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Abstract

With the development of space laser networks, miniaturization and lightweight design
have become inevitable trends in laser terminal development. In laser links, functions such
as spot position measurement, ranging, and data transmission are usually performed by
multiple independent units. Integrating these three functions can effectively reduce the
size of the opto-mechanical structure and save space within the optical transceiver, thereby
supporting the lightweight and compact growth of laser terminals. This paper presents an
integrated scheme based on an optical direct-sequence spread-spectrum (DSSS) quadrant
detector (QD) and regenerative codes, which enables spot position measurement, ranging,
and data transmission through an optical transceiver. The core of this approach involves
using a code tracking loop to perform correlation gain calculation, phase comparison,
and demodulation of the pseudo-noise code-modulated laser signal, thereby achieving
all three functions simultaneously. A desktop experimental system was built to test and
verify the scheme’s accuracy and precision. The system achieved a ranging accuracy of
14 mm (1σ), a spot position measurement accuracy of 0.83 µm (1σ) at the target center, and
a communication sensitivity of −31 dBm at a 10−4 bit error rate (BER) with a data rate of
1 Kbps. This study provides a reference for future lightweight optical terminals.

Keywords: free-space optical communication; direct sequence spread spectrum; quadrant
detector; laser ranging

1. Introduction
The design of multi-function integration within a single system is conducive to the

miniaturization and lightweight development of laser terminals, facilitating the deploy-
ment of laser links in more scenarios and improving their operational effectiveness [1–4].
However, traditional laser application systems are predominantly designed for single func-
tionalities: spot position detectors specialize in real-time capture of laser spots for precise
targeting and tracking, such as the spot detection algorithm described in reference [5]
using a CCD sensor as the spot position detector, and the implementation method for
multi-node spot detection described in reference [6] using a QD; laser rangefinders deter-
mine distance based on time-of-flight or phase difference measurements [7–10]; while laser
communication systems transmit information via intensity or phase modulation [11,12].
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Nevertheless, these functionally discrete architectures result in systems with large volume,
high power consumption, and elevated costs, posing significant challenges for deployment
and application in scenarios with constrained space and resources, such as UAV payloads
and satellite platforms.

In recent years, multi-function integration has become an inevitable trend in the devel-
opment of optoelectronic systems. Among these, integrated ranging and communication
have seen relatively extensive development. For instance, in 2011, LISA achieved a com-
munication rate of 24.4 kbps and a ranging accuracy of 42 cm in an inter-satellite link. The
ranging-communication integrated scheme proposed for LISA employs heterodyne coher-
ent detection combined with DSSS [13]. In contrast, this study adopts a direct detection
approach integrated with DSSS. By eliminating the requirement for a local oscillator laser
and a complex heterodyne interference architecture, the proposed scheme achieves a more
compact form factor and lower power consumption. Furthermore, it inherently supports
scalability for multi-node operational scenarios. [13]; in 2013, the LLCD demonstrated a
lunar downlink rate of 622 Mbps, an uplink rate of 19.44 Mbps, and a ranging accuracy of
1 cm. However, the fixed duration of its downlink frame restricts the maximum measurable
time delay, resulting in a range ambiguity of approximately 58.5 km. This necessitates
reliance on ephemeris data for resolution, which compromises operational flexibility. In
contrast, the pseudo-noise (PN) code can inherently circumvent this issue through its long-
period characteristics or by directly encoding time information [14]. In 2022, the CubeSat
Laser Infrared CrosslinK (CLICK) project planned to achieve a crosslink communication
rate of ≥20 Mbps between CLICK-B and CLICK-C with a ranging accuracy better than
50 cm. It employs Pulse Position Modulation (PPM), utilizing the communication pulse
signals as ranging references. By means of inter-satellite bidirectional laser transmission,
the system calculates the distance by measuring the round-trip time difference in the signals.
Its ranging-communication system and the spot position detection system are of a discrete
architecture. In this study, we integrate these functionalities into a unified transceiver
system, thereby further simplifying the hardware design. [15]. Research on integrated
spot detection and communication has also made some progress recently. Reference [16]
investigated the impact of spreading gain in pseudo-noise code modulation on both com-
munication performance and spot detection accuracy. The study in reference [17] focuses
on integrating laser communication and tracking based on a QD for lightweight laser
communication ATP (Acquisition, Pointing, and Tracking) systems. The communication
functionality employs PPM and Reed-Solomon (RS) encoding to enhance anti-interference
capability. Meanwhile, reference [18] proposes a novel Avalanche Photodiode (APD) array
to address the complexity of simplifying optomechanical design, where this device can
simultaneously support both communication and spot detection functions. Building upon
the integration of spot detection and data transmission, this study incorporates ranging
functionality, which further simplifies the hardware and improves the space utilization
efficiency of the optical transceiver module.

Owing to their broad spectral response, high sensitivity, customizable energy band
structure, and fast response speed, QDs can realize functionalities such as spot detection,
ranging, data transmission, and angle measurement, making them an ideal choice for
integrated laser multi-function systems. This paper focuses on the study of an integrated
system for laser spot detection, ranging, and data transmission based on a QD combined
with optical DSSS. Utilizing optical DSSS and phase-locking via a code tracking loop, data
transmission and ranging functions are achieved, analogous to GPS positioning systems
and the ranging subsystem in LISA [19,20]. The relative spot position on the target surface
is calculated from the optical power reflected by the correlation peaks in each quadrant
of the QD. To eliminate clock offset between both ends for obtaining the ranging result,
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the system employs a regenerative pseudo-code ranging method. It demonstrates the
implementation of a digital regenerative sequence transceiver in an FPGA: binary pseudo-
codes are generated and used to modulate the laser signal at one end; after receiving the
modulated signal, the other end performs phase locking, denoises the locked pseudo-codes,
and then modulates them back onto a laser transmitter to return to the originating end;
finally, phase comparison at the originating end, after compensating for transceiver delays,
yields the distance. Furthermore, to enhance the position measurement accuracy of the
QD, pseudo-codes with high spreading gain are applied in the laser link, significantly im-
proving the signal-to-noise ratio and consequently the spot position measurement accuracy.
This paper describes the system design architecture for spot detection, ranging, and data
transmission, and provides experimental validation of the system performance.

2. System Structure
The overall system structure is illustrated in Figure 1. The signal is modulated using

DSSS. The original signal is transmitted from the master terminal, while the slave terminal
aligns the phase of the local pseudo-noise code with the received signal. The aligned
pseudo-noise code is then transmitted back to the master terminal, where it is received
by a QD. The master terminal performs phase locking, compares the transmitted and
received phases, calculates the relative power in each quadrant, and demodulates the
spread spectrum signal. This process simultaneously enables spot detection, ranging, and
data transmission.

Figure 1. Overall system structure.

2.1. PN Code Generation

The selection of the PN code length is the result of a comprehensive trade-off among
various system parameters, primarily involving the balance among spreading gain, data
transmission rate, and computational resources. Shorter PN codes offer lower spreading
gain and weaker anti-jamming capability, which is detrimental to improving the accuracy of
both ranging and spot detection. Although longer PN codes can provide higher spreading
gain and enhanced anti-jamming performance, they simultaneously increase the processing
time for correlation operations, consume more computational resources, and significantly
reduce the achievable data transmission rate. The 1023-bit code length represents an opti-
mal trade-off for the system under study in this work: the corresponding gain is sufficient
to ensure reliable spread-spectrum demodulation in the intended operational environment,
while maintaining reasonable acquisition time and low synchronization overhead. More-
over, this code length aligns with established standard hardware implementations, thereby
enabling feasible deployment on resource-constrained embedded platforms without intro-
ducing excessive memory consumption or computational burdens associated with longer
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codes. Furthermore, the adoption of Gold codes, which feature low cross-correlation values
and sharp auto-correlation peaks, contributes to stable phase locking and also facilitates
future scalability in terms of the number of system nodes.

The PN code adopts the same configuration as the GPS standard [21], with a chip rate
of 1.023 Mbps. This PN code is generated by modulo-2 addition of two 1023-bit linear
sequences, G1 and G2, which are produced by 10-stage shift registers. The generator
polynomials for these registers are as follows:

G1(x) = 1 + x3 + x10, (1)

G2(x) = 1 + x2 + x3 + x6 + x8 + x9 + x10. (2)

Figure 2 shows the configuration where ri
1 (i denotes the register stage number,

i = 1, . . ., 10) generates the G1 sequence while ri
2 produces the G2 sequence, with registers

2–10 being clock-driven cascaded updates and register 1 updated by feedback value F. The
complete process is mathematically represented as:

G1 ⇒


F = r1

3 ⊕ r1
10

r1
1 = F

r1
i = r1

i−1, i = 2, · · · , 10
(3)

G2 ⇒


F = r2

2 ⊕ r2
3 ⊕ r2

6 ⊕ r3
8 ⊕ r2

9 ⊕ r2
10

r2
1 = F

r2
i = r2

i−1, i = 2, · · · , 10
(4)

 
Figure 2. Pseudocode sequence generation principle.

The final spread-spectrum PRN code sequence is generated through the modulo-2
addition of G1 and G2 sequences.

2.2. System Operating Principle

The operational architecture of the master terminal is shown in Figure 3. The mas-
ter transmits a modulated optical signal that is regenerated by the slave terminal and
retransmitted back to the master. After the system acquires the returned optical signal,
it performs acquisition and tracking to determine the relative optical power distribution
across four quadrants, which is used to calculate the spot position relative to the detector,
while simultaneously obtaining the phase information of the returned signal. By com-
paring the transmitted pseudocode phase with the locally tracked pseudocode phase, the
phase difference is derived to calculate the time-of-flight (ToF) and subsequently obtain
distance information.
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Figure 3. Signal processing structure. (A, B, C, D represent the signals from the 1st, 2nd, 3rd, and 4th
quadrants of the QD, respectively.)

For pseudocode tracking, correlation-based feedback control is employed. The system
generates delayed versions of the locally tracked code to produce an early code, a prompt
code, and a late code, which are then correlated with the received signal to obtain the early
correlation value RE, the prompt correlation value RP, and the late correlation value RL.
(The symbols used in the formulas are further summarized in Appendix A.) The correlation
algorithm is as follows:

RE,P,L(τ) =
1
T

∫ T

0
srs(t)sE,P,L(t)dt, (5)

where T represents the integration time. In the above formula, the prompt code correlation
result RP is used for the tracking threshold decision. By comparing RP with the acquisition
threshold, the local code phase is adjusted in 1/2-chip steps. With this 1/2-chip precision,
the ranging code and local code can achieve precise alignment. The system then enters
the tracking state, performing normalized phase discrimination on the preamble and
prompt code correlation results (RE and RL) to achieve exact chip alignment. The phase
discrimination is based on the following formula:

codeError =
RE − RL
RE + RL

. (6)

This formula is applicable to the phase tracking stage after successful phase acquisition.
Since the scanning step size during the phase acquisition phase is 1/2 chip, the chip
alignment accuracy is within ±1/2 chip. Within this range, the formula’s output maintains
a linear relationship with the chip phase deviation. When the phase alignment deviation
leads by 1/2 chip, RE = 0, RL = 1, and codeError = −1. When the alignment deviation lags
by 1/2 chip, RE = 1, RL = 0, and codeError = 1. When the phase alignment deviation is zero,
RE = RL and codeError = 0.

This normalized code phase error result is connected to a low-pass filter to produce an
NCO frequency-control word, which adjusts the local code phase to synchronize with the
input code sequence, and this algorithm is as follows:

δϕrs(k) = δϕrs(k − 1) +
ti
τ1

∗ codeError +
τ2

τ1
∗ [codeError − oldcodeError], (7)

ϕrs(k + 1) = ϕrs(k) + δϕrs. (8)
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In the controller algorithm, codeError is the current output value of the phase detector,
and oldcodeError is the output value of the phase detector from the previous integration
period, ti is the integration time, τ1 = k/ω2

0 and τ2 = 2ζ/ω0 are the loop parameters that
determines the natural frequency ω0 and damping ratio ζ of the system, and k is the filter
coefficient, ϕrs(k) is the code frequency. δϕrs adjusts the local code phase by modifying the
NCO accumulator to align the input signal with the reference signal.

Figure 4 illustrates the variation in the absolute prompt correlation value during phase
acquisition and tracking. When the prompt correlation value is below the threshold, the
code tracking loop scans the received signal with half-chip phase steps. Once the correlation
value exceeds the threshold, tracking is performed based on the normalized phase error,
where pseudocode phase control maintains the correlation value at its maximum level.
During stable tracking, the sign bit of the correlation value is employed for demodulation
of data transmission signals to achieve data transmission.

Figure 4. Variation in correlation values during phase acquisition and tracking.

After code phase alignment, the generated stable correlation peak reflects the optical
power covering the corresponding QD quadrant, from which the spot position can be
determined based on the optical power distribution across quadrants.

xr =
RA + RD − RB − RC
RA + RD + RB + RC

(9)

yr =
RA + RB − RC − RD
RA + RB + RC + RD

(10)

(xr, yr) denotes the relative position coordinates, RA, RD, RB, and RC represent the
instantaneous correlation peaks for each channel of the QD. According to Reference [20], for
the off-axis results, transformations from relative to absolute coordinates were established.
Taking the x-axis as an example, the absolute coordinate is as follows:

xo =
ω√

2
er f−1(xr), (11)

yo =
ω√

2
er f−1(yr), (12)

where (xo, yo) represents the absolute position coordinates, ω is the spot radius, with an
experimental value of 1.05 mm.

After code chip synchronization, the phase comparison between transmitted and
received signals is performed for ranging measurement.

The ranging system employs a regenerative code ranging method, where the master
terminal transmits ranging pseudocode that is received and retransmitted by the slave
terminal. The master terminal then compares the transmission and reception phases to
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determine the transit time, while compensating for the transmission/reception time delays
at both terminals to eliminate clock offset between master and slave units, thereby achieving
accurate channel distance measurement.

First, after both systems start operating, the master optical terminal transmits the
ranging code, which undergoes the transmission time T1 before the laser enters the spatial
link and propagates with the corresponding propagation time T2 to reach the receiving
target surface of the slave optical terminal. After experiencing the reception time T3 at the
slave terminal, the signal enters the phase-locked turnaround process with a turnaround
time T4. The regenerated pseudocode signal is then delivered to the laser modulator, and
after the transmission time T5 at the slave terminal, the optical signal is transmitted back
through the spatial link. After another propagation time T2, the optical signal arrives at
the target surface of the master optical terminal. Following the reception time T6 at the
master terminal, the returned ranging signal suitable for phase comparison is obtained.
By comparing the phase of the returned signal with that of the transmitted signal, the
total optical signal transit time t1 is determined. For the measurement of (T1, T3, T4, T5,
T6), this study determines these components by measuring the total delay time t1 at a
known distance. By subtracting the known spatial propagation delay 2T2 from t1, the
combined value T1 + T3 + T4 + T5 + T6 is obtained. This value is recorded in the calibration
procedure. In subsequent measurements, T1 + T3 + T4 + T5 + T6 is directly subtracted from
the measured t1, thereby allowing the immediate determination of 2T2.

The speed of light in vacuum is c. The expression for distance ρ is as follows:

ρ =
1
2
· (t1 − T1 − T3 − T4 − T5 − T6) · c. (13)

Regarding data transmission, the received data bit d can be recovered based on the
sign of the correlation value RP. The decision rule is as follows:

d ⇒
{

1, RP ≥ 0
0, RP < 0

. (14)

3. Accuracy Analysis
According to Reference [22], the relationship between position detection precision and

SNR is given as follows:

σx0 ≈
√

πω

2
√

2
· 1√

SNR
·

√√√√1 + er f 2

(√
2x0

ω

)
. (15)

In spread spectrum communication systems, the SNR of the output signal shows
improvement compared to that of the received signal at the receiver after despreading. The
ratio of the output SNR to the input SNR in the receiving system is defined as the spreading
gain, whose mathematical expression equals the ratio of the post-spreading bandwidth to
the pre-spreading bandwidth.

Gp =
SNRout

SNRin
, (16)

where SNRout denotes the SNR of the despread output signal, and SNRin represents the
SNR of the input signal before despreading. According to Equation (15), the total SNR
after despreading relates to the SNR of the photoelectric signal received by the detector
as follows:

As evident from Figure 5, under identical SNR conditions, the position detection
precision of the QD improves with increasing spreading gain.
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Figure 5. The influence of different SNRs and spreading gains on the position detection precision of
the detector.

The primary contributors to ranging error are processor clock inaccuracies and PLL
errors. Reference [23] provides an error model for PLL-induced deviations, expressed as

σDLL = c · Tc

√
Bn

C/N0
, (17)

where Tc represents the code chip period, Bn denotes the loop bandwidth configured for
the PLL, and Bn is calculated as follows:

Bn =
1
8

ω0

(
4ζ +

1
ζ

)
, (18)

where C/N0 indicates the carrier-to-noise ratio. Taking the laser link’s C/N0 ratio of
60–95 dB-Hz as an example [13]. For direct power detection, the SNRin can be directly
characterized by its C/N0, approximately as SNRin ≈ C/N0. Therefore, the ranging
detection accuracy can also be expressed as:

As illustrated in Figure 6, under constant SNRin conditions, the measurement pre-
cision improves with reduced loop bandwidth. However, in practical implementations,
excessively narrow bandwidth settings would compromise the PLL synchronization capa-
bility. Therefore, the system adopts a 20 Hz loop bandwidth as the operational optimum,
balancing tracking stability and noise rejection.
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Figure 6. Influence of Different SNRs and loop bandwidths on ranging accuracy.
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One source of ranging error stems from inaccuracies in the clock signal used for the
PN code tracking loop, including both receiver-generated clock signals and clock source-
induced errors.

∆T = T0 − T =
N
fn

− N
f
=

N( f − fn)

fn f
≈ T0y, (19)

where is the FPGA frequency count, fn is the reference clock frequency, f is the actual clock
frequency, and y = (f − fn)/fn is the frequency error. This allows the determination of the
ranging error impact from different clock source types. The ranging error per 100 km
caused by clock errors is shown in the following figure:

In Figure 7, XO represents a standard crystal oscillator. The temperature-compensated
crystal oscillator (TCXO) employs temperature-compensated crystals, while the OCXO is
an oven-controlled crystal oscillator. Furthermore, atomic clocks demonstrate significantly
higher precision than crystal oscillators, as exemplified by: rubidium atomic clocks with
frequency error ranges of 10−4–10−2 ppm; cesium atomic clocks achieving frequency accu-
racy of 10−6–10−5 ppm; and hydrogen maser clocks attaining 10−7–10−8 ppm frequency
precision. For our experimental validation of ranging performance, we utilized a TCXO.

Figure 7. Impact of Clock Errors on Ranging Accuracy.

4. Experimental Results and Analysis
Figure 8 illustrates the experimental architecture employed in this study. The setup

utilizes a benchtop platform, with a QD serving as the master terminal detector and an
avalanche photodiode (APD) as the slave terminal detector. The master terminal transmits a
PN code to the slave terminal. Upon reception, the slave terminal performs phase alignment
and retransmits the signal back to the master terminal. The returned signal is captured
by the QD at the master terminal and subsequently relayed to a processing unit. This
processor performs the necessary computations to enable the concurrent operation of spot
position measurement, ranging, and data transmission.

Based on the preceding system analysis and design, the aforementioned benchtop
experimental system, as shown in Figure 9, was implemented to verify.

(1) Spot detection accuracy in spatial optical links;
(2) Laser ranging accuracy;
(3) Data transmission.
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Figure 9. Experimental Setup Diagram.

The spot detection experimental results are as follows:
In the experiment, the diameter of the photosensitive area of the QD is 4 mm. When

the light spot is at the center of the QD’s photosensitive area, the host computer display
and the QD target photograph are shown in Figure 10.

 
Figure 10. (a) Detection result host computer image (b) Image of the quadrant detector.

In Figure 11, the “homologous signal” is both generated and received by the master
terminal itself using its laser source and QD. In contrast, the “regenerated signal” is
transmitted by the master terminal to the slave terminal, where it is modulated and sent
back to be received by the master terminal’s QD.
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Figure 11. Position Detection Accuracy under Different Conditions and Locations.

The experiment utilized a translation stage to vary the relative position between the
light spot and QD, as well as the signal source, thereby validating the accuracy of spot
position measurement and functional integration. By displacing the spot position along the
x-axis, the position detection accuracy at different locations was recorded. As shown in
Figure 11, the experimental results demonstrate that the detection accuracy at the QD target
center surpasses that of other positions. Data indicate that the average positional detection
error measured at each point under the regenerated signal condition is 0.115 µm higher
than that under the homologous signal condition. Moreover, the difference in positional
detection accuracy is smaller near the center compared to that near the edges.

To investigate the universality of the spot detection function under varying incident
angles, a QD was mounted on an optical base capable of azimuthal rotation. The detection
accuracy for the spot at three positions on the x-axis—0 mm, +0.3 mm, and +0.6 mm—was
compared across different rotation angles. The results are shown in Figure 12.
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Figure 12. The variation in spot position detection accuracy at different points on the QD under
varying incident angles.

The results indicate that positions closer to the edge are more significantly affected by
angular variations. Under incident angle changes of ±30◦, the maximum fluctuation in
spot position detection accuracy is approximately 0.46 µm at the +0.6 mm location, about
0.41 µm at the +0.3 mm location, and around 0.20 µm at the 0 mm location.

The ranging experimental results are as follows:
In Figure 13b “Equivalent delay distance” refers to the equivalent distance achieved

through fiber-optic delay lines, while “Range” denotes the distance measured under the
corresponding delay condition.
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Figure 13. (a) Signal phase tracking error. (b) Ranging results.

The ranging measurement accuracy was verified by installing a fiber-optic pro-
grammable delay line (General Photonics MDL-002) at the master terminal to adjust the link
delay. This phase calibration standard device features a 500 ps delay range with 10 fs-level
precision, fully satisfying millimeter-scale distance calibration requirements [24]. During
experiments, phase locking was used to ensure frequency and phase alignment between the
dual-terminal laser links. Figure 13a shows the pseudocode chip alignment accuracy during
ranging, with a phase standard deviation of 0.003 chips (1σ). After processing through the
loop filter, the ranging result can be derived based on the NCO phase. In practice, owing to
the low-pass filtering effect and the additional filtering applied to the ranging results, the
random ranging error becomes smaller than the range error corresponding to the phase
tracking error. Figure 13b shows the variation in the ranging readings as the fiber delay
line is stepped in increments of 50 mm from 0 to 150 mm.

Experimental results demonstrate the system’s response to distance variations, with a
measurement standard deviation of 14 mm (1σ). Additionally, to verify whether the ranging
function is capable of measuring over longer distances, we employed a software-based
simulation approach in which the processor applied a fixed time delay to the ranging signal
and successively increased the delay duration. The results are shown in the Figure 14:
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e
(m

)
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Figure 14. Simulated Long-Distance Ranging Results.

In this experiment, the chip rate is primarily constrained by the hardware bandwidth
of the QD, which is 8 MHz. To preserve as sharp a waveform edge as possible and
ensure phase-locking accuracy, a chip frequency of 1.023 MHz was selected. Meanwhile,
to maintain high spreading gain, a spreading sequence with a length of 1023 chips was
employed. If a higher data transmission rate is required, a QD device with a larger
bandwidth can be customized to support an increased chip rate. Alternatively, in scenarios
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where detection accuracy and ranging precision are less critical, a spreading sequence with
a shorter code length can be employed to enhance the data transmission rate. For instance,
a PN code with a length of 511 chips can increase the data transmission rate to 2 kbps,
while a PN code with a length of 255 chips can further elevate the data transmission rate to
4 kbps.

The system achieved −31 dBm sensitivity at a BER of 10−4 under 1 Kbps data transmission.
The demodulated data waveform is shown below:
The data transmission function was tested by modulating a 127-bit PN code onto a

spread-spectrum signal. The receiver demodulated the signal, performed bit error counting,
and output the demodulated signal at the TTL level for oscilloscope observation. As
shown in Figure 15a, a complete demodulated PN code cycle demonstrates that the data
transmission function is capable of delivering intact signals. The displayed waveform
corresponds to a bit error rate of 9.3 × 10−6. The bit error rate was derived by collecting
and comparing a total of 326,467 bits, with 3 erroneous bits detected, from which the result
was calculated.

 
Figure 15. The binary data transmission data output via TTL levels. (a) Full-period PN code signal
(b) Single chip.

5. Discussion
To ensure spot detection accuracy and ranging performance, this study employs a

long PN code sequence of 1023 bits to achieve high spreading gain. However, this choice
comes at the expense of data transmission rate, resulting in a transmission rate of only
1 Kbps, which is lower than that of comparable integrated ranging and communication
systems such as LISA (24.4 kbps) and LLCD (up to 622 Mbps). Furthermore, without
upgrading the detector’s bandwidth, the primary approach to increase the data transmis-
sion rate in this system is to shorten the PN code length. This reduction would directly
decrease the spreading gain, leading to a degradation in both spot detection and ranging
accuracy, thereby creating a fundamental trade-off between “data transmission rate” and
“ranging/detection precision.” Therefore, future work will continue to explore new modu-
lation and detection schemes. Additionally, as the current experiments were conducted
solely on an optical bench, it remains difficult to validate the system’s performance over
long-distance atmospheric channels. For evaluating its performance under real-world,
extended-range conditions, future work will involve integrating the setup into an actual
optical transceiver module for field testing.

It should be noted that the spread-spectrum transmission architecture of this system,
which is similar to the CDMA-based codomain detection framework reported in Ref. [22],
theoretically supports multi-node signal identification and parallel spot detection due to the
excellent cross-correlation orthogonality of the adopted Gold codes. However, the current
experimental validation of the system is limited to single-node signal interaction scenarios,
and no targeted tests have been conducted for multi-channel signal superposition and multi-
node collaborative operation. Specifically, the system has not yet been verified in scenarios
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involving simultaneous access of multiple slave nodes, including key performance metrics
such as mutual interference between multi-node signals, the upper limit of identifiable node
quantity, and the stability of spot position measurement for each node under multi-signal
coupling conditions.

In subsequent research, we will prioritize the construction of a multi-node collabo-
rative test platform to carry out systematic verification of multi-node-related functions.
First, we will conduct experiments on multi-node simultaneous spot detection, focusing on
exploring the influence of code sequence allocation and signal power differences on the
detection accuracy of each node’s spot position, and verifying whether the master terminal
can stably distinguish and locate the spots of multiple nodes at the QD. On this basis, we
will further expand the research scope to multi-node collaborative ranging: for multi-node
ranging, we will focus on solving technical bottlenecks such as phase synchronization
between multiple slave terminals, ranging priority scheduling, and elimination of ranging
error interference caused by signal superposition.

Looking forward, after completing the verification and optimization of multi-node
functions, the master detection system is expected to evolve into a highly integrated optical
transceiver platform that integrates multi-node spot detection, high-precision ranging, and
data transmission. This upgraded system will be able to meet the application demands of
distributed scenarios such as satellite constellations and UAV swarms, and further promote
the functional integration and lightweight development of laser terminals.

6. Conclusions
This paper thoroughly explores the integrated fusion design of an optical transceiver

for multifunctional applications from three perspectives: mechanism, error analysis, and
experimental evaluation. Desktop experiments were performed to verify the feasibility
and performance of each function under multifunctional multiplexing conditions. The
ability of spreading gain to suppress position detection error was analyzed, and the effects
of different loop bandwidths on ranging accuracy were examined. The influence of the
processor’s clock source on the system’s ranging error was also assessed. The ranging
system used a dual one-way signal regeneration method to eliminate clock bias, ensuring
that the laser signal incident on the QD target surface was a regenerated laser signal.
As a result, the laser signal received by the QD target surface contained phase noise
introduced by the slave tracking loop. Therefore, experiments were conducted to evaluate
the performance of spot detection and data transmission functions under regenerated
signal conditions compared to non-regenerated conditions. The results show that the
regenerated signal has minimal impact on data transmission sensitivity. The center spot
position measurement error under regenerated signal conditions was 0.83 µm (1σ), slightly
higher than the 0.76 µm (1σ) under non-regenerated conditions but still within acceptable
limits. In practical systems, when the laser link is successfully established, the spot is
typically located at the center of the QD target surface. Ranging was thus performed with
the spot at this position. The results indicate that the system can accurately detect distance
changes, achieving a ranging accuracy of 14 mm(1σ). For the data transmission system, the
adoption of a longer PN code sequence with substantial spreading gain in this experiment
was necessary to ensure both spot detection accuracy and ranging precision; however,
this implementation, combined with the inherent bandwidth limitations of the hardware
components, resulted in a constrained data transmission rate of 1 Kbps. Although the
current data transmission rate is relatively low, we plan to increase the chip rate in future
studies by employing a custom QD with higher bandwidth. Meanwhile, for scenarios
where ranging accuracy and detection precision are less critical, shorter PN codes can be
adopted, and more efficient shorter codes will be explored to enhance the data transmission
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rate. Furthermore, the system is designed for future expansion to multiple optical nodes. In
this system, the PN code employs Gold codes, which exhibit excellent inter-code isolation
characteristics, making them highly suitable for code-division multiple access (CDMA)
systems that require strict user distinction. Therefore, the detection system at the master
terminal possesses inherent potential to support multiple optical nodes.

In conclusion, this study provides a valuable reference for future integration of mul-
tiple functions into an optical transceiver and the development of lightweight optical
terminals.
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Appendix A

Table A1. Symbols involved in Equations.

Symbols Specification Symbols Specification

RE Early correlation value c Speed of light
RP Prompt correlation value d Data bit
RL Late correlation value σx0 Position detection precision
srs Received signal SNR Signal-to-noise ratio
sE Early local code, and the late local code Gp Spreading gain

sP Prompt local code, σDLL
Ranging error due to

phase-locked loop
sL Late local code Tc Chip period

codeError Normalized phase error Bn Loop bandwidth
oldcodeError Normalized phase error from the previous integration period C/N0 Carrier-to-noise ratio

τ1, τ2 Loop parameter ω0 Natural frequency
ti Integration time ζ Damping ratio

δϕrs Phase adjustment ∆T Time error
ϕrs Pseudocode frequency T0 Ideal clock count time

(xr, yr) Relative position coordinates T Actual clock count time
(xo, yo) Absolute position coordinates fn Ideal clock frequency

ω Spot radius f Actual clock frequency
ρ Distance y Frequency error
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