DE GRUYTER

Open Physics 2022; 20: 984-992

Research Article

Qingsong Wang* and Ming Gao

Performance evaluation of common-aperture
visible and long-wave infrared imaging system
based on a comprehensive resolution

https://doi.org/10.1515/phys-2022-0200
received April 01, 2022; accepted September 15, 2022

Abstract: In this article, a new method based on a com-
prehensive resolution is proposed to evaluate the perfor-
mance of a common-aperture visible and long-wave infrared
(LWIR) imaging system. The influence of the comprehensive
resolution on target recognition range is analyzed. Under the
condition of common-aperture and a combination of four
comprehensive resolutions, the main factors affecting the
ratio of target recognition range between the visible ima-
ging system and the LWIR imaging system are discussed.
Combined with the constraints of the optical system and
the detector, the impact of the comprehensive resolution
on the target recognition range is analyzed. The ratio of the
target recognition range of the two imaging systems is
modeled using the comprehensive resolution of the visible
imaging system. The experimental system is built and the
experimental results are acquired. The predictive results
and experimental results show that when the compre-
hensive resolution of the visible light imaging system
increases, the target recognition ranges of the visible light
imaging system and the LWIR imaging system increase, as
well as the ratio of the target recognition ranges of the two
systems increases.

Keywords: comprehensive resolution, common-aperture,
dual-band imaging system, target recognition range

1 Introduction

Dual-band imaging system used in the target acquisition
missions in the military field usually consists of two
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single-aperture single-band imaging systems. However,
the common-aperture dual-band imaging system is more
attractive with the continuous improvement of the per-
formance, weight, volume, and structure of the imaging
system in modern warfare [1,2]. Common-aperture dual-
band imaging system shares part or all of the optical
systems and uses the same display but detectors in dif-
ferent wavelength bands.

When comparing visible imaging with long-wave
infrared (LWIR) imaging, the former has the advantages
of high resolution and the disadvantage of being easily
affected by ambient light, while the latter has the advan-
tages of strong penetrating capability and independent of
ambient light, and the disadvantage of smaller resolution
[3,4]. In recent years, research articles on common-aper-
ture visible and LWIR imaging systems (VaLWIRIS) have
appeared continuously [5-7].

The method of evaluation of common-aperture VaLWIRIS
performance is usually the same as that of single-channel
single-band imaging systems. The U.S. Army uses the Night
Vision Integrated Performance Model (NVIPM) based on the
Targeting Task Performance (TTP) metric to evaluate the
imaging system performance [8,9]. The NVIPM is a very com-
plex evaluation model. At the same time, the influence of the
structural characteristics of a common-aperture imaging
system on the system performance needs to be considered
in order to make a trade-off between visible imaging system
performance and LWIR imaging system performance. In this
article, a method for evaluating the performance of common-
aperture VaLWIRIS is proposed by combining the compre-
hensive resolution and the structural characteristics of the
common-aperture imaging system.

2 Evaluation of imaging system
performance

An imaging system includes optical system, detector array,
signal processing, and display. The target acquisition
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process based on the imaging system is shown in
Figure 1.

Target and background of a scene are imaged on
detectors by an optical system. The detectors then con-
vert the light intensity into electrical signals, which are
processed by electronic system and passed to the display
to reconstruct the image. The observer acquires (e.g.,
detects, recognizes, and identifies) the target by viewing
the image on the display.

The target acquisition range is one of the most impor-
tant performance parameters of the imaging system, which
is evaluated by a model related to many parameters. These
parameters describe imaging system, target characteristics,
atmospheric conditions, display, and observer. NVIPM
based on the TTP metric is an integrated model that
predicts the target acquisition range. The TTP metric is
defined as follows [8,9]:
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where Mrrp is the TTP metric (cycles mrad™); u is the
spatial frequency (cycles mrad™); Cs(u) is the contrast
thresholds function (CTF) for the imaging systems; Cr(u)
is the CTF for the eyes; Ms(u) is the modulation transfer
function (MTF) of the system; N(u) is the RMS noise of the
display; a is the empirical constant; L is the luminance of
the display (cd m™); Cy is the contrast of the target on the
display; uy and u; are the intersection of Cr and Cs(u)
(cycles mrad ™). Details of Cs(u), Cg(u), Ms(u), and N(u)
are shown in refs. [8,9].

If giving the target contrast, the characteristic dimen-
sion, the target acquisition task and the number of cycles
on the target, the target acquisition range can be obtained
by
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Figure 1: Target acquisition process based on the imaging system.
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where R is the target acquisition range (km), Wy is the
characteristic dimension of the target (m), and V is the
number of cycles on the target.

It can be known from Eq. (1) that Eq. (2) is a very
complex performance model. When the atmospheric trans-
mittance is 1, the observer viewing distance is fixed and the
imaging system does not have any noise; Eq. (2) is simpli-
fied [10,11] as

R = %-KVFOM%, (3)
where D is the diameter of the clear aperture (mm), A is
the wavelength (um), and K is the calibration coefficient,
which is related to display luminance and target contrast
on the display; Vgom is the figure of merit, which is
expressed as

Uy

~ Mo(w)Mp(u)Mgp(u)
Vrom = I \/ o) du,

(4)

where u,, is the Nyquist frequency (cycles mrad™); Mo(u),
Mp(u), and Mgp(u) are the MTF of optical system, detector,
and flat panel display, respectively.
The comprehensive resolution [12,13] is defined as
up f'A_FA

Q:u_O_Dd_F’ (5)

where Q is the comprehensive resolution, uq is the cutoff
frequencies of the optical system (cycles mrad™), up, is
the cutoff frequencies of the detector (cycles mrad™); f’ is
the focal length of the optical system (mm); d is the
detector size (um); and F is F-number.

For target recognition task, a curve fit valid up to Q = 4
is [10,11]

Veom r = beQ® + bsQ°> + b,Q* + b3Q> + b,Q? + h1Q,  (6)

where Vgoym r is the figure of merit of recognition; bg =
~0.00247; bs = 0.0261; b, = —0.0901; bs = 0.1098; b, =
—0.1582; b; = 0.7402.

The polynomial relationship between Vroym r and Qis
shown in Figure 2. According to the definition of Q and
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Figure 2: Polynomial relationship between Viom g and Q.

the changing trend of Vgom g, the curve can be divided
into three regions: the detector-limited region for Q < 0.41,
the transition region for 0.41 < Q < 2, and the optics-limited
region for 2< Q < 4.

When Q < 0.41, the detector cutoff frequency is less
than or equal to the optical cutoff frequency, the imaging
system performance is limited by the detector; the first
five terms of Eq. (6) become very small, so that Eq. (3) can
be approximated as

1
Ol_D’

!
Reee ~ bl%l(% - bl%K )
where Ry is the target recognition range (km); ap is the
detector angular subtenses (mrad).

Eq. (7) shows that the target recognition range is
independent of wavelength, proportional to focal length,
and inversely proportional to the detector size and angular
subtenses.

When 2 < Q < 4, the detector cutoff frequency is
between 2 times and 4 times of the optical cutoff fre-
quency, the imaging system performance is optics-lim-
ited. It can be found from Figure 1 that Vgom g plateaus
to a fixed value named as Vgom r_m Which is approxi-
mately 1. Eq. (3) can be approximated as
Wr KD Wy D

s k= ®)

Rgec = K .
Rec FoM_R-M—-K = T

Eq. (8) shows that the target recognition range of the
imaging system is proportional to the diameter of clear
aperture and inversely proportional to wavelength.

When the value of Q changes from 0.41 to 2, the
system performance is in the transition region from
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detector-limited to optics-limited. The target recognition
range of the imaging system is calculated by Eq. (3).

3 Performance of common-aperture
VaLWIRIS

According to the value of Q, common-aperture VaLWIRIS
can be combined in nine cases as shown in Table 1. Due
to space limitations, only four cases are discussed here.
They are cases No. 1, 3, 7, and 9.

3.1 Detector-limited visible imaging system
and LWIR imaging system

When the performance of the visible imaging system and
the LWIR imaging system are both detector-limited, it can
be known from Eg. (7) that the ratio of the target recogni-
tion ranges between visible imaging system and LWIR
imaging system is

% f

dy diwir
RRat = = = ) (9)
W
Riwir b=y Cr dL{N - dy

where Ry, is the ratio of the target recognition ranges; Ry
and R;wir are the target recognition ranges in km of the
visible imaging system and LWIR, respectively; dy and
drwir are the detector sizes in pm of the visible imaging
system and LWIR imaging system, respectively.

Eq. (9) shows that when the VaLWIRIS use common-
aperture optical system with the same focal length if the
performances of the visible imaging system and the LWIR
imaging system are both detector-limited, the ratio of the

Table 1: Nine combinations of common-aperture VaLWIRIS

Serial number Visible imaging

system

LWIR imaging system

O 00NNV~ WN PP

Detector-limited
Detector-limited
Detector-limited
Transition region
Transition region
Transition region

Detector-limited
Transition region
Optics-limited
Detector-limited
Transition region
Optics-limited

Optics-limited Detector-limited
Optics-limited Transition region
Optics-limited Optics-limited
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two target recognition ranges is the ratio of the LWIR
detector size to the visible detector size. Usually, diwr
is larger than dy; therefore, R, is larger than 1.

3.2 Optics-limited visible imaging system
and detector-limited LWIR imaging
system

When the visible imaging system is optics-limited and
the LWIR imaging system is detector-limited, it can be
obtained from Eqgs. (7) and (8) that the ratio of target
recognition ranges between visible imaging system and
LWIR imaging system is

Wy D

Ry = Ry VA dwr (10)
at — ~ T ~ )
Riwir Kbl%ﬁ Fbiy

where, Ay is the visible wavelength (um).

Eq. (10) shows that the ratio is proportional to the
size of the LWIR detector and inversely proportional to
the optical system F-number and the visible wavelength.
When the values of Ay, F, b;, and dpwig are 0.5um, 4,
0.7402, and 17 um, respectively, R, is 11.48. When F
decreases, the target recognition range of the visible ima-
ging system is much larger than that of the LWIR imaging
system.

3.3 Detector-limited visible imaging system
and optics-limited LWIR imaging system

When the visible imaging system is detector-limited and
the LWIR imaging system is optics-limited, it can be
obtained from Egs. (7) and (8) that the ratio of target
recognition ranges between visible imaging system and
LWIR imaging system is

Kp M £
R v a A
Reat = o= =~ = bIF=2%, ()
LWIR K7 F—- v

where Apwr is the LWIR wavelength (um).

Eq. (11) shows that the ratio is proportional to the
LWIR wavelength and the optical system F-number, and
inversely proportional to the size of the visible detector.
The ratio is larger than 1 when F, dy, and Apwr take
common values.

Common-aperture visible and long-wave infrared imaging system =— 987

3.4 Optics-limited visible imaging system
and LWIR imaging system

In this situation, the ratio of the target recognition ranges
between visible imaging system and LWIR imaging system
can be obtained by Eq. (8)

R gD A

_ Vo V Av _ ALWR

Rrat = Rwr K% 2 =~ A 12
V ALwir

It can be known from Eq. (12) that the ratio is propor-
tional to the LWIR wavelength and inversely proportional
to the visible wavelength. R,, is larger than 1 because
Avwir is larger than Ay,.

4 Influence of the comprehensive
resolution of visible imaging
system on the target recognition
range

For ease of discussion, let the wavelengths of visible and
LWIR be 0.5 um and 10 pm, respectively. The detector size
of optics-limited visible imaging system is

dvﬁo < %FA\/. (13)
The detector size of the detector-limited visible ima-
ging system is

1
dy p > —FAy. 14
vz o~ Fy (14)
The detector size of optics-limited LWIR imaging
system is
1
diwir o < EFALWIR- (15)
The detector size of the detector-limited LWIR imag-
ing system is
1
d > ——FALwr. 16
ik p = o= FAwr (16)
It can be seen from Eq. (9) that the imaging system
has the maximum target recognition range when Q > 2.
When F = 1-4, the visible detector size is required to be

between 0.25 and 1pm, and the LWIR detector size is
required to be between 5 and 20 um. For the visible
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detectors, the actual size that can be selected is generally
larger than 1pm. Therefore, the visible imaging system
usually is detector-limited. For the LWIR detectors, its
actual size that can be selected is between 10 and 35 pm;
hence, the LWIR imaging system may be detector-lim-
ited, optics-limited, or transitional.

4.1 Influence of focal length and clear
aperture on comprehensive resolution

For ease of discussion, let the detector sizes of visible
imaging system and LWIR imaging system be 5um and
17 um, respectively. According to Eq. (5), the comprehen-
sive resolution is plotted as a function of focal length with
the clear aperture as a parameter in Figure 3. It shows
that the larger the focal length, the larger the comprehen-
sive resolution; the smaller the clear aperture, the larger
the comprehensive resolution. The comprehensive reso-
lution of the visible imaging system is smaller than that
of LWIR imaging system. The comprehensive resolution
of the visible imaging system is less than 0.41, indi-
cating that the performance of the visible imaging
system is detector-limited. The comprehensive resolu-
tion of LWIR imaging system is between 1 and 2.5, indi-
cating that the LWIR imaging system is transitional or
optics-limited.

25
Q of visible ima ystem for D=50mm
—— = Qof LWIR ima, stem for D=50mm
Q of visible ima stem for D=75mm
2 — ="~ Qof LWIR ima stem for D=75mm
Q of visible imag 'm for D=100mm
———— Q of LWIR imaging system for D=100mm
—— Q=041
0=1
1.5
Si _ i
1F — —e”
ot Lidi I L 1 L L L 1 L
20 40 60 80 100 120 140 160 180 200

’
f/mm

Figure 3: Comprehensive resolution as a function of f with the clear
aperture as a variable.
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4.2 Influence of focal length and clear
aperture on target recognition range

According to Eq. (3), the target recognition range is
plotted as a function of focal length with the clear aper-
ture as a parameter in Figure 4. It shows that the larger
the focal length, the larger the target recognition range;
the larger the clear aperture, the smaller the target recog-
nition range. Under the conditions of the same focal
length and clear aperture, the target recognition range
of visible imaging system is much larger than that of
the LWIR imaging system.

4.3 Influence of comprehensive resolution
on target recognition range

According to Egs. (3)—(6), the target recognition range is
plotted as a function of comprehensive resolution with
the clear aperture as a parameter in Figure 5. It shows
that when the common-aperture method is adopted,
both the comprehensive resolution and target recognition
range of the two systems are different. When the diameter
of the clear aperture is 50 mm, the larger the comprehen-
sive resolution, the larger the target recognition range of
LWIR imaging system. But when the comprehensive reso-
lution is larger than 2, the target recognition range of
LWIR imaging system is almost kept constant. For visible

30

RR ” of visible imaging system for D=50mm
e
_ RRW of LWIR imaging system for D=50mm
[|—— RR“ of visible imaging system for D=75mm
e RR . of LWIR imag stem for D=75mm  a
e 7
RR

stem for D=100mm

of visible imag
ec

20 [

10

20 40 60 80 100 120 140 160 180 200
f'/mm

Figure 4: Target recognition range as a function of f with the clear
aperture as a variable.
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Figure 5: Target recognition range as a function of Q with the clear Figure 6: Target recognition range of LWIR imaging system as a

aperture as a variable. function of Qy with the clear aperture as a variable.
imaging system, the larger the comprehensive resolution, Ry b, F
the larger the target recognition range. Rpat = Riwr = Viom R LWIR(E)V
- (19)
1
= KAbl—QV,
VFoM_R_LWIR
4.4 Influence of the comprehensive . . "
luti the t t it where Rg,; is the ratio of target recognition ranges of the
resotwution on e target recognition two systems; Ky = ALwir/Av-

Eq. (19) shows that the ratio of the target recognition
ranges of the two systems is proportional to the compre-
For common-aperture VaLWIRIS, the expression for cal-  hensjve resolution of the visible imaging system and
culating the target recognition range of LWIR imaging jnyersely proportional to the factor of merit of the LWIR
system using the comprehensive resolution of the visible  jmaging system. Figure 7 shows the relationship between

range ratio

imaging system is

W;
Rgec 1wir = _TKVFOM_R_LWIR
v LWIR (17)

D W e
—LKVeom r(GQv), 5.5

Awr V

where Rgec 1wir iS the target recognition range of the
LWIR imaging system and G is given by 3

2 4.5 — D=50mm
& —— D=75mm

. P
G = LWIRdV. (18) D=100mm P g
Avdiwir z

When Qy varies between 0.1 and 0.41, the relation-
ship between the target recognition range of the LWIR a5t
imaging system and the comprehensive resolution of

the visible imaging system under different clear apertures \ ) ) ) )
’ 0 0.05 0.1 0.15 0.2 0.25 0.3

is shown in Figure 6. :
The relationship between the ratio of the target recogni- oY
tion ranges of the two systems and the comprehensive reso- Figure 7: Target recognition range ratio as a function of Qy with the

lution of the visible imaging system is clear aperture as a variable.

0.35 0.4
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the ratio of the target recognition ranges of the two sys-
tems and the comprehensive resolution of the visible
imaging system. It can be seen that as the comprehensive
resolution of the visible imaging system increases, the
ratio of the target recognition ranges of the two systems
increases.

5 Experiments

5.1 Experimental system

A common-aperture VaLWIRIS is built in the laboratory.
The relationship between the target recognition range
and the comprehensive resolution is verified. The sche-
matic diagram of the experiment is shown in Figure 8.
The whole experimental system consists of visible source,
visible target, blackbody, LWIR target, off-axis reflective
collimator, common-aperture visible and LWIR optical
system, LWIR camera, visible camera, computer, display,
and observer.

The focal length of the optical system is 50 mm, the
diameter of the clear aperture is 35.7 mm, and the F-
number is 1.4. The main parameters of the cameras are
shown in Table 2.

5.2 Results and discussion
5.2.1 Target recognition range

The predictive results and the average results of multiple
experiments for the target recognition ranges of common-
aperture VaLWIRISs are shown in Table 3.

The comprehensive resolution of both the X8500sc-
SLS and the Gobi-640-Gige is between 0.41 and 2. The
comprehensive resolution of the Gobi-640-Gige is smaller
than that of the X8500sc-SLS. According to Eq. (3), the

| Off-axis reflective collimator

f f

| LWIR target " Visible target |

f

| Blackbody | | Visible source |
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Table 2: Main parameters of the cameras

Camera Pixel pitch (pm) Average wavelength (pm)
Gobi-640-Gige 17 1

X8500sc-SLS 12 9

MER-20-20GM 4.4 0.55

Aca640-90gm 7.4 0.55

predictive target recognition range of Gobi-640-Gige is
smaller than that of X8500sc-SLS. The same goes for
the experimental results.

The comprehensive resolution of both the MER-20-
20GM and the Aca640-90gm is less than 0.41. The com-
prehensive resolution of the MER-20-20GM is smaller
than that of the Aca640-90gm. According to Eq. (7), the
predictive target recognition range of MER-20-20GM is
larger than that of Aca640-90gm. The same goes for the
experimental results.

Table 3 shows that there is a certain error between
the predictive target recognition range and the experi-
mental target recognition range. This is because Egs. (3)
and (7) are obtained under conditions that are slightly
changed during the experiment. Nevertheless, the trends
in the predictive results are consistent with those in the
experimental results. According to the predictive results,
the influence of the parameters of the common-aperture
optical system on the target recognition range of the two
systems can be analyzed.

5.2.2 Target recognition range ratio

The ratio of the target recognition ranges of visible ima-
ging systems to that of LWIR imaging systems is shown in
Table 4.

The predictive ratio of the target recognition range of
MER-20-20GM to that of Gobi-640-Gige is larger than the
predictive ratio of the target recognition range of MER-20-
20GM to that of X8500sc-SLS because the comprehensive

LWIR
Common-aperture —» camera
visible and LWIR Computer
optical system | Visible ¢
camera
Display

Figure 8: Schematic diagram of the target recognition range experiment.
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Table 3: Target recognition ranges of visible imaging systems and LWIR imaging systems

Imaging system Q FOM Target recognition range (m) Error (%)
Predictive Experimental

Gobi-640-Gige 0.906 0.57 1.87 1.90 1.5

X8500sc-SLS 1.05 0.65 2.57 2.53 -1.6

MER-20-20GM 0.175 0.12 7.93 7.72 -5.3

Aca640-90gm 0.35 0.07 4.89 4.7 -4.2

Table 4: Ratios of the target recognition ranges between visible imaging systems and LWIR imaging systems

Visible imaging system LWIR imaging system

Target recognition range ratio

Predictive Experimental
MER-20-20GM Gobi-640-Gige 4.35 4.06
MER-20-20GM X8500sc-SLS 3.15 3.05
Aca640-90gm Gobi-640-Gige 2.6 2.47
Aca640-90gm X8500sc-SLS 1.89 1.86

resolution of Gobi-640-Gige is smaller than that of X8500sc-
SLS. The same goes for the experimental results. Aca640-
90gm also has the same phenomenon as MER-20-20GM.
For the same visible imaging system, the results show that
the larger the comprehensive resolution of the LWIR ima-
ging system, the smaller the ratio of the target recognition
range of the two systems.

The comprehensive resolution of MER-20-20GM is
smaller than that of Aca640-90gm. According to Eq. (19),
the predictive ratio of target recognition range of MER-20-
20GM to that of Gobi-640-Gige is larger than the predic-
tive ratio of the target recognition range of Aca640-90gm
to that of Gobi-640-Gige. The same goes for the experi-
mental results. X8500sc-SLS also has the same phenom-
enon as Gobi-640-Gige. For the same LWIR imaging
system, the results show that the larger the comprehen-
sive resolution of visible imaging system, the larger the
ratio of the target recognition range of the two systems.

6 Conclusions

Without considering the factors such as the signal-to-
noise ratio of the imaging system, the atmospheric spec-
tral transmittance, and the transmittance of the optical
system, the performance of four typical common-aper-
ture VaLWIRIS was analyzed by using the comprehensive
resolution.

Under the conditions of wavelength, detector size,
focal length, and clear aperture given in this study, the
visible imaging system performance is generally detector-
limited, while the LWIR imaging system performance
may be detector-limited, optics-limited, or transitional.
The research results show that when the comprehensive
resolution of the visible imaging system increases, the
target recognition ranges of the visible imaging system
and the LWIR imaging system increase, as well as the
ratio of the target recognition ranges of the two systems
increases.
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