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ABSTRACT In many optical communication systems, in order to make the optical networking convenient
and meet the application requirements, the optical terminals need to work in the same band and at the
extremely closely adjacent working wavelengths. In practice, due to the light reflection and scattering of the
wireless channels with the suspended particles, parts of the emitted optical signals will be reflected to the
focal plane array (FPA). On the other hand, because the bandwidth of practical optical filters cannot be
made narrow enough, or the sensitivity of FPASs is usually very high, the isolation between the transmitting
and receiving optical paths in the terminal cannot be made high enough even if the optical filtering are used.
Both the received optical signal from the remote terminal and the transmitted optical signal reflected by the
terminal or wireless channels will be detected by the FPA at the same time. The reflected optical signal will
interfere with the detection of the received optical signals from the far end, which seriously reduces the
detection performance and the accuracy of the light spot centroid calculation. This paper proposes an
integral control and increase-decrease counting statistical method for FPAs to eliminate the influence of the
reflected optical signal on the signal detection and the noise mean value in the mean value of the total
detection signal. The detection sensitivity of the received signal from the remote terminal, the isolation of
the transmitting and receiving paths and the accuracy of the light spot centroid calculation are improved by
this method. The Cramer-Rao lower bound is calculated and analyzed. In addition, the integral control and
increase-decrease counting statistical algorithm is verified by the two software co-simulation, and the

simulation results are given to illustrate the feasibility and performance of this method.

INDEX TERMS Optical communications, focal plane array detection, noise suppression

I. INTRODUCTION

Optical communication uses light as the carrier to transmit
information and has many advantages as a promising means,
such as higher data rate, smaller beam width, better
transmission  confidentiality = and  stronger  anti-

electromagnetic interference ability, etc. With the
continuous development and maturity of optical
communication technology in recent years, many

demonstration experiments of laser links from near earth to
lunar distance have been successful, which greatly promote
the development of high-speed space laser communications.
In order to meet the increasing needs of human beings,
space optical communication technology is gradually
applied to various fields, such as near earth optical
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communication, deep space exploration, underwater optical
communication, terrestrial free space optics, etc.

In a variety of optical communication applications, the
terminal usually uses the focal plane array (FPA) to detect
the optical signals to complete the integration of
telecommunication, acquisition, tracking, pointing, ranging
and other functions. For example, the space-borne optical
communication terminal uses the FPA to detect the optical
signal. Each pixel of the FPA receives the incident optical
signal respectively, carries out photoelectric detection and
outputs the gray value of the received signal for the pointing,
acquisition and tracking (PAT) function of the terminal. The
FPA can be the photodiode PIN detector array, avalanche
photodiode (APD) detector array, Geiger mode APD detector
array, etc, working in visible light, near infrared, mid infrared
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or far infrared bands, and its materials can be silicon, InGaAs,
HgCdTe, etc.

FPAs have the following advantages for optical
communications: (a) The detection sensitivity of FPAS is
usually very high and can achieve the high accuracy of the
spot centroid calculation. For example, the detection
sensitivity of InGaAs FPAs is about -80dBm ~ -85dBm,
while the detection sensitivity of four quadrant detector (QD)
is about -65dbm~-70dBm. (b) The FPA is composed of
multiple pixels, which is easy to be expanded in scale, and
can achieve a larger field of view (FOV) by adding pixels for
acquisition. It can also achieve spot tracking by the signal
detection of different pixels, so using one single FPA device
can achieve both acquisition and tracking at the same time. (c)
The space intervals between FPA pixels are small comparing
with those of QD, and there is no need to defocus the
received spot to achieve the FPA signal detection, which will
decrease the detection sensitivity and increase the equipment
complexity.

In practical applications, the FPA in optical terminals will
receive a variety of noises. The main noise sources include
the following: (1) Due to the low isolation of the transmitting
and receiving paths in the optical terminal, part of the
transmitted light is reflected and detected by the FPA, and
interferes with the received signal detection. (2) During the
application of optical terminals, due to the external dirt, dust,
unknown obstructions on the mirror surface of the telescope
and other reasons, part of the transmitted optical signal can
be reflected and detected by the FPA resulting in the
detection noise. (3) Due to the scattering and reflection of the
optical signal by various airborne particles in the wireless
channel, especially in the turbid underwater channel or the
atmospheric channel, part of the transmitted signal can be
reflected and becomes the part of incident signals. (4) The
FPA detector noises include the shot noise, dark current noise,
thermal noise and readout circuit noise of FPA devices, etc.

On the one hand, the power of the transmitted optical
signal is usually very high in order to meet the need of the
long-distance communication, so the reflected optical signal
can be a big noise contribution. On the other hand, the device
states of optical terminals in use change continually. For
example, the cleanliness of the telescope mirror or the
pointing ahead angle of the transmitted optical signal changes
gradually in use, so the intensity and spatial distribution of
the reflected optical signal change randomly, continuously
and slowly compared with the communication data. These
random noises seriously reduce the performance of the
received signal detection and the accuracy of light spot
centroid calculation.

In many optical communication systems, in order to make
the optical networking convenient and meet the system
application requirements, the optical terminals need to work
in the same band and at the extremely closely adjacent
working wavelengths. For example, the working wavelengths
of the two inter-satellite optical terminals are in the 1550nm

band, and the wavelength interval is less than 1nm. In some
practical and advanced applications, because the bandwidth
of the optical filter cannot be made narrow enough, the
optical communication terminal cannot perform satisfactory
isolation of the receiving and transmitting paths by only
using the traditional filtering. For example, the bandwidth of
the narrow band optical filter in front of the FPA can only be
2-3nm in practice. Thus the received optical signal from the
remote terminal and the transmitted optical signal reflected
by the terminal or the wireless channels are both detected by
the FPA at the same time. The reflected optical signal, which
contributes to the noise source in the signal detection,
seriously degrades the performance of the optical signal
detection and reduces the accuracy of the spot centroid
calculation.

In order to solve this noise interference problem of FPAs,
this paper proposes a method of the integral control and
increase-decrease counting statistical algorithm (ICIDC). In
this ICIDC method, on the one hand, the special designs of
different transmitted signal formats are adopted for the
different transmitters, and the special design of the
corresponding integral control signal of the FPA is adopted at
the receiver. In addition, the signal detection and processing
based on the increase-decrease counting statistical algorithm
is used to eliminate the noise effectively. On the other hand,
the noise mean value in the mean value of the total detection
signal is eliminated by the increase-decrease counting
statistical algorithm, so as to greatly eliminate the noise
influence on the detection signal, and to effectively improve
the sensitivity of the received signal detection, the isolation
of the transmitting and receiving paths and the accuracy of
the spot centroid calculation.

On the base of the principle of statistical signal detections,
the composition and characteristics of the detection signals
and noises are analyzed in this paper. The statistical models
of FPA signal detections are established, and the specific
implementation scheme by using the ICIDC statistical
algorithm is designed. The performance of this method is
analyzed and the Cramer-Rao lower bound is calculated. At
the same time, the co-simulation of the OptiSystem and
MATLAB software is implemented, and the output signal
waveforms and calculation results are obtained. These
calculation results fully prove the feasibility and performance
of this ICIDC method.

Il. SYSTEM OVERVIEW AND SIGNAL DESIGN

The implementation scheme of the ICIDC statistical
algorithm for FPAs includes three parts: (a) At the
transmitter, the special designs of differently modulated
signal formats are adopted. The emitted optical signals from
the different optical terminals are modulated with different
frequencies, and work in the same band and at the closely
adjacent wavelength. (b) At the receiver, the special design
of the integral control signal for the FPA is adopted, so each
pixel detector of a single FPA with the same one integral
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control signal can output different integral results for the two
optical signals with the differently modulated frequencies. (c)
At the receiver, the ICIDC statistical algorithm is used for
each pixel detector output to eliminate the influences of the
reflected optical signal and the device noises, in order to
effectively improve the detection performance, the path
isolation and the centroid calculation accuracy, etc. The
system diagram of one application is shown in Fig. 1 as
follow.

A. FORMAT DESIGN OF MODULATED SIGNALS S, (t)
AND S, (t):

In one communication system, the transmitted optical signal
from the terminal A is at the wavelength of 1550nm and is
modulated by the signal S; (t) with the frequency f; and the
equivalent average amplitude I, . The transmitted optical
signal from the terminal B is at the wavelength of 1551nm
and is modulated by the signal S, (t) with the frequency f;
and the effective average amplitude I,. The S;(t) and S, (t)
are the periodic signals of the On-off Keying format and
fi # f>. In each S, (t) period [0,T;) and T; = (%) the FPA

integral output of S; (¢t) during the time interval of [0, pT,) is
different from that of S;(t) during the time interval of
[pT,, T,) and can be represented as “7’1 and —* "’1 respectlvely In
each S,(t) period [0,T,) and T, = (7) the FPA integral
output of S,(t) during the time interval of [0,p'T,) is
different from that of S,(t) during the time interval of
[p'T,,T,) and can be represented as =2 - and 2 respectively.
The signal S;(t) and S,(t) can be represented by (1) as
follow, where u+v=1, u=v,u +v' =1, u #v’',
uel01], vel01], v €[01], v e[01], fi#fo,
p € (0,1)andp’ € (0,1). u, v, u',v',p,p’, I, and I, are the

positive real numbers. M;, M,, f;, f, and [ are the positive
integers.

(+1)(2M1+1) (1+2)(2M1+1)

f — f _ @M+
fl(zM1+i) Sl(t) dt = f(l+1)(21\1{1+1) Sl(t) dt = —1
f1 f1
1(2M1+1)+Mq I+ (M1 +1) e
f _ f _ ML
Jmsy  S1@® A= Juunemgnom S1O) dt ==
f1 f1
L+p 1+1
I 1
/1S, (t)dt =“1¢f, Sl(t)dt—v—l
f1
+1)(2Mp) (l+2)(2MZ) ol (1)
f 2Malz
l(zMz)2 SZ (t) dt = f(l+1)(zM2) SZ (t) dt = 2
f2 f2
1(2M)+My +1)(2Mp) .
f — f _ Mzl
' S2(O) At = Juu Gy, S2(B) A = 22
f2 f2
l+p l+1
f u'l —
[/7Sa0de = [ 75,0y de =2
f2 Tz

B. FORMAT DESIGN OF INTEGRAL CONTROL SIGNAL
Sint(t)

In this ICIDC method, the multi-frame joint design is
adopted for the FPA integral control signal S;,.(t), so the
optical terminal can use the pixel detectors of a single FPA
and the same one S;,.(t) to differentiate the two incident
optical signals modulated by S; (t) and S,(t) with the two
different frequencies f; and f,, in order to obtain their
equivalent average amplitudes I, and I, respectively and
more precisely. In addition, the mean value of noises can be
removed from the calculation formulas of I; and I, and the
noise influence can be suppressed.
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FIGURE 1. System overview
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The main design of this FPA integral control signal S;,,.(t)
includes the following parts: (1) There are several frames in
each period of the periodic S;,.(t) and there are several time
segments in each frame of this S;,,;(t). In each time segment
of this S;,:(t), the number of periods of one incident
modulated signal (e.g. S;(t)), which are integrated by the
FPA, is a positive non-integer, and the number of periods of
the other incident modulated signal (e.g. S,(t)), which are
integrated by the FPA, is a positive integer. (2) For both of
the two incident modulated signals (e.g. S; (t) and S, (t)), the
integral output of one FPA pixel detector for the former part
of one signal period (e.g. [0,pT;) or [0,p'T,) ) is different
from that for the latter part of one signal period (e.g.
[pTy, Ty) or [p'T,,T,) ). One of the multi-frame joint
schemes for the integral control signal S;,;(t) is proposed
and the integral output of one FPA pixel detector is analyzed
as follow.

1) INTEGRAL CONTROL SIGNAL S;,,;(t)

The FPA integral control signal S;,,.(t) is a periodic signal
modulated as the On-off Keying format and each S;,.(t)
period includes 4 frames, which are represented as the R
frame, the (R+ 1) frame, the (R + 2) frame and the
(R + 3) frame with the frame time Ty, = f; where R

frame
is a positive odd number. The integral operation is enabled
when  S;,,.(t) =1 and the integral operation is disabled
when S;,,.(t) = 0.
During the frame time Ty.qm. Of the R frame and the
(R+1) frame, there are K consecutive integral time

i2My+1)  (i+1)(2M;+1) i2My)  (i+1)(2My)
segments of ( T )or ( Fa ) and

Tframe = K(ZI\/;11+1) = K(Zgz) , Where i =0,1,2... (K - 1) .

In addition, there is an integral time Tipegrq iN €aCH Trrgme
of the R frame and the (R +1) frame and Tiregrar <

Trrame » and there are J integral time segments in each

2M;+1 2M.
Tintegral: Tintegral 21( ;1 )21( fz) and ] <K because

of the reset time of the FPA device in practice. During the
frame time Ty,qme Of the (R + 2) frame and the (R + 3)
frame, there are K’ consecutive integral time segments of

i'(2M5+1)  (I'+1)(2M5+1) i'(2my)  ('+1)(2My) _
( i’ fi )or( £ £ )anderame—

K’ (2”;—“) =K(¥) , where i’ =0,12..(K' —1) . In

addition, there is an integral time Ti,¢egrq” iN €ach Trpgme OF
the (R +2) frame and the (R + 3) frame and Tiregrar’ <

Trrame » and there are J' integral time segments in each

Tintegral, ) Tintegral’ =] (%) =] (%) and ]’ <K’
because of the FPA device reset time in practice. M5, M,, K,

K', ] and J' are the positive integers.

2) R AND (R + 1) FRAME DESIGN
In the R frame, the FPA detects and outputs the integral of
the incident signals including S, (t) and S,(t) during the

time segment of (“2"?“) ,"(ZM”;)"MS“’). The integral
1 1

output of one pixel detector for S;(t) in this time segment
includes a positive non-integer number of the S; (t) signal

4

period and is expressed as (Mé}'—”)“ The integral output of one

pixel detector for S,(t) in this time segment includes a
positive integer number of the S,(t) signal periods and is

expressed as M;’Z .

In the (R + 1) frame, the FPA detects and outputs the
integral of the incident signals including S,(t) and S,(t)
during the time segment of
((i+1)(2M1+1)—M5—p (i+1)(2M;+1)

; , F ) The integral output for S, (t)
in this time segment includes a positive non-integer number
of the S, (t) signal period and is expressed as (M’;—")’l The

integral output for S,(t) in this time segment includes a
positive integer number of the S,(t) signal periods and is
expressed as M;’Z, where Mg + u # M, + v. Mg, Mg, M, Mg
and M, are the positive integers. The FPA output signal can
be modeled as follow:

(i+1)(2M,+1)

fi
i(2M,+1)
f

1
(i+1)(2M,)

(i+2)(2M;+1)
1

[( +1)(2M +1)

$1 () Sine (D) dt = $1(®)Sime (V) dt

(l+2) (ZMZ)

f2 f2
oy SO @de= [ " 5@ ar
12 Iz
i(2My +1)+ Mg +p (Mg + w1,
1 or Sy (t) = 1 and R frame
e SOSweac=] SO !
Tr 0 for Sine () = 0 and (R + 1) frame

(i+1)(2M,+1)
1

0 for Sipe(t) = 0 and R frame
$1(6) Sine(B)dt = {(M7 +v);
fi

(i+1)(2M1f+1)erp for Sy (t) = land(R + 1) frame

(Mg + w1y - M, +v)Iy
fi fi
i(2My+1)+Ms+p Mgl, For Sue(t) = 1and R f
f —_ orS; =1an rame
M, +1) S ()Sime(D)dt =1 f e
A 0 for Sipe(t) = 0and (R + 1) frame
@+1)(2M, +1) 0 for Si(t) = 0and R frame

fi

(i+1)(2M;+1)-Ms—p
fi

52(8) Sime ()t = {M;lz for Sype(t) = 1and (R + 1) frame

)

3) (R + 2) AND (R + 3) FRAME DESIGN
In the (R + 2) frame, the FPA detects and outputs the
integral of the incident signals including S, (t) and S,(t)
"(2M;5+1) i'(2M3+1)+M10+p') The

during the time segment of (i F , ;

integral output of one pixel detector for S;(t) in this time
segment includes a positive integer number of the S;(t)
signal periods and is expressed as % The integral output

for S, (¢t) includes a positive non-integer number of the S, (t)
signal periods and is expressed as Mygtu)ly

In the (R + 3) frame, the FPA deiects and outputs the
integral of the incident signals including S, (t) and S,(t)

during the time segment of
((i'+1)(2M3+1)—M10—p’ (i'+1)(2M5+1)
- - fl. ' - fl -y -
S;(t) in this time segment includes a positive integer number
of the S, (t) signal period and is expressed as M”“ . The

integral output for S,(t) includes a positive non integer
number of the S,(t) signal periods and is expressed as

hatvDl: \where Mys +u' # My, + v'. Myg, Myy, Myy, My

). The integral output for

2
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and M, , are the positive integers. By the design of integral
control signal S;,,:(t), the formula (Mg — Mg)(My; — My,) #
[(w—v) + (Mg — MDI[(W —v") + (My3 —My,)]  can  be
satisfied. The FPA output signal can be modeled as follow:

'+ (2M5+1)
1

('+2)(2M;3+1)

ey 1O Sme@dt= | o SiOSm (D dt

(i’+f;)(zm4) (i’+2J<£IM¢)

iy S OSm@dt = |, o S (OSm () de
?(2M3+1)+Mw+y' " My 14 _
i'(ZMaﬂ); (DS (6) dt = {T for Sp(t) = 1 and (R + 2) frame
A 0 for S () = 0 and (R + 3) frame

G'+1)(2M3+1)
fi

0 for Sy (t) = 0and (R + 2) frame

: ={ Myl
(i’+1)(2M3;-1)—M|u—P'Sl(t) Sinc (£)dt }2 E for S (t) = 1and (R + 3) frame
1 1

Mz +udl, | (M + ),
*
f2 f2
i 2M3+1)+M;o+p’ M3 +u')l.
. (s + )l for S (t) = 1 and (R + 2) frame
i amye1) S2(8)Sine () dt = fa
y 0 for S (t) = 0 and (R + 3) frame

('+1)(2M3+1)
1

0 for Sy (t) = 0 and (R + 2) frame
LS5 (t) Sine(D)dt = {(Mu +v),

(' +1)(2M;3+1) =My —p'
fi

forSp:(t) = land(R + 3) frame

3)

lll.  MODELING AND ALGORITHMS

In the ICIDC method of the FPA signal detection and
processing, by using differently modulated signal designs for
the different optical terminals, and combining with the multi-
frame joint design of integral control signals, as well as the
increase-decrease counting statistical algorithm, the FPA
pixel detector outputs differently for the two modulated
incident signals. Therefore, the equivalent average
amplitudes of the two incident signals e.g. I; and I, can be
obtained respectively, and the interference signal and device
noises are suppressed at the same time. This ICIDC can
ultimately improve the optical signal detection performance
and the spot centroid accuracy.

If the number of the incident signal periods that are
integrated by the FPA is a positive integer, the
synchronization between this signal and the integral control
signal will not impact the integral output results because of
the signal periodic properties. In this paper, it is assumed that
the synchronization between the modulated incident signal
and the integral control signal can be achieved. If the number
of the incident signal periods that are integrated by the FPA
is a positive non-integer. The detailed synchronization
method is out of range of this paper and will discuss in the
future.

A. MODELING AND ANALYSIS OF THE FPA SIGNAL
DETECTION

Each pixel of the FPA outputs the integral electrical signal of
the photoelectric detection at the frame frequency frrame
which is expressed as the output sequence y[n]. According
to the design of the modulated signals and the integral control
signal, and the analysis of the FPA noise sources, the integral
output part of the signals S, (t) and S, (t) for each pixel is the
deterministic variable and the noise output part for each FPA

VOLUME XX, 2021

pixel is the Gaussian-distributed random variable N,,, which
can be represented as N,~Gaussian(m,,c,?) with the
mean m,, and the variance o,,>. The total output sequence
y[n] for each pixel is also the random variable
y[nl~Gaussian(m,,0,?) with the mean m, and the
variance o,,* = 0,,>. Because each pixel detects the optical
signal independently, the FPA outputs are the independent
and identically distributed (i.i.d) Gaussian random variables.

The observation vector ¥ is formed by the following
expression:

Y= [Yl Y, V5 Y, Yy Yer1 Yoz Yors yNy]

4)
where Y, = 355 y(N,h + @), @ can be q, (g +1),

(g+2) or (q+3) .q€f{1,59....(N,-3)}, (g+ D€
{2,6,10...,(N, - 2)}, (q+2€{3,711...,(N, - 1)},
(g+3)€e{4812...,N,}. N,=4u,N,. L. pandq are
the positive integers. In each calculation, there are L periods
in the output sequence y[n] and there are N, elements in
each period of y[n]. By using the summation formula of Y,,,,
the corresponding elements with the same sequence number
in periods are added to form the variables Y, Y44, Y44, and

Y443, and the observation vector Y is formed finally. The

diagram for the vector Y construction is shown in Fig. 2
below.

The N, elements of y[n] The N, elements of y[n] The N, elements of y[n

Yor1 Yoz Yous

FIGURE 2. Diagram of the observation vector Y construction
The elements of the observation vector Y are the i.i.d

Gaussian-distributed random variables according to the
central limit theorem in statistics and are obtained as follow:

wly  [JMs I
o= [ - e, + b 2 o[ 4 et - pyam,) 2 7+ Mg
Yprs = ’;]—f” + [jﬁ +a(K - M, + 1)] 7 [/— +aK —])ZMZ] )’TZ + Npgaen)
I, 11 1 I,
Yyro = uzjfl [] +a'(K' = J)(2M; + 1)] [ :ra' (K -] )ZM,,] 7 + Ny gs2)

| it
L 77] lz ]Mlz L [] My,
fi

%2 4wk — My + 1)] YK —] )2M4]f + Nyar)

®)
where Ny, g, Ny, (q+1)» Nb,(g+2)+ Nb,(q+3) re the output noises
of the elements of the vector ¥ for each pixel and are the
Gaussian-distributed random variables, Gaussian(m,, 6,,%)
with the mean m,, and the variance o,,2 if the non-uniformity
of the FPA pixels is very small and can be ignored. « and a’
are the positive real number, « € [0,1] and @’ € [0,1]. The
elements Y, , Y41, Y,4o and Y, 5 are all the Gaussian-
distributed random variables GauSSLan(my, oy?) with the

2
mean m, and the variance oy ? = L2 L= an
The decision vector F = [F3  F,] can be formed as the

following expression:
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Fp = Z(L) (Y= Vo Vo = Yo b oo ¥y = Yoy b Vi = Vi 2) = 2 (Yo = Yua)
4

F} = 2(1%173,) (Y3 =Y, +Y, =Yg+ Yq+2 - Yq+3 ot YNy—l - YNy) = %(YQ+Z - YQ+3)
4

(6)

where @ and (Q + 2) are the positive odd number, (Q + 1)
and (Q + 3) are the positive even number.

Ny _
The calculation formulas are Y, _(le)z( )(Y4]+1)
N Ny
Yoi1 = @25:0 )(Y4j+2) , You2 = @ZE: )(Y4j+3) and

N
Yo+3 =@2(_71_1) (Yaj+4) - According to the above noise
analysis and the central limit theorem in statistics, for larger
parameter L, the elements of the observation vector Y,
namely Yy, Yo11, Yo42 and Yyi3, are the ii.d random
variables and obey the Gaussian distribution, namely

2

2
Yo~Gaussian (mQ,(,i%)) v Yoy1~Gaussian <mQ+1’(;—%)L> ,
2
Yo42~Gaussian (mQ+2, (Ny)L> and Yo43~Gaussian <mQ+3'(Ny)L>
where the mean values are my, Mg41, Moy and my, 3 and

(4)L

the variances are ——, which can be expressed as follow

respectively:

E(YQ) my = 1;];11 i(%+%) a(K—])(ZA/;11+1)(Il+Iz)+mb
B(Tpra) = gy = 24 (M M) | D)
' 1!
E(Yor2) = Mgso = "2;2'2 4 (M g ) LI (& )(Zf"f“)('“'z’ +m
e ' gt

E(YQ+3) = Mgy = vzllez + ];(M;jll + M;_le) + (x'-J )(ZZ3+1)(11+12) +m,
Var(YQ) = Var(YQ+1) = Var(YQ+2) = Var(YQ+3) = %

P

)

According to the above analysis, the decision variables Fy

and F, of the vector F also obey the i.i.d Gaussian
distribution and can be expressed as
- i mo-mgor1 Oy
Fg Gaussian <72 ,(&)) and
Fy~Gaussian<w - ) where the variances of Fj
2 Gk

2

and F, are the same g;% = ‘lz d

e
B. CALCULATION OF THE EQUIVALENT AVERAGE

AMPLITUDES I and I,
For the FPA signal detection, it is assumed that the

decision vector F = [Fg FE/]is the ergodic random vector
and the statistical mean values of the variables F; and F, can

be expressed by their temporal mean values respectively
according to the statistical theories. The measured samples of

the observation vector F with the number Zr can be

Fga'  F
represented as F = | Fs2"  Fy2" |. The maximum likelihood
FB'ZF, FV.ZF,

(ML) estimator Ty, = [f1,,, f2y,] Of the vector I=
[I; I3] can be calculated by the following formula:
a{ln[p(ﬁli)]}l . —o
aly L=l — (8)
afin[pF|D]} |
al, L=lyyy,

where p(*) is the probability.

By the design of the integral control signal S;,:(t), the
formula (Mg — Mg)(My; — My5) # [(u—v) +
Mg — M)W —v")+ (M3 — M,)] is satisfied. The
mean values mg 5 and mg, of the variables Fz and F, , and

the statistical observation mean values Fg' and F,’ are
represented as follow.

mQ Mo+1 [(u—v)+(Me—M;)]] 1y [(Mg—Mo)]] 1,
mpr = +
B 2 4f; 4f (9)
m _ MQ42=MQ43 [(u' -v")+(My3-M1 )] L, + (My3—M12)]'1;
L2 2 - 4f, 4f1

FB I_ZZF Fﬁj (10)

where Fy ;" and F,, ;" are the measured sample data of the
random variables F; and F, respectively for the jth
measurement during a long measured time, and Z is the
number of the measured samples of Fgz and F,. In the above
calculation equations, the mean values of noises are
eliminated from the mean values of random variables Fj and
E, respectively, and the influences of noises are suppressed.
The formulas for calculating the ML estimator can be
represented as follow:

(X Y (G I U G C v |
ol n J2nor? exp 2052 J2mop? exp 2052 -

2 2
2 1 (Fomeg) \ s (Fr=mey) \|| _
la_ll {ln \2nop? exp <_ 20p2 >\/21wp2 exp <_ 20p2 =0

(11)
The following formulas can be obtained by using (8), (9),
(10) and (11)

1 Zp r_
Z YLy Fgj' = mg,
1 Zp r_
szj=1 F}’.] - mFy

The Tyy = [f1,y, T2y,] can be calculated as follow by
using (9), (10), (11) and (12).

IilML =

liZML =

(12)

A (Mg=Mo) By~ 0"+ (5 -Ma T F |
J'J{(Mg—Mg) (M1, —My3)~[(u—v)+(Mg—M)][(w' —v")+(My3—M1,)]}

A (M =Moo' F = (o) + Mg=M) - Fy )
J'J{(Mg—=Mg) (M1, —Myp)~[(u=v)+(Me—M)][(w' —v")+(M13—M14)]}

(13)
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IV. PERFORMANCE ANALYSIS
A. UNBIASED PROPERTY

The ML estimator Ty, = 12

I, I,,] is proved to be

unbiased by calculating the mean value E (m) of the ML
estimate m as follow and by using (9), (10) and (13) :

E(l,,) =E 42 (Mg =Mo) J- By —[(u'~v" )+ (33 -M10)] S )
ML J'J{(Mg—Mg) (M1 ~M15)—[(u—v)+(Me—M)][(w' —v")+(M13-M14)]}

_ affe=Mo)JB(R)=[(uw'—v")+ (M1s-M10)] " E(F4)}
T H(Mg=Mo) (My1~M12) ~[(u=v)+(M=M)][(w'~v")+(M13—M14)]}

= 11
(14)
E(D,,,) = E< 45{ M1y =M1 )" F g~ =)+ (Me-Mp)1-J- Fy '} )
ML J'J{(Mg=Mg)(My11~M12)~[(u=v)+(Me—M)][(' —v")+(M13-M1)]}
afo{(M11-M1p))"- E(FgT)- =)+ Mg -M) - E(R, )}
T 1 H(Mg—Mg)(My1—M12) —~[(u-1)+(Mg—MI[(u' —v") +(M13~M1 )1}

=1,

(15)

B. ESTIMATOR EFFICIENCY AND CONSISTENCY

In order to quantify how optimal this ML estimator is with
respect to the mean square error (MSE), the Cramer-Rao
lower bound (CRB) on the estimation variance is derived and

a{in[p(F|D]} —
analyzed. Because  of oL |,1=,1ML =0 and
M| - =0, the following formulas can be
al, Ip= 2ML
obtained:

o{in[pFD]}
ain[pFD]} _ an [/
ar afin]| p(F|1)]}

—T 0
=l
al,

]12] [11
J221|1,
(16)

The Fisher information is calculated as follow for the
unrelated /; and I,:

(1 - S|Pl FEID]) {[(u =) + (Mg — M)J* + (My; — MIZ)ZJ'Z}
e AL O'FZ 4f)?
{ foa = —E [az{ln[p(fll)]}] { (Mg = M) + [0 = v') + (Mys MM)]ZJ'Z}
vz T @f,)?
17

The estimation signal noise ratio p; and p, can be
represented as
{[(u —v) + (Mg —

M2 + (Myy — Muw'z}

~ Gf)?
P = o2
[(Mg — M)1?J* + [(u' — v) + (My5 — M14)]2],2
. af)
2= 2

Of
(18)
The estimation mean square error 3;12 and 5;220f the
unrelated variables I; and I, can be obtained and are equal to
the CRB as follow, which means the unbiased ML estimator
Iy =[h,, I,,] hasthe minimum mean square error. If
the measurement number z. and the estimation signal noise

ratio p; and p, are increased and the estimation error can be
decreased in practice.

L 1 _ 1
(= azzn[p(Fll)] {[(u —v) + (Mg = M2 + (M, — Mu)zl'z}
on* UFZ (4£1)*
2 1 - 1
l% -E [azl”[mﬁ 0] Z—F{[(M" =~ Mo)2J + [ — 1) + (M3 = My
alL,° og? (4f2)?
(19)
ez L
i ZpP1
oLl
ZpP2
(20)

V. APPLICATION AND SIMULATION
The equivalent average amplitudes I, and I, can be obtained
respectively by using the ICIDC statistical algorithm based
on the FPA |, in order to effectively eliminate the influence of
the reflected optical signal on the signal detection, and to
eliminate the pixel noise mean value from the expression of
Iy and I,.

In an optical communication system including the terminal
A and B, the FPA output of each terminal has the frame

frequency frrame = 10kfps , and Trrgme = f; =
frame

100us. The working wavelength of the optical signal emitted
by the terminal A is 1550nm, and its modulation signal S; (t)
is the OOK modulated signal with the frequency f; =
1.7MHz, the duty cycle 50% and the equivalent average
amplitudes I,. The other parameters for the terminal A are

=10, M, +1) =17, KM, +1) =170, M; = 8,
w = 8.5 . The working wavelength of the optical signal

emitted by the terminal B is 1551nm, and its modulation
signal S, (t) is the OOK modulated signal with the frequency
fo = 1MHz, the duty cycle 50% and the equivalent average
amplitudes I,. The other parameters for the terminal B is
K=10, (2M,)=10, K(2M,) =100, M,=5,

M) _ 5 The incident optical signals for the terminal A

2

include: (1) the reflected signal S; (t) that is emitted by the
terminal A. (2) the receiving signal S, (t) that is transmitted
by the remote terminal B. The system diagram for the optical
terminal A including incident light signals is shown in Fig. 1.
The integral control signal S;,,;(t) is designed in (21) as the
OOK modulation periodic signal with one period time of
Teycre = 400us , which includes 4 frames, namely the R,
(R+1), (R+2)and (R + 3) frames. Each frame time is
Trrame = 100us and includes K = 10 time segments. It is
assumed that the synchronization between the signal S, (t)
and the local timing clock of the terminal A has been
completed well and the reset time for each frame are
ignorable for this FPA.
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[R-100us +i-10us] <t < [R-100us + i-10us + 5us] i=01..9
[R-100us +i-10us + Sus] <t < [R-100us + (i +1)-10us] i=01..9
[(R+1)-100us +i-10us] <t < [(R+1)-100us +i-10us + 5us]i=10,1..9
[(R+1)-100us +i-10us + 5us] <t < [(R+1)-100us + (i + 1) - 10us]
i=01..9
1 [(R+2)-100us +i-10us] <t <[(R+2)-100us + i-10us + 3.53us]
i=01..9
0 [(R+2)-100us + i 10ps + 3.53us] < t < [(R +2) - 100us + i - 10ps + 6.47us]
i=01..9
0 [(R+2)-100us +i-10us + 6.47us] <t < [(R+2)-100us + (i + 1) - 10pus]
i=01..9
0 [(R+3)-100us +i-10us] <t <[(R+3)-100us +i-10us + 3.53us]
i=01..9
0 [(R+3)-100us + i - 10ps + 3.53us] < t < [(R + 3) - 100us + i - 10ps + 6.47us]
i=01..9
1 [(R+3)-100us +i-10us + 6.47us] < t < [(R + 3) - 100us + (i + 1) - 10ps]
i=01..9

1
0
0
1

Sine () =

(21)

By using the co-simulation of the OptiSystem and
MATLAB software, the modulated signals of S;(t) and
S,(t), and the FPA integral control signal S;,.(t) are
generated, and the FPA detection system are built and
simulated. The FPA output signals are obtained and the
ICIDC statistical algorithm are programmed and calculated
finally. The statistically calculated results of the equivalent

average amplitudes I; and I, can be obtained respectively
and clearly. The diagram of the optical detection simulation
for the terminal A is shown in Fig. 3 and Fig. 4 as follow.
Because of the page limitation, the synchronization of this
method will be discussion in the future.

The 6X6 elements of FPA are simulated and the light
spots of Gaussian beams from the terminal A and B are
generated with the center power -50dBm, respectively.
These two spots are overlapped in order to simulate one of
the worst cases. The FPA integral output signal is shown in
Fig. 5(a) and the FPA total received signals are shown in
Fig. 5(b). The noise of each element is added to the FPA
simulation system as a Gaussian random variable. By the
ICIDC statistical algorithm, the equivalent average
amplitudes I; and I, can be obtained more precisely, as
shown in Fig. 5(c) and 5(d).

Modulated - -
Signal Optical Wireless _
Generation [[i8n2! —»{Optical ~ |—» Stajustlcal
S, () Modulation Channel 1 FPA signal Slgna!
Optical Detection Calculztlon
Modulated - - Slgne?l And tht
Signal thlcal ergless Detection Processing 18
Generation [ Pi&nal —>{Optical  —»| Spot
S, (t) Modulation Channel 2 Centroiding

Integral Control
Signal Generation

Sint (©)

FIGURE 3. Block diagram of the optical detection simulation for the terminal A

Signal 1 Generation: 51(t)

Subsystem 5

Signal 1 Generation

Signal 2 Generation: S2(t)

Subsystem &

cope Visuaizer 1

[IRRERETIRTNLN!

MATLAB Comgbnent

Subsystem_16

Signal 2 Generation

— Channels and FPA Detection

icipc
Algorithm

Integration Control Signal Generation

o

Subsystem_T —
ey stam. Spitier 1xN

Integral Control Signal
Generation

FIGURE 4. Simulation layout including the parts of the signal 1 and 2 generation, the wireless optical channels, the FPA
detection, the integral control signal generation and the ICIDC algorithm.
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ik

Time (s)

' Amolitude

(a) The integral output signal of FPA

0o
(d) The equivalent average amplitude I,
FIGURE 5. Diagram of simulation results

VI. CONCLUSION

In this paper, an ICIDC statistical algorithm for FPAs is
proposed, the statistical models of this method are made,
the calculation formulas are obtained, and the CRB
performance is analyzed. In addition, the software co-
simulation of the FPA detection system is built and the
statistical algorithms are implemented. In the simulation,
the results of the equivalent average amplitudes Iy and I,
are obtained more precisely. The feasibility and validity of

VOLUME XX, 2021

the ICIDC method are verified by the simulation and the
advantages of the ICIDC method are analyzed, e.g the
effective elimination of the influence of reflected optical
signal on the receiving optical signal detection and the
noise mean part in the mean value of detection signal. This
method can improve the detection sensitivity, path isolation
and spot centroid calculation accuracy of the FPA.
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