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Abstract: The focal length in a typical optical system changes with the angle of view, according to
the size of the sensor. This study proposed an optical terahertz (THz) system application where the
focal length changed while the angle of view was fixed; thus, the image height was variable and
responded to various sensor sizes. Therefore, it is possible to respond to various sensors with one
optical system when the inspection distance is fixed. The fundamental optical system was designed
by arranging the refractive power, which was determined according to the sensor size using the
Gaussian bracketing method. A zoom optical system that changed the image height by fixing the
angle of view and changed the focal length by moving the internal lens group was designed. THz
waves exhibit minimal change in the refractive index depending on the wavelength. Moreover, their
long-wavelength characteristics facilitate the development of millimeter-level pixel sizes. Therefore,
the root mean square size of the maximum spot was 0.329 mm, which corrected the aberration to less
than 1 mm (smaller than the pixel size). Further, a lighting analysis at 3 and 6 m locations confirmed
the expansion of the lighting area by the magnification of the sensor size. After turning off certain
light sources, we checked the contrast ratio via lighting analysis and confirmed that the size of one
pixel was clearly distinguishable. Consequently, this newly designed optical system performed
appropriately as an optical inspection system for THz system applications.

Keywords: zoom optical system; fixed angle of view; terahertz applications

1. Introduction

A Terahertz (THz) wave is a type of electromagnetic wave ranging 0.1-10 THz (wave-
length range of 30-3000 um) [1,2]. There is an unexplored frequency range between
optically accessible light waves and electronically accessible radio or millimeter waves in
the electromagnetic range [3]. THz waves exhibit unique physical characteristics, including
superior penetrability compared to radio frequency waves (electromagnetic waves of the
shortest wavelength) and the straight-line nature of light waves (far-infrared rays of the
longest wavelength) [4,5]. As electromagnetic waves, THz waves are harmless to the
human body and transmit light through non-metallic materials such as fibers and plastic.
Therefore, they can be used for imaging tests as they reflect greatly on the skin and exhibit
absorbency for soft biological media that cannot be filtered using X-rays [6]. In addition,
THz waves are sensitive to the macroscopic behavior of molecules and chemical bonds.
Therefore, their low-quantum mechanical energy is being studied for various applications
in biochemistry and life sciences [7]. THz applications include high-speed /high-capacity
short-range communication networks for the next-generation Internet of Things, security,
medical imaging, agriculture, semiconductors, biochemistry, life sciences, and display
manufacturing for crack detection [8,9]. The materials that refract THz waves are limited
and are used to focus waves within a specific area [10,11]. In THz applications, mechanical
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parts made of such materials exhibit a lens shape similar to that of general visual light [12].
The shape and thickness of a single lens and the arrangement of multiple lenses must
be determined to focus the THz wave at the desired location with the desired energy
distribution [13]. These processes are assumed to be the same as those used in the design
process of a general optical system.

In typical optical systems, an object is never fixed at a certain position; thus, a focus
control function is essential [14-16]. This optical system for THz applications is char-
acterized by almost no wavelength-dependent change in the refractive index, and the
wavelength is very long; therefore, the pixel size of the imaging device is also very large.
Consequently, the size of the imaging device becomes very large with the increase in the
number of pixels compared to that of a general visible-light imaging device. Therefore,
only imaging devices with fewer pixels than the quarter video graphics array (QVGA) class
should be developed. For a pixel size of 1 mm, even if it was in the QVGA class, the size of
the imaging device is a considerably larger area than that of a general visible-light imaging
device. Currently, there is no standardized sensor size for THz applications, and several
companies are developing various sensor sizes. Therefore, optical system design tailored to
a certain fixed sensor size may be difficult to apply to another sensor size. In an inspection
optical system, the inspection distance is usually fixed. If the sensor size changes, the
field of view must be fixed. However, our proposed optical system with a fixed field of
view can respond to various sensor sizes. In addition, no problems are encountered if the
optical aberration is corrected only at the millimeter level. Thus, the optical system must
be designed using optical system design software (CODE V 2023.03), and its performance
must be evaluated using design software [17,18]. Accordingly, the proposed optical system
must be designed to respond to imaging devices of varying sizes. However, in these optical
systems, the inspection distance and range are generally fixed. Therefore, an optical system
with a fixed angle of view and variable imaging element size must be developed.

In the last 15 years, studies related to lens fabrication using metamaterials or optical
system designs for THz applications have been scarce. An aspherical lens was fabricated
using polyethylene to obtain a large numerical aperture for THz imaging applications [19].
Using photolithography, an ultrathin lens was fabricated to obtain a large axial focal
depth for THz applications [20]. Further, an ultrathin meta-surface multi-focus lens device
comprising C-shaped antenna units was designed to have 2 or 3 mm focal spacing, thereby
covering a range of 0.3-1.1 THz [21]. Using a three-dimensional printer, a lens group was
fabricated based on a ridge prism to produce monochromatic light and a diffraction-free
length within the THz range [22]. Using polymer materials, an f-6 lens covering a wide
field of view was fabricated to obtain heterogeneous samples and provide a constant phase
over a 34° field of view (FOV) for 0.3-1.0 THz [23]. Using silicon material, an achromatic
meta-lens composed of silicon pillars was fabricated for 0.6-1.0 THz [24]. Using a two-
dimensional material, a tunable optical magnetic lens was fabricated to focus on the photon
beam range and tune the phase shift [25]. A diffractive lens with concentric rings was
fabricated using a three-dimensional printer to generate specific diffraction patterns for
THz applications [26].

This study designed a novel optical zoom system with a fixed angle of view to support
various imaging device sizes for THz applications. To accommodate imaging devices
of various sizes, a zoom optical system was constructed wherein the image height was
variable, the angle of view was fixed, and the focal length was changed. Based on the
optimized design, the lens shape was improved, and aberrations were corrected. The focal
length was varied using an internal focus movement method in which the overall length
was fixed, and the internal lens group was moved to reduce problems such as driving
weight or noise. Because the position of the sensor must be fixed, the focus is adjusted by
calculating the amount of movement of the lens group using the zoom equation. Because
of the nature of THz waves, their transmittance is very high; therefore, there is a strong
possibility that sensor pixels will develop to be larger than 1 mm. Thus, the performance
of the optical system was confirmed using a spot diagram. Infinite object points at both
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3 and 6 m were confirmed according to the object distance in the spot diagram. In addition,
the size of the focus was confirmed within 1 mm for all zooms at the wide-angle, middle,
and telephoto ends. The largest focus was 0.329 mm at the telephoto end when the object
distance was 3 m. Distortion was also checked at infinite object points of 3 and 6 m,
depending on the object’s distance. The distortion value and grid chart were checked
for all zooms at the wide angle, middle, and telephoto ends. Because aberrations can be
confirmed at the millimeter level, the performance was analyzed using light tools and a
lighting optical system software package. The receivers were installed at object distances
of 3 and 6 m, and lighting analysis was performed with a light source array at the sensor
location. Because the size of the sensor was very large, a light source array of approximately
1/10 the size of the sensor was placed in the center and peripheral portions of the entire
sensor size, and the illumination was checked at the central and peripheral receivers. The
target lighting area enlarged by the magnification of the sensor was satisfactory for all
zooms. The lighting analysis conducted after turning off certain lights indicated that the
size of each pixel was clearly distinguished, and the contrast ratio was high in all zooms.
Thus, the performance of the inspection optical system was satisfactory. The new optical
system proposed in this study can be used regardless of the sensor size, thereby broadening
the inspection range.

Based on our research and previous studies, this is the first study to design a zoom
optical system with a fixed angle of view that can support various imaging device sizes for
THz applications. The primary contributions of this new design are as follows.

1. The optical system proposed for THz applications can have various focal lengths
while maintaining the same angle of view by setting a fixed angle of view. A single optical
system can support various sensor sizes, thereby reducing optical system design and
manufacturing costs. The first lens group was designed with a positive power such that
consistent brightness could be maintained at the wide-angle and telephoto ends.

2. The focus was adjusted while maintaining the overall optical field by moving a
specific internal lens group. This reduced the weight of the driving lens group, broadened
the range of motor choices, and improved inspection speed.

The remainder of this paper is organized as follows. Section 2 describes the design
and analysis of a zoomed-in optical system used in THz applications. Section 3 describes
the performance analysis of the designed zoom optical system, including spot diagrams,
distortion, and illumination analysis. Finally, Section 4 concludes the paper and summarizes
the designed optical system.

2. Methods

In general, a zoom optical system refers to an optical system wherein the magnification
changes continuously, the position of the image surface is fixed, and the focal length changes
based on the object distance variance [27,28]. As shown in Figure 1a, in an optical system
wherein the size of the imaging element is fixed, the focal length is short and long at the
wide-angle and telephoto ends, respectively, and varies depending on the angle of view. If
the angle of view is fixed in a zoom optical system designed following the conventional
method, the maximum height of the chief ray in the image plane changes, as shown in
Figure 1b. The focal distance and image height exhibit a proportional relationship [29-31].
When the angle of view is fixed, the image height decreases at short focal distances and
increases at long focal distances [32,33]. Using this phenomenon, if the angle of view is
fixed as per the size of the imaging element proposed in the THz optical system, the focal
length of the optical system changes according to the size of the imaging element.
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Figure 1. Relationship between focal length and angle of view in (a) general optical system and
(b) optical system for THz applications.

Figure 2 illustrates the relationship between the focal length and angle of view, where,
6, y, and H2 are the half angle of view, image height, and location of the second major
surface, respectively, and f is the effective focal length (EFL), which is the distance from the
second principal plane to the focal point.

Figure 2. Relationship between focal length and field of view.

The maximum angle of incidence of the chief ray is referred to as the half FOV (HOF),
which indicates the range that can be achieved in the optical system. The half angle of the
view was determined by the maximum size of the imaging device [34]. The half-angle size
y of the imaging device is expressed as Equation (1).

y =f-tanf, 1)

where 6 and f are the half angle of view and the focal length, respectively.

In general, the size of an imaging device is fixed; therefore, the angle of view of
the optical system is determined by the focal length of the optical system. As shown in
Equation (1), the angle of view decreases, the focal length increases, and vice versa. Figure 3
shows the angle of view according to the focal length of the optical system.
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Figure 3. The angle of view is according to the focal length.

In general optics, a lens with a focal length of 50 mm is referred to as a standard
lens [35]. Compared with a standard lens, an optical system with a larger angle of view and
a shorter focal length of 35 mm or less is referred to as a wide-angle lens, and an optical
system with a smaller angle of view and a longer focal length of 70 mm or more is called a
telephoto lens. However, the proposed optical system had a fixed angle of view and large
image height; thus, the focal length is greater than 50 mm. Therefore, the mode with a
relatively small focal length, owing to the relatively small size of the image, is referred to as
the wide-angle end, and the mode with a relatively long focal length is referred to as the
telephoto end. Our proposed optical system has a field of view in the telephoto range.

Equivalent lenses refer to lenses with different axial thicknesses but the same total
refractive power and paraxial optical properties regarding peripheral rays. The process
of converting a specific lens into an equivalent lens of a different thickness is referred to
as equivalent lens conversion, which is useful for the initial design or local changes in
optical systems [36]. A lack of change in the paraxial optical properties indicates that the
total refractive power and height at which the paraxial ray enters the principal plane are
the same. The equivalent lens transformation conditions can be expressed as a quadratic
equation. Therefore, no solution may exist. Having two real roots implies that another
solution exists with the same thickness and characteristics, albeit with a different radius
of curvature.

Figure 4 shows the optical path diagram of a thick lens where # is the refractive index,
h is the height of the ray incident on the principal plane, H is the principal point, u is the
paraxial angle, and its subscript refers to the plane number. Further, ] and I’ are the object
and image distances, respectively, and z refers to the position of the principal surface.

According to the analytical equivalent lens transformation method, the height of
incidence on the principal plane does not change. Using this concept, the heights of the i
and h;, incidents on each side of Figure 4 can be expressed using Equation (2).

o= h—zug = h— (258 )y

2)
By = =2y = b (258 )y
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where k and K are the refractive powers of the relevant surface and the entire lens, respec-
tively. By substituting Equation (2) into the refraction equation in Equation (3), we obtain
Equation (4).

Mipaipr = ity — hipikipq ©)
dingugk
(hfilnoKOZ)kl = NoUp — nN1Uq
din 1u k (4)
1M1414141K _
<h+ ;1K+ )kz = Nnqu1 — NaUy

Equation (4) is a nonlinear simultaneous equation for k and k. When the k; and k;
terms are eliminated, they are expressed as a simultaneous linear equation in Equation (5).

kz _ n1u1K — leMzkl (5)
nolp

The simultaneous equations in Equation (5) are converted into quadratic equations for
k1, as shown in Equation (6), and the solution to this equation becomes an equivalent lens.

noupdq

I3+ (h — dyuy)ky + nqug — ngug =0 (6)
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Figure 4. Thick single-lens optical layout at finite point.

The inspection distance and range of the optical system must be fixed. For a zoom
optical system, the position of the image surface must be fixed; therefore, the internal lens
or specific lens group has to be moved [37,38]. An internal focus control method was used
to fix the position of the image surface and move the internal focus control group to the
target inspection distance such that the overall length of the optical system did not change.
Further, Group 1 in the optical system must be arranged to have a positive refractive power.
This is because there should be no difference in brightness between the wide-angle and
telephoto ends.

In this study, the CODE V (Synopsis Inc., East Boothbay, ME, USA) optical design
software was used to determine the angle of view corresponding to the three types of
imaging devices proposed in the THz wavelength range, and the optical system was
constructed by arranging the refractive power of each lens. We aimed to design an optical
system wherein the angle of view was fixed, and only a specific lens group was moved such
that the image height varied depending on the size of the imaging element. Aberration
is not a problem if it is smaller than the array size of the detection module. Therefore,
the optical aberration must be corrected at the millimeter level. Further, we aimed to
conduct a performance analysis by checking the contrast ratio of the pixels using Light
Tools (Synopsis Inc.), which is a lighting optical design software package.

As the wavelength in the THz band is very long, the pixel size is considerably larger
than that of a visible-light pixel. An imaging device becomes very large if the number of
pixels increases; therefore, only imaging devices with a low number of pixels are expected
to be developed. A wide-angle end with a short focal length and a telephoto end with a



Appl. Sci. 2024, 14, 9097

7 of 22

long focal length is required to construct a zoom lens with a variable focal length. This is
also referred to as the normal or middle stage between the wide-angle and the telephoto
ends. As presented in Table 1, we aimed to construct an optical system that supported
three types of imaging devices: wide-angle, telephoto, and intermediate ends.

Table 1. The image detector proposed in this study.

Detector Number of Pixels Pixel Size (mm)
Wide 64 x 64 1.5
Middle 128 x 128 1
Tele 200 x 100 1

The reciprocal of the focal length of a lens is known as the refractive power or the
power of the lens. If the refractive power is positive, a positive refractive power is obtained
and vice versa. When indicating the type, the previous abbreviations were used and written
as P (positive) and N (negative). In this optical system, the first group was determined to
have a positive refractive power, such that the brightness of the wide-angle and telephoto
ends was maintained. A Group 4 lens with the refractive power of the PNPP (a lens
arrangement of positive—negative—positive—positive) was designed as the basis. Our optical
system utilized the Gaussian bracket method to express the total refractive power and that
overall length using Equation (7). Here, z is the distance between the principal surfaces
of each lens group, k is the refractive power of each lens group, K is the refractive power
of the entire lens, and T is the total length of the optical system. Further, the subscripts
k and z represent the lens group numbers. The focal length of the optical system was
determined by the sensor size of the wide-angle and telephoto ends of the imaging device,
as expressed in Equation (7). Because the reciprocal of the focal length is the refractive
power of the optical system, K; and K; are the refractive powers at the wide-angle and
telephoto ends, respectively.

ki, —z11,k2, =212, k3, —213, k4] = Kq
k1, —z11,ko, —212,k3, —213,ks, —214] =0
k1, =221, k2, =222, k3, =223, ka] = K3
k k = @)
k1, =221, ko, —22,k3, —22,3, ks, —2p4] =0
211+ z1p+213+214=T
Zp1+ 222+ 223+ 224 = T

By solving the above Gaussian bracketing method and arranging the refractive power,
the optical system was composed of four groups. Figure 5 shows an optical path diagram of
a zoom lens wherein the image height was fixed in the form of a general zoom lens, and the
angle of view changed such that the lens group moved and the focal length changed. It had
a fixed whole length that utilized an internal focus movement method to move between
Groups 2 and 4.

For the fundamental optical system design with a refractive power arrangement, a
spot diagram was checked to confirm the optical system performance. Figure 6a—c show the
spot diagrams at the wide-angle, middle, and telephoto ends, respectively, in the case of an
infinite object distance. The x-axis of the spot diagram represents the defocusing range, and
the y-axis represents the maximum image height standardized to 1, indicating the number
of fields. Because the pixel size of the sensor exceeded 1 mm, a 1 mm x 1 mm square
border was placed and checked to determine whether it was larger than the pixel size.

As shown in Figure 6, the boundary line was exceeded in all zoomed cases. Further,
lens shape improvement and aberration correction were required; therefore, performance
improvement is required to obtain a focus smaller than the pixel size.
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Figure 5. The fundamental layout of the zoom optical system is based on the placement of
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Figure 6. Spot diagrams at (a) wide, (b) middle, and (c) tele ends.

3. Results

A variable-field zoom lens was constructed using a fundamental optical system de-
signed by arranging the refractive power. Four aspheric lenses were constructed using
TPX material, with the first lens having a diameter of approximately 16 inches. TPX is
advantageous for aberration correction due to its minimal variation in refractive index
across different wavelengths. Subsequently, the design was optimized to improve the lens
shape and aberration correction. In a zoom optical system, the sensor generally does not
change; therefore, the image height is fixed. However, the proposed optical system was
responsive to various imaging devices. Therefore, the image height calculated from the
size of the imaging device, as presented in Table 1, was set for each zoom.

Figure 7 shows the optical path diagram for each zoom of the optical system designed
with four lenses for infinite object distance. In Figure 7, the optical system is composed of a
four-element, four-group lens with a PNPP configuration, so the focal length for each lens
group is indicated at the infinity-wide end. The focal length of the first, second, third, and
fourth lenses is 974.72 mm, —201.88 mm, 425.71 mm, and 320.44 mm, respectively. As evi-
dent, the size of the image height changed for each zoom as Groups 2 and 4’s lenses moved.
As evident, the size of the image height changed for each zoom as Groups 2 and 4’s lenses
moved. As the focal length changed, the distance between groups changed continuously.

An internal focus-shifting method was used to change the focal length using an
internal lens. This is because the overall length of the optical system did not change. The
optical system comprised four lenses. Groups 1, 2, 3, and 4 were the focator, variator, relay,
and compensator, respectively. It was an optical system wherein Groups 1 and 3 were
fixed, Group 2 functioned as the regulator and changed the focal length, and Group 4 t
functioned as the compensator compensated for the amount of lens movement in Group 2.
As the height of view was variable, the angle of view was fixed. The zoom magnification,
calculated as the ratio of the focal length at the wide-angle end to that at the telephoto end,
was approximately 1.23 times. Because of the large size of the image, it was difficult to
obtain the same angle of view for all zooms. Therefore, the optical system was designed by
determining the angle of view that minimized the difference between the angles of view at
the wide-angle and telephoto ends. The difference in the FOV between the wide-angle and
telephoto ends was approximately 6°. Excluding the FOV difference due to distortion, the
FOV difference was approximately 0.2 times the FOV at the telephoto end, which is not
sufficiently significant to cause detection issues.
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Figure 7. Optical path diagram for height-variable zoom lens.

A continuous line drawing the movement path of each group is referred to as the
zoom locus. Figure 8 shows the zoom locus of a variable-height zoom lens programmed
with Macro Plus, a built-in macro in CODE V software (Ver. 2023.03). The x-axis represents
the total length of the optical system at a distance in millimeters. The y-axis represents
the movement amount of the linear movement group, and is the cam angle normalized to
one at the telephoto end. Each line shows the locus of movement volume for each group.
Groups 1 and 3 remained fixed. Thus, there was no movement, and the lines were drawn
straight. Group 2 was a variator, and its focal length changed from the wide-angle to the
telephoto end. Therefore, changed linearly. Group 4 moved linearly to compensate for the
movement of Group 2. In addition, the image line on the top surface was fixed as a straight
line because the overall length was fixed when using the internal focus movement method.

The performance of the optical system must be evaluated through lighting analysis.
If the distortion aberration of the optical system is large, the peripheral area may become
blurred during the lighting analysis. Therefore, the target distortion value was determined
to be within 5% using the optimized design.

As shown in Figures 9-11, the distortion aberration at each zoom according to the
object distance using a distortion grid was verified. In a distortion grid chart, the x- and
y-axes represent the long- and short-change angles, respectively. The red grid line, which
represents the actual FOV, is the actual image created using the optical system, and the
black grid line (Paraxial FOV) is the standard image. The larger the difference between
the two grid lines, the greater the distortion. The shape wherein the center of the image
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appears to protrude outward is referred to as the barrel type, and that wherein the center of
the image appears to be pressed inward and the edges appear to bulge outward is referred
to as the pincushion type.
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Figure 8. Zoom locus of height-variable zoom lens.
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Figure 10. Distortion grid at an object distance of 3 m at (a) wide, (b) middle, and (c) tele ends.

Figure 9 shows a distortion grid chart for each zoom when the object distance obtained
using the CODE V built-in macro is infinite. Figure 9a shows the barrel-type distortion at
the wide-angle end. Figure 9b,c show the middle and telephoto ends, respectively, which
exhibit a pincushion-type distortion. Figure 9c shows that the distortion was the largest.
As the distortion was 4% at the maximum image height, the value was confirmed within
5%, which was the target performance.
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Figure 11. Distortion grid at an object distance of 6 m at (a) wide, (b) middle, and (c) tele ends.

Even in Figure 10, where the object distance was 3 m, a barrel-type distortion was ob-
served at the wide-angle end (Figure 10a), and the mid-end and telephoto end (Figure 10b,c)
had a pincushion-type distortion. Figure 10 shows that the overall distortion was small.
Even at the largest wide-angle end (Figure 10a), the distortion was within 1%.

In Figure 11, the wide-angle end picture (Figure 11a) exhibited a barrel-type distortion,
whereas the mid-end and telephoto end (Figure 11b,c) had a pincushion-type distortion.
The distortion was observed to be the largest at the telephoto end (Figure 11c). Further, the
distortion was 2.3%, which was less than the target distortion value.

After checking the distortion in all zooms, the distortion at the telephoto end had the
largest value of 4% at the infinite object point in Figure 9. However, the target performance
was satisfied because it was within the target distortion of 5%. Because the pixel size of the
imaging device was greater than 1 mm, optical aberrations were corrected at the millimeter
level through an optimization process.

The resolution was confirmed using a spot diagram. Spot diagrams are a geometric
optical jump-spread function. The higher the density, the better is the imaging performance.
Because the pixel size of the imaging device in the THz range was 1 mm or more, the device
was designed and checked whether the focus was within a boundary of 1 mm x 1 mm.
Parts a, b, and c in Figures 12-14 show the spot diagrams for the wide-angle, middle, and
telephoto ends, respectively. The x-axis (the defocus range) was confirmed to be within the
range of £0.05 mm, whereas the y-axis represents the fields of 0, 0.3, 0.5, 0.8, and 1 when
the height was standardized to 1. The diffraction MTF (modulation transfer function) was
also checked. The x- and y-axes represent spatial frequency (cycles/mm), and the MTF is
normalized to one. The block dotted line in F1 represents the diffraction limit.

Figure 12 shows a spot diagram for each zoom at an infinite object point. The minimum
value of the wide-angle end (Table 2a) based on defocusing 0 was 0.055 mm in 1 field,
and the maximum value was 0.201 mm in 0.8 field. The minimum value of the middle
stage (Table 2b) was 0.081 mm in 1 field, and the maximum value was 0.2 mm in 1 field.
The minimum value of the telephoto end (Table 2c) was 0.096 mm for 0.5 fields, and the
maximum value was 0.297 mm for 1 field. For an infinite object point, the maximum value
of the spot was 0.297 mm at the telephoto end, which was smaller than the sensor pixel
size of 1 mm. Figure 12b,d,f show the diffraction MTF at infinite points. When the pixel
size is 1 mm, the Nyquist frequency is 0.5 cycles/mm, which is close to the diffraction limit
of 0.45 at that frequency.
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Figure 12. (a) Spot diagrams and (b) diffraction MTF at infinite object distance for the wide end,
(c) spot diagrams and (d) diffraction MTF at infinite object distance for the middle end, and (e) spot
diagrams and (f) diffraction MTF at infinite object distance for the telephoto end.
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Figure 13. (a) Spot diagrams and (b) diffraction MTF at an object distance of 3 m for the wide end,
(c) spot diagrams and (d) diffraction MTF at an object distance of 3 m for the middle end, and (e) spot
diagrams and (f) diffraction MTF at an object distance of 3 m for the telephoto end.



Appl. Sci. 2024, 14, 9097 15 of 22

Diffraction MTF
Wide_6000

FIELD
POSITION

0.00, 1.00 L . . . 4

0.000,67.88 MM

0.00, 0.80 L 4
0.000,54.31 MM

F1: Dif. Limit
~F1: (RIH) 0.000 mm
—F2:T (RIH) 20,365 mm
F2:R (RIH) 20.365 mm
—F3:T(RIH) 33.941 mm
F3:R (RIH) 33,941 mm
—F4:T (RIH) 54.306 mm
F4:R (RIH) 54.306 mm
F5:T (RIH) 67.882 mm
F5:R (RIH) 67.882 mm

ooooisseaml | ¥ + |

Modulation

0.00, 0.30 | - - - |
0.000,20.36 MM

0.00, 0.00 L E ] ’ * 4

0.000,0.000 MM

001 002 003 004 008 009 01 o1t

| | — %
DEFOCUSING -0.05000 0.00000 0.05000 Spatial Frequency (cycles/mm)
Wide 6000
pige c000 cxky

(a) (b)

j ! ! Diffraction MTF
Middle_6000

FIELD
POSITION

0.00, 1.00 L
0.000,90.51 MM

Lic 3
1%
1%

0.00, 0.80 L ‘ ‘ * 4

0.000,72.41 MM

F1: DIff. Limit
~F1: (RIH) 0.000 mm
—F2:T(RIH) 27.183 mm
F2: R (RIH) 27.153 mm
—F3:T(RIH) 45.255 mm
F3: R (RIH) 45.255 mm
—F4:T (RIH) 72.408 mm
F4: R (RIH) 72.408 mm
~F5:T(RIH) 90.510 mm
F5: R (RIH) 90.510 mm

0.00, 0.50 | ' e a 4
0.000,45.25 MM

Modulation

0.00, 0.30 L ¢ '] [] 4
0.000,27.15 MM

0.00, 0.00 | ° ™ . ]
0.000,0.000 MM
oo e
, . — s
DEFOCUSING -0.05000 0.00000 0.05000 001 002 003 004 005 006 007 008 009 01 o1 012
Middle 6000 Spatial Frequency (cyclesimm)

POSITION 8 &Y
(0) (d)

FIELD " "
Diffraction MTF
POSITION Tele_6000
0.00, 1.00 L & i . B
0.000,111.8 MM E
0.00, 0.80 | L ' LV ]

0.000,89.44 MM

F1: Dff. Limit
~F1: (RIH) 0.000 mm
F2.T (RIH) 33,541 mm
F2:R (RIH) 33,541 mm
—F3:T (RIH) 55.902 mm
- F3: R (RIH) 55.902 mm
—F4: T (RIH) 89.443 mm
F4:R (RIH) 89.443 mm
F5:T (RIH) 111.803 mm
F5: R (RIH) 111.803 mm

0.00, 0.50 | £ ¥ ¥ 1

0.000,55.90 MM

Modulation

0.00, 0.30 | ® ® e 1
0.000,33.54 MM

0.00, 0.00 L . . . 1

0.000,0.000 MM

e

L L e
DEFOCUSING  -0.05000 0.00000 0.05000 R s . T o

Tele 6000
POSITION 9 wbv

(e) ()

Figure 14. (a) Spot diagrams and (b) diffraction MTF at an object distance of 6 m for the wide end,
(c) spot diagrams and (d) diffraction MTF at an object distance of 6 m for the middle end, and (e) spot
diagrams and (f) diffraction MTF at an object distance of 6 m for the telephoto end.
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Table 2. Image root mean square (RMS) data at object distance infinity.
Field Position (a) RMS (mm) (b) RMS (mm) (c) RMS (mm)

1 0.1542 0.1996 0.2973
0.8 0.2011 0.1453 0.1261
0.5 0.1340 0.0923 0.0955
0.3 0.0610 0.0841 0.1002

0 0.0554 0.0814 0.1575

Figure 13 shows the spot diagrams for each zoom at an object distance of 3 m. The
minimum value of the wide-angle end (Table 3a) based on a defocusing of 0 was 0.063 mm
at 0.3 field, and the maximum value was 1.90 mm in 1 field. The minimum value for the
middle stage (Table 3b) was 0.041 mm in 1 field, and the maximum value was 0.197 mm
in 1 field. Further, the minimum value of the telephoto end (Table 3c) was 0.051 mm in
0.3 fields, and the maximum value was 0.326 mm in 1 field. For an object distance of 3 m,
the maximum value of the spot was 0.326 mm at the telephoto end, which was smaller
than the sensor pixel size of 1 mm. Figure 13b,d,f show the diffraction MTF at 3 m. The
performance is close to the diffraction limit of 0.45 at 0.5 cycles/mm.

Table 3. Image RMS data at an object distance of 3 m.

Field Position (a) RMS (mm) (b) RMS (mm) (c) RMS (mm)
1 0.1899 0.1967 0.3259
0.8 0.1556 0.1756 0.2734
0.5 0.1004 0.0788 0.1409
0.3 0.0633 0.0487 0.0509
0 0.0847 0.0409 0.1103

Figure 14 shows a spot diagram for each zoom at an object distance of 6 m. Based on
a defocusing of 0, the minimum value of the wide-angle end (Table 4a) was 0.058 mm in
0.3 field, and the maximum value was 0.175 mm in 0.8 field. The minimum value of the
middle stage (Table 4b) was 0.06 mm in 1 field, and the maximum value was 0.14 mm in
1 field. The minimum value of the telephoto end (Table 4c) was 0.082 mm in 0.3 field, and
the maximum value was 0.216 mm in 1 field. For an object distance of 6 m, the maximum
value of the spot was 0.216 mm at the telephoto end, which was smaller than the sensor
pixel size of 1 mm. Figure 14b,d,f show the diffraction MTF at 6 m. The performance is
close to the diffraction limit of 0.45 at 0.5 cycles/mm.

Table 4. Image RMS data at an object distance of 6 m.

Field Position (a) RMS (mm) (b) RMS (mm) (c) RMS (mm)
1 0.1546 0.1401 0.2161
0.8 0.1746 0.1529 0.1586
0.5 0.1147 0.0870 0.1038
0.3 0.0576 0.0679 0.0818
0 0.0693 0.0604 0.1352

By checking the spot diagrams in Figures 12-14, the spot root mean square (RMS)
size was found to be smaller than the pixel size in all zooms, thereby satisfying the target
performance. The aberration of the optical system was confirmed at the millimeter level
using a spot diagram, and the performance was confirmed using light tools and optical
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software (Synopsys Inc.). The designed optical system can show that the diffraction MTF
performance values are close to the diffraction limit at all zooms.

An analysis was conducted for object distances of 6 and 3 m. Six zooms were confirmed
for the wide-angle, middle, and telephoto ends. The illuminated area resulting from the
light-source arrangement was determined according to the magnification of the optical
system. The equation for the optical system magnification is derived from the paraxial
Snell’s law in Equation (8).

ni =n'i’ (8)

Snell’s law is referred to as the invariant of refraction because the product of the
refractive index and angle of incidence before and after refraction is the same. This can be
expressed as Equation (9).

ni=ni 5>n< =ni 5 nl =

C gk Ly
s s ®)

where y is the image height of the chief ray, & is the paraxial image height of the peripheral
ray in the thin lens, / is the object distance, and the superscript prime symbol represents the
physical quantity after refraction.

nuy = n'u'y’ (10)

The paraxial angle u can be expressed as h/l. Accordingly, Equation (9) can be
expressed as Equation (10). In addition, Equation (10) is an invariant whose value does
not change before and after refraction and is referred to as a Lagrangian invariant. The
equation for the transverse magnification can be derived by modifying the Lagrangian
invariant equation.

" nu I

_Yy _ _ b
Mr = y I (11)

7

The magnification of the optical system (Mr) indicates the ratio of the image height y
to the object height y. By organizing Equation (9), the relationship between the refractive
index n, paraxial angle u, and the ratio of the object distance and the image distance was
expressed, as shown in Equation (11). The entire illumination area was calculated based
on the optical system magnification obtained using Equation (11). The sizes of the overall,
center, and peripheral receivers were set and placed according to the area. The conduction
of lighting analysis using a light source array that matches the number of pixels in the
sensor requires a considerable amount of time. All areas need not be checked; it is sufficient
to check the performance by checking only the central and peripheral areas. Therefore, a
light source array approximately 1/10 times the size of the sensor presented was created in
Table 1 and conducted a lighting analysis by placing the light source array in the center
and around the actual sensor size (Table 5).

Table 5. Array of light sources used in illuminance analysis.

Detector Light Source Array Pixel Size (mm)
Wide 6 %6 1.5
Middle 10 x 10 1
Tele 20 x 10 1

Figure 15 shows the overall structure of the light sources, receivers, and optical systems
for lighting analysis using light tools. The light source array in Figure 14 is a light source
array, as presented in Table 5, at the focal position of the optical system, located at the center
and periphery of the overall sensor size (Table 1). The optical system was an image-variable
system. It is a zoom optical system wherein certain groups moved according to the width,
middle, and tele ends. The receiver was installed for the entire lighting area to have a size
appropriate for magnification (Table 1) at object distances of 3 and 6 m. To check that the
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center and periphery could be enlarged, the center and peripheral receivers were installed
in an area enlarged by the magnification of the light source array (Table 5).

wd

Light source array

Receiver

Figure 15. Illuminance analysis system of height-variable zoom lens.

Figures 16 and 17 show the results of the lighting analysis after turning off only certain
lights in the diagonal direction to check for the contrast ratio. Figure 16 shows the lighting
analysis results at an object distance of 3 m. Figure 16a,b show the results of enlarging the
central and peripheral receivers at the wide-angle end. Figure 16¢,d show the results of
enlarging the receiver in the central and peripheral parts of the middle stages, respectively.
Figure 16e,f show the results of enlarging the receiver at the center of the telephoto end
and the area around the telephoto end, respectively.

Figure 17 shows the results of the contrast ratio analysis at an object distance of 6 m.
Figure 17a,b illustrate the results of enlarging the central and peripheral receivers of the
wide-angle end, respectively. Figure 17c,d show the results of enlarging the receiver in
the central and peripheral parts of the middle stage, respectively. Figure 17e,f show the
results of enlarging the receiver at the center of the telephoto end and the area around the
telephoto end, respectively.

The turning off of certain lights in Figures 16 and 17 to check the lighting analysis
revealed that one pixel was clearly distinguished in all zoom magnifications, and the
contrast ratio for the pixel was high; thus, the performance was satisfactory.

Figure 16. Cont.
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G e

Figure 16. Illuminance analysis results of receiver enlarged in the (a) center of the wide angle,

(b) around the wide angle, (c) center of the middle end, (d) around the middle end, (e) center of the
telescope, and (f) around the telescope when the object distance is 3 m.

"

s |

Figure 17. Illuminance analysis results of the receiver enlarged in the (a) center of the wide angle,
(b) around the wide angle, (c) center of the middle end, (d) around the middle end, (e) center of the
telescope, and (f) around the telescope when the object distance is 6 m.
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4. Conclusions

This study designed a novel optical zoom system with a fixed angle of view to support
various imaging device sizes for THz applications. To accommodate imaging devices
of various sizes, a zoom optical system was constructed wherein the image height was
variable, the angle of view was fixed, and the focal length was changed. Based on the
optimized design, the lens shape was improved, and aberrations were corrected. The focal
length was varied using an internal focus movement method in which the overall length
was fixed, and the internal lens group was moved to reduce problems such as driving
weight or noise. Because the position of the sensor must be fixed, the focus is adjusted by
calculating the amount of movement of the lens group using the zoom equation. Because
of the nature of THz waves, their transmittance is very high; therefore, there is a strong
possibility that sensor pixels will develop to be larger than 1 mm. Thus, the performance of
the optical system was confirmed using a spot diagram. Infinite object points at both 3 and
6 m were confirmed according to the object distance in the spot diagram.

1. The size of the focus was confirmed to be within 1 mm for all zooms at the wide-
angle, middle, and telephoto ends. The largest focus was 0.329 mm at the telephoto end
when the object distance was 3 m, demonstrating that sufficient results were obtained
within 1 mm. The performance was confirmed up to the diffraction limit even when
diffraction is considered within the diffraction MTF.

2. Distortion was also checked at infinite object points of 3 and 6 m, depending on the
object’s distance. The distortion value and grid chart were checked for all zooms at the
wide angle, middle, and telephoto ends. For an infinite object point, there was 4% distortion
at the telephoto end. When the object distance was 3 m, the maximum distortion was
approximately 1% at the wide-angle end. When the object distance was 6 m, the maximum
distortion was 2.3% at the telephoto end. The maximum value of the total distortion
was 4% for an infinite number of object points, satisfying the target performance within
5%. Because aberrations can be confirmed at the millimeter level, the performance was
analyzed using light tools and a lighting optical system software package. The receivers
were installed at object distances of 3 and 6 m, and lighting analysis was performed with
a light source array at the sensor location. Because the size of the sensor was very large,
a light source array of approximately 1/10 the size of the sensor was placed in the center
and peripheral portions of the entire sensor size, and the illumination was checked at the
central and peripheral receivers.

3. The target lighting area enlarged by the magnification of the sensor was satisfactory
for all zooms. The lighting analysis conducted after turning off certain lights indicated
that the size of each pixel was clearly distinguished, and the contrast ratio was high in all
zooms. Thus, the performance of the inspection optical system was satisfactory. The new
optical system proposed in this study can be used regardless of the sensor size, thereby
broadening the inspection range.
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Abbreviations

QVGA  Quarter video graphics array
HOF Half field of view

EFL Effective focal length

FOV Field of view

THz Terahertz

RMS Root mean square
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