the 1 km coherent QPSK
experiment is used to verify the high-speed modulation, free-space transmission, coherent
reception, and offline demodulation capability of the communication module. Therefore,
the 1 km experiment is not treated as a direct one-to-one verification of the 10 km APD link
budget, but as a functional validation of the high-speed communication subsystem.

Experimental research on high-speed coherent laser communication was carried out
between buildings on the Changchun University of Science and Technology campus. As
shown in Figure 21, the laser communication terminal was placed in the Second Teaching
Building (A) on the East Campus and the Science and Technology Building (B) on the South
Campus of Changchun University of Science and Technology.

Figure 21. High-speed coherent laser communication test site map at the Changchun University of
Science and Technology campus.

The experiment employed 20 Gbps high-speed QPSK optical modulation. The trans-
mitter was located at point A, and the transmitted signal was measured using a real-time
digital oscilloscope (Tektronix OM4006D, Inc., Beaverton, OR, USA) with a bandwidth
of 23 GHz. The receiver at point B had an average received optical power of 9 dBm,
and the transmission distance between the two points was 1 km. Under normal condi-
tions, the transmission attenuation was 21 dB, mainly caused by free space and fiber optic
device coupling, as well as atmospheric transmission attenuation. A narrowband filter
with a bandwidth of 0.8 nm was used at the receiver to remove noise. After coupling be-
tween multi-mode and single-mode fibers, the detector received a power of approximately
—21 dBm. The coherent detection system used a 100 kHz linewidth tunable distributed
feedback semiconductor laser as the local oscillator. A 90-degree optical mixer and two
balanced detectors received the mixed light. The electrical signal from photodetection was

https://doi.org/10.3390/jimaging12070292


https://doi.org/10.3390/jimaging12070292

J. Imaging 2026, 12, 292

26 of 29

then amplified by a low-noise preamplifier and input to a four-channel broadband real-time
digital oscilloscope (Tektronix DPO72004C Inc., Beaverton, OR, USA) with a bandwidth of
20 GHz and a sampling rate of 100 GS/s. Offline demodulation algorithms were used to
analyze the signal.

As shown in Figure 22, the constellation diagram and eye diagram of a 20 Gbps QPSK
modulated signal were measured back-to-back and synchronously with the received signal.
The bit error rate characteristics were obtained using an offline algorithm. Calculations
based on the back-to-back constellation diagram showed a mean square error vector
amplitude of 23.2%, which increased to 25.8% after spatial optical transmission with low
attenuation, indicating a 2.6% increase in phase ripple. The bit error rate increased with
signal attenuation. During the experiment, the bit error rate remained essentially linear
when the received power of the QPSK signal fluctuated by approximately 4 dB.
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Figure 22. BER performance of 20 Gbit/s QPSK coherent signals under back-to-back (BTB) and
free-space optical (FSO) transmission, with representative constellation diagrams and eye diagrams.

This communication experiment verified the high-speed modulation, free-space trans-
mission, coherent reception, and offline demodulation capability of the communication
module under the tested 1 km ground link. The results show that 20 Gbps QPSK signal
transmission was achieved with a bit error rate on the order of 10~7 under the tested
conditions. Together with the link budget analysis, the experiment suggests the poten-
tial of the proposed optical configuration for longer-distance applications, while further
receiver-specific link budget verification and long-range dynamic communication tests are
still required.

The test setup is shown in Figure 23, and the corresponding communication wave-
length and bit error rate (BER) measurement results are shown in Figure 24.

Attenuator plate

Spectral Analyzer

Laser

Figure 23. Experimental setup of the laser communication test.
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Figure 24. Experimental results of the laser communication module: (a) communication wavelength

measurement results; (b) bit error rate (BER) test results.

The ground experiments in this work were designed to verify the functional feasibility
of the proposed integrated imaging, ranging, and communication architecture rather than
to fully reproduce all space target observation conditions. The scaled optical equivalence
analysis provides a basis for comparing angular size, target acquisition, optical throughput,
and tracking feasibility under a controllable near-ground atmospheric path. However,
the near-ground atmosphere, turbulence distribution, background illumination, target
reflectance, and relative motion characteristics are not completely identical to those in
spaceborne or space-to-target scenarios. Therefore, the experimental results should be inter-
preted as system-level functional validation and feasibility evidence rather than exhaustive
qualification of the system for all space conditions.

For polarization imaging, the reported contrast values were obtained from representa-
tive field images using consistent target and background regions. Since the experiments
were conducted under natural haze and illumination conditions, the results demonstrate
the contrast enhancement potential of the polarization channel, while more systematic mea-
surements under controlled visibility, illumination, and repeated trial conditions are still
required. For dynamic ranging, the UAV-based experiment verified acquisition, tracking,
and ranging of a moving cooperative target, but a complete statistical error distribution
requires larger sample numbers and independent reference measurements. For laser com-
munication, the link budget analysis and the 1 km coherent QPSK experiment correspond to
different validation levels. Future work will further integrate receiver-specific link budget
verification, long-distance dynamic communication tests, and more rigorous field trials
under controlled atmospheric conditions.

5. Conclusions

This paper conducts an in-depth study on the integrated technology of laser imaging,
ranging, and communication, proposes a system scheme based on modular design, and
verifies its feasibility and effectiveness through a series of experiments. The system consists
of a laser ranging and communication beacon subsystem, an information imaging and
communication transmission subsystem, a laser detection and beacon, a signal light source,
and a target acquisition, alighment, and tracking subsystem, which can realize the efficient
integration of laser communication, ranging, and imaging functions [23]. By adopting
fiber phased array beam splitting—coupling technology, the system realizes the integration
of multi-wavelength, high-power, and high-stability light sources, which improves the
compactness and integration level of the system.

The visible light polarization imaging experiments demonstrate that polarization-
derived information can provide complementary contrast for target observation under
haze and low-contrast atmospheric conditions. Representative field results show that
the target contrast increased from 5.4% in the intensity image to 58% in the polarization
image for the 3 km haze experiment and from 11% and 5% to 51% and 49% for the 1.5 km
summer and winter scenes, respectively. These results support the effectiveness of the po-
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larization imaging channel for improving target-background separability under degraded
visibility conditions.

The UAV-based dynamic ranging experiment verified that the integrated system can
acquire, track, and range a moving cooperative target under the tested field conditions.
The measured results are consistent with the designed meter-level ranging requirement.
Since the field test was mainly designed for functional verification, a complete statistical
characterization of dynamic ranging error will be carried out in future work using larger
sample numbers and independent reference measurements.

Finally, the communication experiment verified the high-speed coherent transmission
capability of the proposed communication module. In the 1 km ground free-space link,
20 Gbps QPSK signal transmission was achieved with a bit error rate on the order of 10~7.
The link budget analysis suggests that the proposed optical configuration can provide
a positive power margin for a 10 km-class link under the assumed receiver conditions.
However, further long-distance experiments and receiver-specific link budget verification
are still required before extending the conclusion to practical spaceborne links.

Overall, the main contribution of this work is the coordinated integration and ex-
perimental verification of visible light polarization imaging, pulsed laser ranging, and
coherent laser communication within a unified optical terminal architecture. Rather than
demonstrating isolated single-function performance, this study verifies the cooperative
operation of the three functional channels through ground-based experiments, including
kilometer-level polarization imaging, UAV-based dynamic ranging, and 20 Gbps coherent
free-space communication. These results provide a design reference for compact multi-
functional optoelectronic terminals under SWaP-constrained platform conditions, while
more systematic space-equivalent validation remains necessary in future work.
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