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Co-design method for electro-optical imaging systems
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Abstract: In the traditional design of electro-optical imaging systems, the optical and electronic subsystems are
designed separately. This leads to a reduction in the level of coordination between the parameterization of the both
subsystems, resulting in imperfect subsystem compatibility. In order to improve the compatibility between subsys-
tems, shorten a design time and reduce the developments, we propose a co-design method. Based on the end-to-
end optoelectronic performance evaluation, the multi-objective and multi-parameter optimization algorithm is
used to optimize the configuration parameters of the optoelectronic subsystem. A space infrared imaging system
was optimized by this method and imaged good pictures in orbit. The results show that the method has a positive
role in optimizing the configuration parameters of the electro-optical imaging system and evaluating the perfor-
mance of the electro-optical imaging system.
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Introduction

In the design of electro-optical imaging systems, the
parameters of electronic and optical subsystems are usu-
ally obtained in two distinct design steps'"’. The develop-
ment of both optical and electronic technologies has en-
abled more flexibility in designing each subsystem; how-
ever, this flexibility may also lead to incompatibility be-
tween these two subsystems. Although the optical and
electronic subsystems can achieve excellent performanc-
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es, they may be mismatched. After “gluing” the sepa-
rate subsystems together, the end result of the design
may not be optimal in terms of the system performance or
cost effectiveness ratio'>*’. Furthermore, distinct design
steps make it difficult for designers to estimate and bal-
ance the manufacturing complexity of the overall system.
Clearly, designing a system using end-to-end perfor-
mance evaluation models that involve both optical and
electronic subsystems will solve the mismatching prob-
lem, ensure compatibility, and improve analysis and de-
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sign efficiencies, which will lead to more effective elec-
tro-optical imaging systems. Even though some approach-
es based on the overall system’ s modulation transfer
function (MTF) have been suggested, "** the number
of parameters—such as pixel size, fill factor, focal
length, and numerical aperture—involved in the MTF
function is too small to sufficiently support designers in
analyzing and designing the overall electro-optical sys-
tem. Brief models including MTF, signal-to-noise ratio
(SNR) and dynamic range (DR) have been used to eval-
uate the performance of imaging system; ' however,
these models are oversimplified and do not consider noise
induced by stray light, which is a very important factor in
analyzing the performance of space imaging systems.

In this paper, a co-design method is proposed,
which uses multi-objective and multi-parameter optimiza-
tion algorithm to design electro-optical imaging system ef-
ficiently. The principles of the method are introduced in
Sect. 1. In the electro-optical imaging system optimiza-
tion process, the end-to-end performance evaluation
SNR, DR and noise-matching factor are used as merit
functions, which reflect both electronic and optical pa-
rameters, especially considering the influence of stray
light. In Sect. 2, an example of a co-designed space in-
frared imaging system is provided, the simulation demon-
strates the feasibility of the co-design method. Finally,
brief conclusion is given in Sect. 3.

1 Co-design method

1.1 End-to—end performance evaluation

A schematic of an electro-optical imaging system is
shown in Fig. 1. In a space electro-optical imaging sys-
tem, both the operating environment and the optical sys-
tem induce stray light into the system. * The target light
and stray light are converted to electrical signals by a sen-
sor, and then the readout circuit amplifies and samples
the resulting electrical signal. In this process, optical
noise is added (shot noise caused by the target and stray
lights) , and electronic noise is generated during electric
signal processing.
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Fig. 1 Schematic of the electro-optical imaging systems
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The performance of electro-optical imaging systems
depends on several aspects, including SNR, DR, MTF,
field of view, spatial resolution, and so on. In this pa-
per, SNR and DR are used simultaneously to evaluate
the performance of optimized electro-optical imaging sys-
tems because to some extent, they reflect both optical
and electronic performance.

The SNR is defined as a ratio between signal energy
and noise energy, which can be given as

SNR = L , (D)
1,
where I, is the noise current and I ,is the photoelectric
current of the target light. When the target light is emit-
ted by the radiation of the target, [, can be expressed as
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In Eq. 2, ¢ =3.0 X 10°m/s represents the speed of
light, h = 6.626 X 107 ]J/s is Planck’ s constant, k, =
1.38 X 1072 J/K is the Boltzmann constant, A, and A, are
the endpoints of the sensor’ s operating wavelength
range, A is the sensor’ s pixel area, 7, is the sensor’ s
quantum efficiency, T, is the target temperature, 7, is
the optical efficiency, 7, is the atmospheric transmissivi-
ty, € is the surface emissivity, e = 1.6 X 107"°C is the ba-
sic electric charge, and F is the F-number of the optical
subsystem. -

Noise current [, can be expressed as the root-mean-
square of the sensor noise current and the readout circuit
noise current as

=2 =2

T . (3)

The sensor noise in electro-optical imaging systems
mainly includes thermal noise and shot noise, especially
in infrared imaging systems. The shot noise consists of
both photoelectric current and dark current shot noises.
Photoelectric noise current is the shot noise current
caused by the target and stray lights. Considering that
the stray light varies according to the operating environ-
ment and optical system in space infrared imaging sys-
tems, we introduce the signal-to-stray ratio (SSR) ,
which represents the ratio of target light energy to stray
light energy, to estimate the power of stray light. Assum-
ing a fundamentally linear relationship between the ener-
gy of light and the photoelectric current, the SSR can be
expressed as

w 1 ’4
E. 1 (4)
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SSR =

. 18 the energy of target light, E_ is the energy of

stray light, I, is the photoelectric current of the target

light, and 7 is the photoelectric current of stray light.
Thus, the sensor noise current can be expressed as

2k, T 1
+elll +—=|1, +1,.
2 R SSR) ™

7 sensor
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where E

(5)
where R

wner 18 the sensor resistance, [, is the dark cur-
rent, T, is the integration time, and T is the sensor oper-
ating temperature.

The readout circuit noise includes the operational
2

.2 .
kTC noise V,, sampling
2 .
out, power* le—
ferent types of operational amplifier circuits have differ-
ent electronic noise forms. In this study, we focus on the

amplifier circuit noise V

out,op ?

.2 .2 T
noise V,, output noise Vg, and power noise V
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noise of operational amplifiers of capacitive transimped-
ance amplifier circuits, which is expressed as
2 STrkBT Cscnsor + Cinl (6)
outop 3CL C .
In Eq. 6, C....
integration capacitance, and C, is the Miller capaci-
tance. The kTC noise is that
— kT
2 Ky
V,=— . (D)
int
In space array charge-coupled-device cameras, the
noise of the readout circuit can then be expressed as

2 =2 =2 =2 =2 =2 2
(Asf(Vmu.op + Vk + V)h) + st + Vou!.pnwcr) C

int

is the sensor capacitance, C,, is the

it

—2 int

Iﬂ,l'C‘d( lout = 7( 8 )
‘ AT?

int
where A is the circuit gain factor.

DR represents the ratio between the brightest and
darkest target lights that an imaging system can detect.
Because the photoelectric current of the stray light and
the dark current charge the integration capacitance of the
sensor, we need to consider their influence on DR, the
voltage caused by the stray light and the dark current
should be subtracted from the saturation voltage of the in-
tegration capacitance.

| R
sal de s
DR = . (9)
2 2
A :[Tlnl =2 A sf Tinl =2
n.sensor I n.readout
int int

where V_, is the saturation voltage of the integration ca-
pacitance, V, is the voltage caused by the dark current,
and V, is the voltage caused by the stray light photoelec-
tric current. V. and V| can be expressed as

int

Vdo = Asf . Cim -1 de ’ ( 10)
T. .
V.=A, — = . (11
© ¢SSR (1)

int
1.2 Noise matching factor
To ensure the compatibility of the optical and elec-
tronic subsystems, while optimizing the electro-optical
imaging systems, we define the noise-matching factor & as
g=to . (12)
IEI\
where I,y is the current of optical noise (shot noise
caused by the target and stray lights) , I,y is the current
of electronic noise that includes thermal noise, shot
noise (caused by dark current) , and readout circuit
noise. They can be calculated by

[
1+ —— |1,
- e( SSR) 5

Loy T ’ (13)
- 2k, T el,, -
IE,V = \/1{371 + 71.(]L + Ii.rcaduul . ( 14)

The value of & should be selected based on the dif-

ferent operating requirements. Usually, I,y is expected
to be smaller than [ in a space electronic-optical imag-

ing system. In order to avoid any “waste, ”
mend assigning values to £ in the range 0. 7~1 in the opti-
mization process.
1.3 Optimization of the electro—optical system

We presented a multi-objective and multi-parameter
optimization algorithm to design electro-optical imaging
system. In this optimization process, the end-to-end per-
formance evaluation SNR, DR and noise-matching fac-
toréare used as merit functions, the electronic and opti-

we recom-

cal parameters involved in Egs. 1-14 including SSR,
which express the influence of stray light are the opti-
mized electro-optical imaging system parameters. Howev-
er, the optimization does not need to be performed on all
parameters, because some of these parameters have the
same monotonic behavior in merit functions. Table 1
lists the monotonic behavior of parameters for the merit
functions SNR, DR and noise-matching factoré. T
means the performance is positive about the parameter,
“ | 7 means the performance is negatively related to the
parameter.

Table 1 Monotonic behavior of parameters for the per-
formance valuations

x1 MEETHSHEBRAEER

Parameters Designation SNR DR
Alpm? Pixel area 1 !
n; Quantum efficiency i !
T, /s Integration time 1 1
7, Optical efficiency 1 !
C,./pF Integration capacitance 1 il
oo/ GEY Sensor resistance 1 1
F F number 1 il

A Average operating wavelength — —

Ay Readout circuit gain — —
C o PF Sensor capacitance ! !
1, /A Dark current ! 1
SSR Signal-to—stray ratio i 1
Operating temperature i) i)

As shown in Table 1, A and A are working parame-
ters of electro-optical imaging system, given by the de-
signer according to application and cannot be optimized.
Conis Lis R SSR, and T have the same monotonici-
ty for both SNR and DR ; therefore, we only need to as-
sign appropriate values or regions to them in order to
meet the design requirements and minimize the complexi-
ty of the optimizing process. For the parameters A, 7,,
T..,» 79> C,., and F, we use a genetic algorithm to jointly
optimize them, so as to fit the design requirements while
forcing the subsystems to meet noise-matching factor €.
Besides, additional parameters and algorithm should be
added to the optimization process to complete electro-op-
tical imaging system design and meet further operating re-
quirements. For example, the focal length f and optical
aperture D of the optical subsystem can be calculated by
the F number and the spatial resolution requirement.

sensor ¥
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The optimization process of applying the co-design meth-
od to a space electro-optical imaging system is shown in

Fig. 2.
— arget performance Meet the noise

pgl_g:;n;t'ezfs H achieved? Yey matching factor
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Fig.2 Co-design method process
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2 Application and analysis

Using the co-design method, we optimized a space-
based infrared imaging system. The operating require-
ments are given as Table 2.

Table 2 Operating requirements

#2 BIHER

Parameters Requirements
Orbital altitude R 36 000 km
Spatial resolution r 1 km
Operating wavelength 3.5t04.5 pm
SNR > 100
DR > 1000

As mentioned above, we usually expect the infrared
optical subsystem to perform a little better than the elec-
tronic subsystem; therefore, in this case, we assign &’ s
value in the range 0.7~1. Before optimization, we as-
sign proper constant values to parameters that need not to
be optimized, and the range of the variable values to oth-

Table 3 Relevant parameter ranges

®3 HEXSHIEEHE

er parameters based on the operating requirement of this
case. Table 3 shows the range and proper constant value.

Notice that two specific values for SSR are indicated
in this table. In the conventional design method, optical
designers attempt to raise the value of SSR as much as
possible. However, in space-based infrared imaging sys-
tems, the difficulty in manufacturing the optical subsys-
tem increases when the value of SSR increases because
the stray light is difficult to control. Therefore, to analyze
the imaging effect of using a smaller SSR value, it will be
useful to compare the optimized results obtained with two
different SSR values.

According to the operating requirements and noise-
matching factor, we optimize the system parameters and
obtain the co-design results listed in Table 4. As shown
in this table, the obtained design results comply with all
operational requirements for both values of SSR, and the
subsystems are compatible with the selected noise alloca-
tion. Most optimized values are similar in the two sys-
tems, except C,,.. The value of C,, is smaller while meet-
ing the higher SSR. The system with the higher SSR
(SSR = 0.5) can easily attain higher values of SNR;
however, it will require cold optics technology, which is
considerably costly to implement. The system with lower
SSR (SSR = 0.1) also meets the operational require-
ments. Considering manufacturing complexity and cost,
designers will prefer the optimized system with a smaller
SSR, as system 1 shown in Table 4.

According to the optimized design parameters of sys-
tem 1, the developed camera can operate in orbit and ob-
tain clear and texture-rich images, as shown in Fig. 3.

As demonstrated by this example, the proposed
method can help designers quickly analyze all possible
designing alternatives in the early design steps of the
overall imaging system.

Parameters Designation Type Range
A Pixel area Variable 600 ~1 300 pwm?
n, Quantum efficiency Variable 0.5~0.8
- Integration time Variable 500 ~1 500 ps
7, Optical efficiency Variable 0.3~0.7
Cit Integration capacitance Variable 0. 1~1 pF
F F-number Variable 2~4
. censor Sensor resistance Constant 1006Q
maging systerm A Average operating wavelength Constant 3.825 pm
Ay Readout circuit gain Constant 1
1, Dark current Constant 1E-12 A
censor Sensor capacitance Constant 10 pf
SSR Signal-to—Stray Ratio Constant 0.1/0.5
Ve Saturation voltage Constant 2.5V
T Operating temperature Constant 100 K
T, Atmospheric transmissivity Constant 0.8
Target T, Target temperature Constant 300 K
& Target emissivity Constant 0.3
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Table 4 Optimized parameters

x4 RUEHEESH

Category Parameters System 1 System 2
A 1155 pm?* 1154 pm?
B 0.69 0. 67
Tin 988. 1 ws  994.5 us
7, 0. 668 0. 683
Ciy 0. 442 pF 0. 15 pF
F 2.523 2.503
Imaging system parameters / f22m f22m
D 0.484 m 0.487 m
R o 100G 100G
Ay 1 1
1. 2E-12 A 2E-12 A
SSR 0.1 0.5
Ve 2.5V 2.5V
T 100 K 100 K
¢ 0.9 0. 86
Imaging system performance SNR 117.88 223.8
DR 1119.5 1070

Fig.3 On-orbit image
K3 fEfEE

3 Conclusion

In this paper, we proposed a co-design method for
optimizing parameters of space electro-optical imaging
systems, which eliminates the traditional separation bar-
rier between the design of the optical and electronic sub-
systems. To jointly optimize the electro-optical imaging
system, end-to-end performance SNR, DR and noise-
matching factor were used as merit functions. We proved
the efficiency of this method through a design case,
which also shows that the proposed co-design method will
certainly help and support the designers of electro-optical
imaging systems in quickly analyzing and designing a bet-
ter system.
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