friried applied
e sciences

Article

High-Precision Position Detection and Communication Fusion
Technology Using Beacon Spread-Spectrum Modulation with
Four-Quadrant Detector

Shuai Chen !, Xiaonan Yu "?%, Jingmei Ye 1, Peng Lin 12, Ziqi Zhang !, Tong Wang ! and Li Xu !

check for
updates

Citation: Chen, S.; Yu, X;; Ye, J.; Lin, P;
Zhang, Z.; Wang, T.; Xu, L.
High-Precision Position Detection and
Communication Fusion Technology
Using Beacon Spread-Spectrum
Modulation with Four-Quadrant
Detector. Appl. Sci. 2024, 14, 3362.
https://doi.org/10.3390/
app14083362

Academic Editor: Nuno Silva

Received: 21 February 2024
Revised: 5 April 2024
Accepted: 8 April 2024
Published: 16 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Optoelectronic Engineering, Changchun University of Science and Technology,
Changchun 130022, China; chenshuai@mails.cust.edu.cn (S.C.); 2021100408@mails.cust.edu.cn (J.Y.);
Ip@cust.edu.cn (P.L.); 2022200043@mails.cust.edu.cn (Z.Z.); wangtong@cust.edu.cn (T.W.);
xuli2023@cust.edu.cn (L.X.)

Institute of Space Optoelectronics Technology, Changchun University of Science and Technology,
Changchun 130022, China

*  Correspondence: yuxiaonan@cust.edu.cn

Abstract: In space laser communication, the wide divergence angle of beacon light leads to substantial
spatial losses, compounded by background light and detector noise; this results in compromised
precision in the detection of the beacon light position. To solve this problem, a high-precision de-
tection technique and communication composite technology employing a four-quadrant detector
(QD) with beacon spread-spectrum modulation are proposed. Pseudo-random sequences (PRNs) are
employed to spread the beacon communication spectrum, with the spread-spectrum signal utilized
to modulate the intensity of the transmitted beacon light at the transmitter end. At the receiver, QD
photocurrent signals are cross-correlated with an identical PRN that is used for modulation. The
strong auto-correlation properties of PRNs, which are uncorrelated with noise, enhance the output
signal-to-noise ratio (SNR), enabling precise position detection and beacon communication under
high-SNR conditions. Theoretical analysis is used to explore the effects of spreading gain on the
sensitivity of system detection and the precision of position detection. The experimental results
demonstrate that the beacon spread-spectrum modulation scheme effectively detects the position
of the light spot. At a received optical power of —37 dBm and spreading sequence PRN depths of
1023, 127, and 31, the root-mean-square error (RMSE) values are 0.983 pum, 2.876 um, and 7.275 um,
respectively. This corresponds to improvements of 14.96 dB, 10.29, dB, and 6.26 dB compared to
direct detection precision (30.811 um). Additionally, under an identical signal bandwidth, the sensi-
tivity improves by 14.6 dB, 10.1 dB, and 6.4 dB, respectively. The proposed beacon spread-spectrum
scheme mitigates the limitations of hardware reception sensitivity and position-detection preci-
sion, demonstrating its potential application in high-precision detection in long-distance interstellar
laser communication.

Keywords: space laser communication; four-quadrant detector; position-detection precision;
detection and communication multiplexing; spread-spectrum gain

1. Introduction

Compared to microwave communication, free-space optical communication offers
various advantages, including high speed, high confidentiality, low power consumption,
and small size; it is therefore widely used in interstellar, inter-satellite, and satellite-to-
ground links [1-4]. Using beacon light in laser communication can enhance the likelihood
of acquisition and shorten the time required to establish laser communication links [5,6].
However, the utilization of wide-beam divergent beacon light in laser communication exac-
erbates the loss of spatial energy and renders it susceptible to interference from background
radiation and detector noise, thereby diminishing the precision of beacon-light position
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detection. The precision of beacon-light position detection plays a critical role in shaping
the maintained establishment of system communication links [7]. Therefore, in long-range
laser communication, employing beacon light presents challenges that are associated with
establishing dynamic laser links in a stable manner, consequently restricting the utilization
of beacons in laser communication.

The quadrant detector (QD), characterized by its high sensitivity, fine resolution,
and rapid responsivity, is extensively employed in laser communication for the precise
measurement and tracking of position [8]. In order to achieve the stable establishment
of links in laser communication systems, in recent years, researchers have endeavored to
explore methodologies aimed at enhancing the precision of QD position detection. In [9],
the nonlinear characteristics of spot detection positions are analyzed, and a linear correction
method based on the Boltzmann function is proposed. In [10], error compensation factors
and detector gap sizes are introduced into the spot position-detection model while digital
filtering is applied to the detected light signals, thus enhancing the precision of spot position
detection. In [11,12], a neural network for backpropagation is constructed by analyzing
measurement data, and a neural network-based method that enhances the measurement
precision of QD is presented. In [13], a new and improved polynomial fitting algorithm
for position detection that improves the linear range and precision of QD is proposed.
In [14], two algorithms, the integral infinite log-ratio algorithm, and an integral infinity log-
ratio algorithm based on the signal-to-noise ratio are proposed for QD position detection.
The appropriate algorithm is selected based on the SNR of the received signal to achieve
higher measurement accuracy. The aforementioned studies primarily focus on enhancing
the precision of detection through the refinement of localization algorithms. However,
the principal factor contributing to the degradation of the precision of QD spot position
detection is the signal-to-noise ratio (SNR) of the detection signal [15]. In the event of a
low SNR in the QD detection signal, achieving the high-precision detection of the spot
centroid position becomes challenging when using the aforementioned methods. In some
cases, the signal-to-noise ratio of the QD detection signal is low. In [16], the cyclic cross-
correlation method is utilized to denoise the modulated sine-wave beacon light, resulting
in a detection root-mean-square error one-quarter of that of the direct position-detection
method. In [17], the Kalman filter is applied to process the modulated sine-wave beacon
light, leading to a reduction in the detection root-mean-square error to 51.5%. However,
its effect on improving detection accuracy was limited. Different from previous detection
technologies, this article proposes a simple method that relies solely on On-Off Keying
(OOK) modulation. This method not only achieves high-precision detection but also
incorporates beacon communication multiplexing technology.

In this study, we applied spread-spectrum technology to QD detection. Spread-
spectrum technology refers to a technology that uses pseudo-random sequences (PRNs) to
expand the bandwidth of transmitted information and uses the same PRNSs at the receiving
end to perform the despreading of correlation and recover communication data [18-20].
Because noise is uncorrelated with the PRN, once the correlation operation has been
performed, the spectrum of noise is spread, and the spectral density is reduced. Therefore,
the power of the interference signals falling into the communication signal frequency band
is reduced, thereby achieving anti-interference and improving the SNR at the receiver
output [21-23]. Spread-spectrum technology is applied to beacon light detection. At the
transmitter, beacon communication data are spread-spectrum-modulated with the PRN.
The spread-spectrum signal is used to modulate the transmitted beacon light power. At
the receiver end, the QD receives the beacon light and generates photocurrent signals.
These signals are then correlated with the same PRN that was used at the transmitter to
suppress background light and detector noise, resulting in high-SNR output signals. We
utilize high-SNR signals for beacon communication and to estimate the centroid position
of the light spot, enhancing the precision of QD position detection and the sensitivity of the
system detector.
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This article aims to investigate the influence of beacon spread-spectrum modulation
on the precision and sensitivity of QD position detection. The detection principle of the
QD under beacon spread-spectrum technology is analyzed, and a mathematical model
is formulated to characterize the precision of position detection under spread-spectrum
modulation in terms of the spread-spectrum gain, system SNR, Gaussian beam waist ra-
dius, and spot centroid position. Theoretical derivations are conducted, and simulations
are performed to assess the improvements achieved by spread-spectrum technology in
the sensitivity of the detector and precision of position detection. Subsequently, a bea-
con spread-spectrum-modulated QD system is constructed to validate the effectiveness
of this method and evaluate the enhancement in system sensitivity and the precision of
position detection under varying spread-spectrum gains. The experimental results are
consistent with the theoretical analysis. This technology is therefore anticipated to facil-
itate the high-precision detection of beacon light in complex optical backgrounds over
long distances.

2. Principle and Methods

This section analyzes the mechanism of spread-spectrum technology when employed
in QD spot position detection and communication. A block diagram of the QD system
utilized for beacon spread-spectrum modulation is shown in Figure 1. Communication data
are spread-spectrum-modulated by PRNs. This involves performing an exclusive OR (XOR)
operation between the communication data and a pseudo-random code. Subsequently,
the spread-spectrum data are modulated onto the laser, thereby enabling the transmission
of laser signals in the space link. The output optical power signal after modulation is
represented by the following:

Si(t) = Ps - d(t) XOR c(t) (1)

where S;(t) represents the output optical power signal of the laser, P; represents the average
optical power output of the laser, d(t) represents the communication data used for the
beacon, and c(t) represents the PRN data. At the same time, the names and descriptions of
the variables in Section 2 are listed in Table 1.

Spot position | | Communi-

PRN data p
c(t) ! ’
h calculation ||cation data
Communication T i
data d(t) i l I

spread-spectrum:
data

PRN data —1 St(t) v
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Figure 1. Block diagram of QD system for beacon spread-spectrum modulation. ADC represents the
Analog-to-Digital Converter. TIA represents the transimpedance amplifier, and LPF represents the
low-pass filter. Early, Punctual, and Late represent the Early code, the Punctual code, and the Late
code. Ry represents the correlation values between the Punctual code and the received signal.
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Table 1. Names and descriptions of the variables in Section 2.

Variable Name Description V;r;?:ele Description
P Average optical power output of the laser Li(t) j-th quadrant
da(t) Communication data j Takes values of I, II, III, and IV
c(t) PRN data n The responsivity of the QD
Se(t) Output optical power signal of the laser p; j-th quadrant
R(7) Autocorrelation value n;(t) j-th quadrant
T; Period of communication data bits K Transimpedance amplifier gain of the circuit
T, Bit period of the PRN vi(h) j-th quadrant p}g;tfﬁiefgé signal collected
T Clock delay between pseudo-random codes R; j-th quadrant
; A non-zero integer Ryi(7) Correlatibon Valug between the j-th quadrant
eacon signal and the PRN
N The depth of the PRN periodic sequence Ryj(T) j-th quadrant and the PRN
" Bit width of the PRN register (0 1) The relative position coordinates of the

optical spot center

The PRN is a deterministic sequence that exhibits statistical properties similar to
random noise. It possesses good autocorrelation characteristics and relatively weak cross-
correlation characteristics. This article refers to the PRN design of Global Positioning
System (GPS) during the design of pseudo-random codes and selects Gold sequences as
the spreading codes [24-26]. The Gold sequence has small cross-correlation values, and
both its autocorrelation and cross-correlation functions are bounded. Its autocorrelation
function is expressed as follows [27-29]:

1

R(t) = T

Tc
/0 Gi(t)ei(t+1)dt, T € (~Te/2,Ts/2) @)
where R(7) represents the autocorrelation value of the PRN, T, represents the period of
communication data bits, T; represents the bit period of the PRN, and T represents the
clock delay between PRNs.
According to the definition of correlation, when T = 0 (that is, when the phases
between the PRN sequences are aligned), we can obtain the following:

R(0) = ;C/OT c(t)c(t)dt = ;C/OT A(H)dt = 1 3)

when T # 0, if T = iT, and i is a non-zero integer, T is the integer multiple of the chip length,
n is the bit width of the PRN register, and N represents the depth of the PRN periodic
sequence, Thus, according to Gold theory, the results of the cross-correlation triples are
as follows:

1 —1—2l+2)/2] ol(n+2)/2] _1
— } (4)

Ri(lTC) = { N 7 N 7 N

when iT, < 7 < (i 4+ 1)T, (that is, when T is not an integer multiple of the chip length), the
cross-correlation result is given by AT = 7 — iT.:

At TC—A‘L')

R(t) = R(iTC)< T ) +R((i+1)T.) (T )
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R;(T)

Therefore, when R(7) takes a non-integer value, the value of the correlation result
changes linearly between R(iT.) and R((i + 1)T¢).

The receiver uses a QD to detect the beacon light, which consists of four identical p-n
junction photodiodes. When the QD receives the beacon light, each quadrant independently
outputs a photocurrent that is proportional to the received optical power. The position
of the optical spot is estimated by the ratio of the amplitudes of the photocurrent signals
from the four quadrants. The photocurrent outputs from each quadrant are represented
as follows:

Li(t) = n - Py-d(t) - c(t) 6)

where j takes values of I, I, III, and IV, representing the four quadrants of the quadrant
detector; I;(t) represents the photocurrent signal collected by the j-th quadrant;  represents
the responsivity of the QD; and P; represents the optical signal power received by the
j-th quadrant.

The weak photocurrent signals are amplified into voltage signals using the tran-
simpedance amplifier (TTA), and the amplified signals are then collected using an ADC.
The voltage signals collected from each quadrant are as follows:

Vi(t) = K- py-d(t) - c(t) + my(¢) @)

where V;(t) represents the j-th quadrant photoelectric signal collected by the ADC, K is
the transimpedance amplifier gain of the circuit, and 7;(t) represents the background light
noise and detector noise received by the j-th quadrant, both of which are Gaussian white
noise [30].

The digital signal processing unit is used to receive the signal, despread it, and output
the position of the detected optical spot on the QD and the beacon communication data.
Initially, the receiver constructs digital delay-locked loops for each quadrant’s collected
voltage signals in order to generate three sets of local PRNs: the Early code, the Punctual
code, and the Late code; these are identical to the modulated PRN at the transmitter and
differ in phase by half a chip. Then, each set is subjected to cross-correlation operations
that are performed with the received voltage signal using a correlator. The process of
cross-correlation between the local pseudo-random sequence and the received signal can
be expressed as follows:

E[Vi(t)-c(t+7)] = 7 [o K-~ pi-d(t)e(t) - c(t+T) +n(t) - c(t + T)dt @®)
Rsj T) + an(T)

where R; represents the correlation value between the received signal and the PRN in the
j-th quadrant, R,;(7) represents the correlation value between the j-th quadrant beacon
signal and the PRN, and R;;(7) represents the correlation value between the noise in the
j-th quadrant and the PRN.

After the correlation operation, the main purpose of the correlation calculator when
used for the Punctual code is data recovery and position calculation. The difference between
the results of the correlation calculator regarding the Early code and the Late code is used
to control the error signal in the loop. By using a low-pass filter (LFP) to control the phase
delay of the input signal in the code generator update, the local pseudo-random sequence
can track the phase of the input signal. This ensures that when the phase of the local PRN
matches the phase of the input PRN signal (that is, T = 0), the correlation result between
the Punctual code in the local pseudo-random sequence and the received photoelectric
signal can be obtained according to Equation (3):

Ry(r) = PO TR et eyt = - py-a ©)
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Therefore, in the j-th quadrant, the cross-correlation result between the received signal
and the local pseudo-random sequence can be expressed as follows:

1 [T
Rj(’r):ﬂ-pj-d(t)—i-?c/o n(t)e(t + 7)dt (10)

Due to the lack of correlation between noise and the local PRN, according to
Equation (10), the correlation operation between the noise and the Punctual code is sig-
nificantly smaller than the correlation between the photoelectric signal and the Punctual
phase of the local pseudo-random sequence. Therefore, the cross-correlation operation of
the despreading algorithm effectively suppresses the noise and improves the SNR of the
output signal. Considering the absolute value of the result after correlation eliminates the
influence of the polarity of the communication data encoding d(t) Via substitution into
the formula used to calculate the center of the optical spot [31], the relative position of the
optical spot under the beacon spread-spectrum modulation detected by QD is as follows:

— (PtPv)—=(Pu+Pu) _ ([Ril+|Riv])—(Ru|+|Ru|)

Xr Pr+Pr+Pm+Py [Ry[+| Ryt [+[ Ryt [+[Ryv | (11)
— (PP —(P+Pyv) _ (Ril+[Rul)—([Ru|+[Riv])
Yr Pr+Py+P+Py [Ry[+| Ryt [+[ Rt [+ Ryy |

where (xr, yr) represents the relative position coordinates of the optical spot center; P, Py,
Ppp and Pry, respectively, denote the received optical power in each quadrant of the QD;
and Ry, Ry, Ry and Ryy, respectively, represent the correlation values between the Punctual
code and the received signal.

Therefore, it can be inferred from Equations (8)—(11) that applying spreading tech-
nology to QD beacon light detection effectively suppresses background light and detector
noise during despreading operations. This enhances the SNR of the detection position
signal, thereby improving the precision of optical spot position detection and reducing the
bit error rate of communication data.

3. Detection Precision and Sensitivity Analysis
3.1. Precision Analysis of Quadrant Detector under Beacon Spread-Spectrum Modulation

For the QD, the root-mean-square error (RMSE) of the position of the detection spot
is used as a measure of the position-detection precision. Due to the symmetric response
characteristics of the QD in the x and y directions, we will only discuss the x direction. As
the correlation between the noise and the local PRN after the cross-correlation operation is
significantly lower than the correlation between the received photocurrent signal and the
local PRN, the relative position of the QD output spot is as follows:

x, = (R +[Rrv|) = (|Ru|[+| R |)
r |Rt[+|Ru|+[R|+|Rrv |

— Rer(D)+Rspv (1) +Rut (1) +Ripv (1)) = (Rers () +Re111 (T) + R (1) + R4 (7))
Rs1(T)+Rs11(T)+Rs111(T) +Rs1v (T) +Ryup (T) +Rpup1 (7) +Rg 11 (T) +Ryupv (T)

o Rer(M+Rs1v (1) = (Rorr (T) +Ryp11 (7))
Rs1(T)+Rs11(T)+Rs111(T)+Rs1v (T)

+2. Rur (D) +Ruyv (7)) (Rs11 (1) +Rs111 (7)) = (Ryg 1 (D) +Rup11 (7)) - (Rs 1 (T +Rs1v (7))
(Rs1 (1) +Ry11 (T) +Ryp11 (1) +Repy (1))

(12)

It can be inferred from Equation (12) that, under the influence of noise factors, the
relative value of the QD output spot x, fluctuates within a certain range. The variance 02,
is used to characterize the jitter caused by noise. Assuming that the noise power in each
quadrant is approximately the same, I,% represents the square of the root-mean error of the
noise in a single quadrant of the detector: I2 ~ R2; ~ R2;; ~ R%,;, ~ R2,,,. The expression

used to represent the precision of position detection is as follows:
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2 _ (Rs1(T)+Rogv (1)) *+(Rs11 (1) +Rs111 (1)) .8.12
*r (Ro1 (T)+Rs11 (T)+Rspp (T)+Repv (1)) "
(13)
. 412
(Rs1(T)+Rs11 (T)+Rsp11(T)+Repv (1))
where the scaling factor k _ 2 . (Ro1 (1) +Repv (1))*+ (Reps (1) + Ry (1))

(Rsl(T)JFRSH(T)+RSIII(T>+RSIV(T>)2 '
(Rs1(T) + R1(T) + Rypp1(T) + Repy (7))? represents the total power of the Gaussian beam
correlation peaks (excluding noise factors), and 4 - I? represents the total power of the
detector’s correlated post-noise current in four quadrants. The total SNR after despreading
Rgnry is defined as follows:

Rengl = (Rs1(T) + Repr(7) ZI;;HI(T) + Ry (7))? (14)

In a spread-spectrum communication system, the SNR of the output relative to the SNR
of the received signal at the receiver undergoes certain improvements after despreading.
The ratio of the output to input SNR in the receiving system is defined as the spreading gain,
which can be expressed as the ratio of the bandwidth after spreading to the bandwidth
before spreading [32-34].

(S/N)ou _ Tc

Gp: (S/N)in N TS

(15)

where (S/N),,; represents the SNR of the output signal after despreading, and (S/N);,
represents the SNR of the input signal before despreading.

When RgnRrg is defined as the SNR of the detector-received photoelectric signal, ac-
cording to Equation (15), the total SNR after despreading is related to the SNR of the
detector’s received photoelectric signal, as follows:

RsnrL = Gp-RsNrE (16)

Therefore, the relationship between the actual position x( of the beam centroid and
its relative position can be expressed as follows: xg = %er f~1(x;). Then, the relationship

between k and the actual value xo: k = 1+ erf? (@) is established. The variance in the
value can be obtained from the below formula:

Jx,=1J1+erf2<ﬁxo> (17)

\/GpRsNRE w

By establishing a mathematical model to determine the precision of relative posi-
tion detection under beacon spread-spectrum modulation, it can be observed from the
mathematical model that the precision of relative position detection oy, is related to the
waist radius w of the Gaussian beam, the actual position x( of the beam centroid, the SNR
of the detector-received photoelectric signal Rsnrg, and the spreading gain Gp. When
spread-spectrum technology is employed, the position-detection performance of the quad-
rant detector is improved by a factor of \/Gp. Spread-spectrum technology effectively
improves the accuracy of position detection by enhancing the signal-to-noise ratio of
optoelectronic signals.

Therefore, simulations based on Equation (17) were conducted to assess the precision
of the position detection performed by the QD under different spreading gains. At the
same time, since all four p-n junction photodiodes of the QD need to receive the beacon
light simultaneously for the correct spot output position, the centroid position xj of the
spot must be less than the radius w of the optical plate when the model is valid.

When the centroid of the light spot is positioned at the origin of the detector, the spot
radius is 0.7 mm, and RgNrg = 20 dB, according to Equations (15) and (17). The spreading
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gain Gp of the system and the precision of the position detection performed by the QD
at the center position are shown in Table 2. PRN depths of 1023, 511, 255, 127, 63, 31,
and 1, respectively, represent pseudo-random sequence periods of 1023, 511, 255, 127, 63,
and 31 for the modulation of communication data, in addition to direct detection without
spread-spectrum technology. ¢ represents the theoretical precision of the position detection
performed by the QD according to Equation (17). 0,1/ represents the theoretical ratio of
the position-detection accuracy achieved by the QD when modulating the PRN at different
depths to that of the unspread spectrum, which is used to characterize the optimization of
the position-detection precision.

Table 2. When Rsnrg = 20 dB, the precision of the position detection achieved by the QD at the center
position under different spreading gains.

Pseudocode Sequence Depth 1 31 63 127 255 511 1023
Gp (dB) 0 14.91 17.9 21.03 24.06 27.08 30.09
o (pm) 100 17.96 12.59 8.87 6.26 4.42 3.12

0G,=1/0 (dB)

0 7.45 8.99 10.52 12.03 13.54 15.05

From Table 2, it can be inferred that the precision of position detection achieved by
the detector without spread-spectrum technology is 100pm. When the modulation PRN
period is 1023, the precision of position detection achieved by the QD at the center position
is 3.12 pm. In this case, the precision of the position detection under spread-spectrum
technology is 15.05 dB higher than the precision of the position detection achieved without
spread-spectrum technology. Therefore, adopting beacon spread-spectrum modulation
significantly improves the precision of position detection. When the RsNgg is within the
range of 10 dB to 30 dB, as the depth of modulation of different spreading sequences
increases from 31 to 1023, the simulated performance of the QD position detection is
as follows:

It is evident from Figure 2 that when the spreading gain is kept constant, increasing
the SNR effectively improves the precision of position detection achieved by the detector.
At the same SNR, as the spreading gain increases, i.e., the depth of the modulating PRN
becomes greater, the precision of the position detection achieved by the QD improves.

60 I' T T T T T T T T T
d GP=1
GP=31
—y— GP=63 J
—e— GP=127
GP=255

(&)
o
T

i GP=511

—=— GP=1023

N
o
>

»

N
o

—_

Position Detection precision o, (um)
w
o

0
0 12 14 16 18 20 22 24 26 28 30

the SNR of the detector received photoelectric signal R SNRE(dB)

Figure 2. The various levels of position-detection accuracy achieved by the detector under different
spreading gains and SNRs.
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3.2. Analysis of Detection Sensitivity for QD under Spread-Spectrum Technology

During the process of detection using the QD system, the correlation operation per-
formed during despreading suppresses noise factors, thereby providing a certain spreading
gain that enhances the SNR. Consequently, a further analysis of the sensitivity of the QD
with regard to the use of spread-spectrum technology is warranted. In laser communica-
tion using intensity modulation, the relationship between the bit error rate (BER) and the
Receiver SNR of the detector output photocurrent is represented by the following [35,36]:

1 1
BER = —erfc| —= SNR) 18
serfe( 3V s
when the detector receives beacon light, it is affected by detector noise; this includes
thermal noise, shot noise, etc. Therefore, the expression used to represent the Receiver SNR
Enhancement (Rgnrg) of the detector receiver is as follows [37]:

2P2 MZ
RsNRE = £ "in
ZE(pPS + IDND)MZF(M)Af + 4NDkBTAf/RL

(19)

where P;, represents the received optical power, p represents the detector responsivity, M
represents the avalanche multiplication factor, Np represents the number of quadrants
of the detector, e represents the elementary charge, Af represents the bandwidth of the
receiver, T represents the temperature of the quadrant detector, F(M) represents the excess
noise factor of the quadrant detector, R} represents the load resistance, Ip represents the
dark current of the quadrant detector, and kp represents the Boltzmann constant.

When the system bit error rate is 1 x 10~° [38], the received optical power of the
detector can be obtained from Equations (20) and (21); as such, the receiver detection
sensitivity and its expression are as follows:

o _\/RSNE[Ze(me+IDND)M2F(M)Af+4NDkBTAf/RL] 0)

= P2 M2

when receiving low-power beacon light, the main sources of detector noise are thermal
noise and dark current. Therefore, according to Formula (22), we know that Ppin & v/ RsNRE-
According to Formula (15), when spread-spectrum technology is used, the output SNR after
despreading is Gp times the SNR of the received optical signal. Therefore, the detection
sensitivity of the quadrant detector will increase by a factor of \/Gp.

According to Formula (22), the detection performance of the QA-4000 quadrant detec-
tor from the First Sensor company is simulated. The detector’s parameters are as follows:
the photosensitive area diameter is 4 mm, the responsivity p is 0.36 A/W, the avalanche
multiplication factor M is 100, the bandwidth Af is 50 MHz, the dark current in each quad-
rant Ip is 7 nA, and the load resistance Ry is 10 k). Since the experiment was conducted
at room temperature and thermal noise is influenced by temperature variations, we used
296 K in the simulation to simulate a room-temperature environment. The excess noise
factor F(M) is 1. The change in the received optical power and bit error rate of the detector
under different spreading gains is depicted in the following figure:

It is evident from Figure 3 that, under the same spreading gain, the SNR increases
and the bit error rate decreases as the received optical power increases. When considering
different spreading gains, a larger spreading gain results in the detector having a lower
required optical power at the same bit error rate. For example, if the system operates under
a threshold condition (bit error rate of 1 x 107°), with spreading gains of 1023, 255, 127, 63,
31,15, and 1, the sensitivity of the QD is —62.6 dBm, —61.1 dBm, —59.6 dBm, —58 dBm,
—56.5 dBm, —54.9 dBm, and —47.1 dBm, respectively. That is, when the spread-spectrum
gain is 1023, the received optical power required for spread-spectrum communication
drops from approximately —47.1 dBm to —62.6 dBm. Therefore, by modulating the PRNs
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of different depths to expand the spectrum of the transmitted signal, SNR gain can be
obtained, thereby improving the sensitivity of the detector.
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QD receives optical power(dBm)

Figure 3. The relationship between the received optical power and signal bit error rate under different

spreading gains.

4. Construction of QD Experimental System and Digital Signal Processing

To validate the ability of spread-spectrum technology to enhance the precision of
position detection and reception sensitivity achieved by the QD, an experimental setup
was constructed; this is shown in Figure 4. The setup primarily consists of a signal trans-
mission board, laser driver board, laser emitter, optical power attenuator, zoom lens,
semi-transparent half-mirror, Charge-Coupled Device (CCD) camera, QD module, and
digital signal processing box. The QD module comprises the QD and a transimpedance am-
plifier, while the digital signal processing box includes an ADC and a field-programmable
gate array (FPGA). A block diagram of the quadrant detector experimental system is shown
in Figure 4. Experimental equipment parameters and models can be found in Table 3.

Receiver

spectrum

I
I Despread -
I
I

Free space Transmitter
1
Signal Laser I
modulators driven I
1
Optical power, Laser |
attenuators |
Zoom lens I
S S |

XYZ-positioner

Figure 4. Block diagram of QD experimental system. “BS” stands for beam splitter, which is a

half-transparent and half-reflective mirror.
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Table 3. Experimental equipment parameters and models.
Experimental Apparatus Parameters
Model: QA4000-10-TO
Quadrant Detector Responsivity: 36 A/W
Active Area: 4000 pm
Laser Model: CTLP-850-002m-4-B-PD
¢ Wavelength: 850 nm
Fiber Optic Attenuators Wavelength Range: 780 nm~980 nm
Beam Splitter T:R = 50%:50%
ADC Sampling rate: 65 MSPS
FPGA Model: EP4CE10F1717N

As shown in Figure 4, the QD utilized in the experiment is the QA-4000 model from
First Sensor, with a bandwidth of 50 MHz and a target surface diameter of 4 mm. The laser
and QD are fixed on a three-dimensional displacement stage (with an accuracy of 0.01 mm),
allowing the incident spot position on the QD surface to be adjusted via the manipulation
of the lower displacement stage of the laser. The incident spot radius is adjusted using a
variable-focus lens in front of the laser. The experimental system employs a laser diode
with a wavelength of 850 nm as the light source. At the transmission end, the PRN signal is
modulated at a frequency of 10 MHz, and an optical power attenuator is used to control the
transmitted light power. A half-transparent and half-reflective mirror splits the incident
light, with half of the light power directed into the camera for the fine calibration of
the incident spot radius and displacement. The other half of the light power enters the
QD module, generating analog optoelectronic signals. Finally, the optoelectronic signals
outputted by the QD are collected using a signal-processing box. The A/D converter in the
digital signal processing box has a sampling rate of 50 Mbps and an output data width of
12 bits. It converts the amplified analog optoelectronic signals into digital signals, which
are then processed digitally based on an FPGA used for signal despreading, outputting the
spot position, and communication data.

Based on the block diagram of the QD experimental system shown in Figure 4, a
desktop experimental system was constructed, as illustrated in Figure 5. In this setup, the
QD module receives spatial light, and within the digital signal processing unit, a digital
phase-locked loop based on FPGA is constructed for local PRNSs; this is in order to acquire
and track the phase of the input photoelectric signal and thus achieve signal despreading.
Since the frequency of the PRN signal modulated on the beacon light is much lower than the
light frequency, the phases of the photocurrent signals received by the four quadrants of the
QD can be considered to be approximately the same. Therefore, only the phase of the sum
signal of the four quadrants of the QD is tracked, thus enabling the local PRN to be tracked
for the four input signals of the QD quadrants. Additionally, four correlators were set up to
perform correlation operations between the tracked local code and the photocurrent signals
of each quadrant. This enabled the PRN signals received by each quadrant to be despread.

The digital delay-locked loop (DLL) consists of three main modules: a delay detector,
loop filter, and local PRN code generator. The local PRN code generator is used to generate
three sets of PRNs that are the same type as the input PRN but have different phases:
the Punctual code, the Early code, and the Late code. The delay detector comprises a
multiplier, an integrate, and dump, and an absolute value module. The multiplier, the
integrate, and the dump form a correlator, which calculates the correlation values between
the input signal and the local PRNs with different phases. The correlation value obtained
from the Punctual code correlator is used for data recovery and phase acquisition, while the
correlation values from the Early code and Late code correlators are used to track the phase
of the input PRN signal using the local PRN. The polarity of the correlated values after
integration is utilized to extract communication data from the input signal. The absolute
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value of the correlated values is input into the loop filter. The loop filter mainly consists of
two states: phase acquisition and phase tracking.
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Figure 5. The construction of the QD experimental system and digital signal processing.

Phase acquisition: The local PRN generator is adjusted with half-a-chip period resolu-
tion until a certain phase deviation between the locally generated reference code and the
input code is achieved. At the delayed location, correlation values that are higher than the
threshold required to complete phase acquisition are detected. Phase tracking: Once phase
acquisition is completed, the difference between the Early PRN correlator and the Late
PRN sequence correlator is used as the error signal in the control loop to determine the
phase deviation with a higher resolution. This enables the phase of the Punctual code to
the input PRN signal to be tracked. As shown in Figure 6 below, when the spread-spectrum
modulation PRN depth is 1023 and the received signal power is —40 dBm, the correlator
exhibits correlation values in two modes. During the acquisition phase, when the phases
are close, there are higher correlation values. When the correlation value exceeds the
threshold, the system enters the acquisition state. At this point, the despreading signal
exhibits minimal jitter.

The loop filter utilizes the error signal to update the oscillation frequency, which is
then input into the local PRN generator. The local PRN generator generates the local PRN
using a Numerically Controlled Oscillator (NCO). The updated oscillation frequency is
added to the NCO's fixed-point numbers, changing the step size of the code NCO and
thus modifying the code clock frequency. Eventually, the change in the local code phase is
integrated to achieve phase tracking between the input signal and the local code’s Punctual
code phase. At this point, the digital phase-locked loop achieves the demodulation of
the received beacon light communication data, while also tracking the phase of the input
photoelectric signal using the local PRN. The Punctual code of the local PRN is input into
four correlators in order to perform correlation operations. The results of the correlation
operation are then input into the calculation of the optical spot position, achieving the
calculation of the received optical spot position.
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Figure 6. The auto-correlation values of the Punctual code under the phase acquisition and tracking
states of the digital phase-locked loop.

To compare the positive effect that spread-spectrum technology has on detection
performance, the RMSE of the detected output positions is evaluated. Here, L represents
the number of times the position of the detected optical spot is output; x; represents the
x-axis output position for the i-th detection; and x,,,; represents the true value of the x-axis,
i.e., the actual distance moved by the displacement platform calibrated with the camera.

(xi - xreal)2

Tt~

(21)

5. Simulation and Analysis

From the analysis presented in Section 3, it is evident that spread-spectrum tech-
nology effectively enhances the SNR post-despreading, thereby influencing the precision
and sensitivity of QD position detection. To validate the efficacy of this method, experi-
ments were conducted using the experimental system constructed in Section 4 to assess
the precision and sensitivity of QD position detection under beacon spread-spectrum mod-
ulation. The PRN signal was set to 10 MHz, with modulation PRN depths of 1023, 127,
and 31; these corresponded to spread-spectrum gains of 30.09 dB, 21.03 dB, and 14.91 dB,
respectively. These configurations were compared with direct detection performed under
non-spread-spectrum technology to verify the effective detection of light-spot positions
under beacon spread-spectrum modulation; this was also in order to evaluate the improve-
ments observed in the precision and sensitivity of QD position detection across different
spread-spectrum depths.

5.1. Position Detection of Light Spot under Beacon Spread-Spectrum Modulation

To verify the effective detection of the light-spot position under beacon spread-
spectrum modulation, the range and linear region of light-spot detection were tested
and compared with direct detection. When the power of the beacon light received by
the QD was —36 dBm, the light-spot positions were recorded for two different incident
light-spot radii under both methods; these were 0.7 mm and 1 mm, respectively. When
employing spread-spectrum technology, the depth of the modulation PRN was set to 127.
For comparison purposes, under the same conditions regarding the light-spot radius and
QD output SNR, direct detection was utilized to detect the light-spot position. As this
paper investigates integrated measurement and communication technology, the direct
method directly modulates the laser using beacon data. At the receiving end, the position
was calculated using the absolute value of the signal. The position data were recorded
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along the x-axis as the light spot moved, with measurements taken every 10 um. The
true light-spot position was calculated based on the collected voltages and compared with
the method proposed in this paper. In Figure 7, w represents the light-spot radius. The
red solid line and green dashed line represent the x-coordinate curves obtained via direct
detection with a modulation PRN depth of 127 and without spread-spectrum technology
(Gp = 1), respectively.

|| ——aP=127
—=—GP=1

04r

®=0.7mm

Spot detection location(mm)

-0.6 L L L L L L 1 n L L L -0.6 1 1 L L L 1 1 L 1 L I
06 -05 -04 -03 -02 01 0 01 02 03 04 05 06 06 -05 -04 03 -02 01 0 01 02 03 04 05 06
The spot moves in position(mm) The spot moves in position(mm)
(a) (b)

Figure 7. Different radii: QD system detects light-spot positions under beacon spread-spectrum
modulation and direct detection: (a) Spot radius is 0.7 mm; (b) Spot radius is 0.1 mm.

As shown in Figure 7, the beacon spread-spectrum modulation method effectively
detects the receiving position of the light spot. Its detection range and linear region are
similar to those of direct detection, with the x-coordinate curves maintaining good linearity
within the interval (—0.2, 0.2). At the same time, as the spot radius increases, the linear
areas of the two increase when the radius is 1 mm. Figure 7 demonstrates that spread-
spectrum technology can effectively detect the position of the light spot without affecting
the detection range or radius of the light spot. Both detection methods are affected by the
relationship between the true position and the relative position. Therefore, employing the
optimized light-spot linear region method proposed in references [9,11-13] can further
enhance the relationship between the relative position and the true position of QD light-
spot detection using spread-spectrum technology. This optimization aims to maintain
the linearity of QD detection within a broader range. Moreover, it can be inferred from
Figure 7 that, under beacon spread-spectrum modulation, the jitter of the detected light-
spot position is reduced compared to direct detection, thereby enhancing the ability of the
QD to perform light-spot position detection. As discussed in Section 3, the modulation
of spreading sequences with different depths can achieve varying gain effects. Therefore,
this study further compares the variation in the precision of QD position detection under
different SNRs by modulating PRN sequences of different depths.

5.2. The Impact of Spread-Spectrum Sequence Depth on Position-Detection Precision

The SNR is a critical factor affecting the system error rate and the precision of QD
position detection. Employing spread-spectrum technology effectively enhances the SNR
after despreading, thereby influencing the precision of light-spot position detection. To
compare the impact of spread-spectrum sequences of different depths on the precision
of light-spot position detection under the same received optical power and to avoid the
nonlinear effects of QD position detection, statistical analysis was conducted on the output
positions of the QD when the incident light spot was positioned at the center of the detector
(true position equals relative position, xg = x, = 0), when the optical power received by
the QD was —40 dBm, and when the incident light-spot radius was 0.7 mm.
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Figure 8 presents the experimental results of modulation when using PRNs with
depths of 1023, 127, and 31, and direct detection. In the figure, 2000 detected spot positions
are sampled, with the y-axis representing the calculated actual position x. Via comparison
with Figure 8, it can be observed that as the modulation PRN depth increases, the spread-
spectrum gain becomes larger, and the fluctuation of the calculated values of x decreases.
When the spread-spectrum gains are 1023, 127, 31, and 1, the corresponding o, values
are 1.73 um, 5.86 pm, 12.3 um, and 62.31 pum, respectively. Therefore, adopting spread-
spectrum technology can effectively improve the precision of QD position detection; the
greater the spread-spectrum gain, the better the precision of position-detection precision
under the same receiving power.
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Figure 8. The detector system detects the position of the light spot for spread-spectrum gains of 1, 31,
127, and 1023.

To further analyze the improvement in the precision of position detection under low-
SNR conditions, in Figure 9, the centroid position of the spot is set at the origin of the
detector and a spot radius of 0.7 mm is employed. The variation in the precision of position
detection is illustrated as a function of the detector’s received optical power within the
range of —50 dBm to —30 dBm. The abscissa represents the received optical power of the
QD, while the ordinate denotes the RMSE of the detection output positions. The results are
presented in Figure 9:
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Figure 9. Variation in precision of QD position detection with different received optical powers.
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As shown in Figure 9, the beacon spread-spectrum modulation detection method
is significantly superior to direct detection. Under the same spread-spectrum gain, the
received optical power (that is, the signal-to-noise ratio) affects the accuracy of position
detection; as the received optical power increases, the system output oy decreases, resulting
in QD position detection with higher precision. If the system achieves a position-detection
precision of 15 um and a G, of 1023, 127, 31, and 1, the received optical powers of the
QD are —48.2 dBm, —43.8 dBm, —40.7 dBm, and —33.8 dBm, respectively. Therefore,
compared to direct detection, this represents 14.4 dB, 10 dB, and 6.9 dB reductions in
the optical power requirements, respectively. Hence, while maintaining the precision of
detection, it is possible to reduce the demand for the received optical power of the QD by
modulating pseudo-random code sequences of different depths. Additionally, an analysis
of the performance of the QD when detecting the position of the light spot under the same
received optical power is presented in Table 4.

Table 4. Position-detection precision achieved by the four-quadrant detector under different
spreading gains.

Received Optical The Improvement Received The Improvement in .
. . ops . . I, . Theoretical
Pseudocode Power is in Position Optical Power is Position-Detection Optimization
Sequence Depth —34dBm, o Detection Precision —37dBm, o Precision ve /o (dB)
(um) U'Gp=1/‘7 (dB) (um) 0'Gp=1/0' (dB) Gp=1
1 15.395 1 30.811 1 0
31 3.641 6.26 7.275 6.26 7.45
127 1.425 10.33 2.876 10.29 10.52
1023 0.525 14.67 0.983 14.96 15.05

Table 4 presents the accuracy of position detection under three different spread-
spectrum gain settings, as well as the experimental and theoretical improvements in the
precision of position detection under each spread-spectrum gain. When the received optical
power of the received signal remains constant, it is evident that the position-detection
precision achieved by the direct detection system oy is significantly lower than that of
the spread-spectrum detection system. Furthermore, as the spreading gain increases, the
improvement in the position-detection precision achieved by the system becomes more
pronounced. The gain in SNR achieved via the use of spread-spectrum technology effec-
tively enhances the system’s detection precision. When the received optical power at the
QD is —37 dBm, the oy for spreading depths of 1023, 127, and 31 is 0.983 pm, 2.876 pm, and
7.275 um, respectively. This represents improvements of 14.96 dB, 10.29 dB, and 6.26 dB
compared to the position-detection precision achieved by the direct method, which is
30.811 um. When comparing the theoretical values provided in the table, it is evident that
the spreading gain obtained by the spread spectrum is slightly lower than the theoretical
calculation due to the influence of the phase-locking performance of the digital phase-
locked loop. Additionally, oy decreases as the depth of the modulation PRN increases,
resulting in an increase in the position-detection precision; this aligns with the results of
the theoretical simulation analysis.

5.3. The Impact of Spread-Spectrum Sequence Depth on System Sensitivity

In order to verify the relationship between spreading gain and the sensitivity of the
detector system, signals with different spreading gains were designed and transmitted.
These included spread signals with PRN depths of 1023, 127, and 31. At a signal bandwidth
of 10 MHz, the corresponding effective data rates for these spread signals are 9.7 kbps,
78.74 kbps, and 322.58 kbps, respectively. The non-spread signal and spread signals
maintain the same bandwidth, with a data rate of 10 Mbit/s. The experimental results
obtained for the received optical power and beacon communication data error rate under
different spreading gains are shown in Figure 10.
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Figure 10. Graph depicting the relationship between the BER and the received optical power at
the QD.

It can be observed in Figure 10 that different spreading gains result in varying degrees
of improvement in the reception sensitivity. In addition, higher spreading gains lead to a
superior enhancement in sensitivity. Compared to the non-spread signal (with a sensitivity
of —39.6 dBm), the spread signal with a modulation PRN of 1023 achieves a reception
sensitivity of —54.2 dBm, resulting in an improvement of 14.6 dB.

Additionally, Table 5 presents the sensitivity of spread signals with PRN depths of
1023, 127, and 31, achieving a system-detection error rate of 1 x 10~°. It also presents their
improvements in sensitivity when compared to those achieved using direct detection with
a spreading gain of 1. The improvements in sensitivity achieved are 14.6 dB, 10.1 dB, and
6.4 dB for PRN depths of 1023, 127, and 31, respectively. The enhancement in sensitivity is
approximately proportional to \/Gp. Therefore, spread-spectrum detection can effectively
improve the sensitivity of the detector, and the received optical power required by the QD
is lower when the communication bit error rate is met.

Table 5. Sensitivity of QD system at different spreading gain levels.

Comparison of Theoretical
Pseudocode Received Optical Detection Sensitivity Sensitivity
Sequence Depth Power (dBm) Improvement with Improvement
Direct Detection (dB) (dB)
1 —39.6 0 0
31 —46 6.4 7.45
127 —49.7 10.1 10.51
1023 —54.2 14.6 15.04

6. Conclusions

This paper applies spread-spectrum technology to the detection of the QD’s low beacon
optical-power position and communication. By increasing the bandwidth of the transmitted
beacon communication data signal via spread-spectrum technology, gains are achieved in
the SNR after despreading. This enhances the position-detection precision achieved by the
QD and the sensitivity of the system. The experimental results demonstrate that the beacon
spread-spectrum modulation scheme can effectively detect light-spot positions, with a
detection range and linear region similar to those of direct detection. When the received
optical power at the QD is —37 dBm, the RMSE values for spreading depths of 1023, 127,
and 31 are 0.983 um, 2.876 pm, and 7.275 um, respectively. This represents improvements
of 14.96 dB, 10.29 dB, and 6.26 dB compared to the position-detection precision of the
direct method, which is 30.811 mm. Additionally, under an identical signal bandwidth,
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the sensitivity improves by 14.6 dB, 10.1 dB, and 6.4 dB, respectively. Therefore, spread-
spectrum technology is able to overcome the hardware limitations associated with reception
sensitivity and the precision of position detection to some extent. This comes at the expense
of bandwidth, but it leads to higher sensitivity and precision in position detection. Thus,
this method could be applied in practical scenarios requiring high-precision detection and
long-distance space laser communication using quadrant detectors.
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