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ABSTRACT

Modulation Transfer Function (MTF) is one of the most important and fundamental image
quality metrics. In the present paper, we present results of image chain simulation, spatial
resolution, Contrast Transfer Function (CTF), and MTF analyses, obtained by using a multi
pattern synthetic ground truth (SGT) image. This synthetic image includes slanted edge
patterns with various angles, bar patterns with varying spatial frequencies, horizontal and
vertical hyperbolic wedge patterns, sine wave star pattern, and example architectures utilized
in National imagery interpretability rating scale (NIIRS) determination. Utilization of this SGT
allows quantitative study of correspondence between the spatial resolution and the MTF/CTF
values for low earth orbit (LEO) satellite imaging.

INTRODUCTION

Accurate determination of one of the most important image quality metrics, modulation
transfer function (MTF), with minimized error margin is of significant importance for satellite
imaging studies [1-16]. In literature, a number of standard test patterns have been utilized to
determine the MTF metric of camera output images [Alici K., 2017; Alici K., 2017; Alici K.,
2018; Alici K., 2019; Alici K., 2020; Alici K., 2021; Blahut R., 2004; Boreman G., 2001;
Brigham E., 1988; EMVA, 2010; Fiete R., 2010; Gaskill J., 1978; Holst G, 2011, ISO, 2017;
Schott J., 2007; Tzannes A., 1995]. Mostly utilized test target patterns are listed as: bar
patterns with various spatial frequencies, sine wave stars, hyperbolic wedges, and slanted
edges [Alici K., 2020; Blahut R., 2004; Boreman G., 2001; Brigham E., 1988; Fiete R., 2010;
Gaskill J., 1978; Holst G, 2011; I1SO, 2017; Schott J., 2007].

There are many experimental studies for the estimation and determination of MTF [Estribeau
M., 2004; Estribeau M., 2005; Li T., 2011; Tzannes A., 1995]. The slanted edge response
utilizes a sharp, high contrast, slightly tilted edge image gathered by the (satellite) camera
system. In this technique, we obtain the edge spread function (ESF) by using oversampling
method. Corresponding line spread function (LSF) is obtained by using first order derivation,
and finally, MTF is obtained by using Fourier Transform [ISO, 2017; Li T., 2011; Tzannes A.,
1995]. A number of fitting and filtering methods also studied to improve this methodology [
ISO, 2017; Li T., 2011].
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We studied image chain approach to estimate the image quality of spaceborne satellite
images [Alici K., 2017; Alici K., 2017; Alici K., 2018; Alici K., 2019; Alici K., 2020; Alici K.,
2021]. In our initial endeavors, we used relatively high resolution images obtained by using
airborne platforms as input to our simulations. These ground truth (GT) input images have 3-
4 times better ground sampling distance (GSD) than the satellite platform of interest. Also
these GT images have relatively high signal to noise ratio (SNR) values. Recently, we
initiated studies on the generation of synthetic images [Alici K., 2020] that have features in
accordance with National imagery interpretability rating scale (NIIRS) values [Ali M., 2016;
Cota S., 2009; Harrington L., 2015; Irvine J., 1997; Leachtenauer J., 1997]. We aim to
compare and match results of several MTF analysis methods by using these synthetic
ground truth (SGT) images [Alici K., 2019; Alici K., 2020].

Utilization of standard target patterns in combination with selected real world architectures
allows us to obtain and compare results of a number of different satellite image analysis
methodologies. In the present paper, we provide design, image chain simulations, spatial
resolution analysis and MTF analysis of an earth observation satellite (AnkaraSat-3)
operating at the low earth orbit. Computed satellite overall MTF was used as input for the
corresponding contrast transfer function (CTF) calculations. Spatial resolution is determined
by using linear search algorithms operated on estimated satellite image patterns such as
horizontal hyperbolic zone plate. Resolution values obtained from hyperbolic wedge patterns
and computed by using GSD formula are in good agreement for detector limited systems.
Further comparative studies that include sine wave star patterns, slanted edge patterns and
bar target pattern results will be reported upon completion.

THEORETICAL BACKGROUND

It is possible to estimate image quality of ground based and spaceborne camera systems
before they are physically constructed and became operational [Alici K., 2019; Babusiaux C.,
2005; Bonier A., 1999; Borner A., 2001; Coppo P., 2013; Cota S., 2011; Farrell J., 2003;
Filbee D., 2002; Gilmore M., 1999; Hook R., 2008; Krist J., 2011; Limbach M., 2014;
Moorhead |., 2001; Ryan R., 2003; Segl K., 2012; Segl K., 2015]. Below, we briefly explain
our end-to-end imaging chain approach and details of our SGT image. Due to computational
limitations, this paper utilizes a SGT that includes NIIRS patterns that cover values from 2 to
8. Besides, only optical diffraction, detector aperture and linear motion effects could be
considered in the reported simulations. We show here a section of our SGT image
(horizontal hyperbolic wedge pattern) in the simulation results figure. We plan to cover all
ICS effects by future advancements in our computational facilities with available
configurations [Berk A., 1987; Mathworks, 2021; Spectral Sciences Inc., 2021; Thinkmate,
2021].

Image Chain Simulation (ICS) Theory

Spaceborne optical systems composed of large scale telescopes and digital imaging sensors
have been utilized as EOS cameras. Image quality metrics of space systems can be
estimated even before the spacecraft launch [Alici K., 2019; Chen T., 2003; Rojas F., 2002;
Taylor E., 2000; Turner M., 2000]. The end-to-end mathematical models and methods
developed throughout this direction include atmospheric effects [Fried D., 1966; Fried D.,
1966; Goodman J., 2015; Goody R., 1995; Green R., 1998; Hufnagel R., 1964; Hulst H.,
1981; Kovalevsky J., 2013; Lei F., 1993; Majumdar A., 2010; Packard C., 2015; Sadot D.,
1994; Salvaggio C., 1994] (turbulence, aerosol), blurring effects based on optics [

O'Neill E., 1956; Welford W., 2017] (optical diffraction, manufacturing and misalignment
based optical aberrations), image sensor (composed of solid state detectors and electronic
circuits) based effects [Barnard K., 1991; Blahut R., 2004; Boreman G., 2001; Brigham E.,
1988; Cox J., 1989; Estribeau M., 2005; Fiete R., 2010; Gaskill J., 1978; Holst G, 2011;
Iftekharuddin K., 1993; Li J., 2006; Mendis S., 1994; Mersereau R., 1987; Schott J., 2007;
Yadid-Pecht O., 2000] such as pixel size, pixel pitch, pixel cross-talk, mismatch in time delay
and integration, satellite platform motion [Boreman G., 2001; Fiete R., 2010; Holst G, 2011,
Schott J., 2007] (orbital motion based smear, high frequency jitter based smear, look angle
effects, maneuver effects, imperfect control based oscillation effects). Moreover, we
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incorporate SGT images that have no noise, high sampling rate, and include scaled standard
resolution target patterns and planar real world architectures such as roads, railways,
wagons, cars, car window wipers [Alici K., 2020; Leachtenauer J., 1997]. Our SGT images
are going to be improved by incorporating exact sun radiance calculations [Holst G, 2011;
Schott J., 2007], surface reflectance (BRDF) properties [Elson J., 1983; Harvey J., 2012] and
three-dimensional rendering algorithms [Schott J., 2007; Schott J., 2012].

ICS aims to cover complete radiometric and spatial analyses and provides mission specific
satellite image estimates and related image quality metrics such as SNR, MTF, GSD, MTFA,
and GIQE [Alici K., 2019; Leachtenauer J., 1997; Schott J., 2007]. In the present paper, we
investigate the satellite image quality by using ICS approach that includes optical diffraction,
pixel/detector aperture, and linear motion effects. Fundamental theoretical formalism for
these effects is provided below. We set the satellite motion direction as y-axis (Along Track,
ALT), the line scan type imaging sensors are positioned in parallel to the x-axis (Across
Track, ACT) and the axis perpendicular to earth surface is selected as z-axis. Our satellite
camera points in —z-direction and looks perpendicular to the earth (nadir view).

Optical Diffraction, Pixel Aperture, and Linear Motion Smear

We compute the point spread function due to optical diffraction by using the following formula
[Alici K., 2017; Alici K., 2019; Brigham E., 1988; Gaskill J., 1978; Schott J., 2007]:

_ [FT{p(xy)}

PSE@®Y) = G5 T T xwrinay @)
In this equation, p(x, y) is the pupil function, FT{p(x,y)} represents the two-dimensional
Fourier Transform of the pupil function calculated at £, = x/Af, f,, = y/Af spatial
frequencies. A is the operation wavelength, and f is the effective focal length of the satellite
telescope.
Pixel aperture MTF depends on the photosensitive area geometry [Barnard K., 1991;
Boreman G., 2001; Cox J., 1989; Estribeau M., 2005; Iftekharuddin K., 1993; Li J., 2006;
Mendis S., 1994; Mersereau R., 1987; Yadid-Pecht O., 2000], and for rectangular apertures
it is calculated by the following formula [Alici K., 2019; Boreman G., 2001, Fiete R., 2010;
Holst G, 2011]:

_|sin(m dy fx) sin(7 dy fy)]
MTF, = dy dy £y fy 72 = (2)

Here, d, and d,, are the physical lengths of the photosensitive areas in each direction.
Linear motion blurs the image as the total signal is integrated along the motion direction
during exposure time [Alici K., 2019; Boreman G., 2001; Fiete R., 2010; Holst G, 2011].
Linear motion during exposure time blurs the image as the total signal is integrated along the
motion direction. Corresponding MTF is calculated as follows [Alici K., 2019; Boreman G.,
2001; Fiete R., 2010; Holst G, 2011]:

MTF, = |sin(7 dysmear fy )| 3)

dysmear f; 7
Here, dysmear is the length of the smear in the y-direction (Along-Track, ALT).

Synthetic Ground Truth (SGT) Image

We have generated a SGT that includes a number of test patterns as shown in Figure 1 in
portrait orientation. From left to right, the first pattern is slanted edge with tilt angle 5° for
across track (ACT) MTF computation. Below this pattern, we positioned slanted edge with
5¢tilt angle that is used for along track (ALT) MTF computation. In the left most third row, we
have another slanted edge that is used to compute ACT MTF and it has 10°tilt angle. The
next pattern is the vertically aligned hyperbolic wedge, which provides system resolution from
contrast studies. Next to the vertical hyperbolic wedge, we placed the sine wave star pattern,
also known as the Siemens star. This pattern includes varying spatial frequency components
and can be used to determine MTF values. Following patterns are used to imitate real world
architectures and implemented by using broadly available data of US standards. We have
highway roads, sedan and station cars with windows and wipers, railways, two types of
3
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Figure 1: Synthetic Ground Truth (SGT) Image with 3.5cm pixel size.
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wagons, and a number of houses. At the right bottom, we placed several bar targets with
varying spatial frequencies and a horizontal hyperbolic wedge pattern.

The size of this SGT could be increased in the lateral direction to cover a number of other
patterns specific for the study of interest. However, computer memory limitations come into
play as the size of the SGT increase. In the present study, we were able to utilize this SGT
by dividing it into image patches and using image stitching techniques after each ICS
simulation.

RESULTS AND DISCUSSION

Image Chain Simulation: Optical Diffraction, Detector Aperture, and Smear Effects

In this subsection, we present ICS results that incorporate optical diffraction, pixel detector
aperture (detector footprint) and linear motion effects. Most parameters of our hypothetical
satellite, named as AnkaraSat-3, were given in our previous papers [Alici K., 2017; Alici K.,
2018; Alici K., 2019; Alici K., 2020]. The satellite operates at a polar orbit with 567 km altitude
and aims to pass over a specific location in Ankara, TURKEY as much as possible. MATLAB
computation of spectral radiance from earth surface with assumed 0.2 uniform albedo and
23% atmospheric absorption coefficient and corresponding MODTRAN Ground Reflect (GR)
result at the top of the atmosphere (TOA) are given in Figure 2 [Berk A., 1987; Mathworks,
2021; Spectral Sciences Inc., 2021]. The optical aperture of the satellite telescope is 0.70 m
and it is assumed to operate at diffraction limited performance (none of the optical
aberrations included in the simulations). The imaging sensor pixels and photosensitive area
has rectangular geometry with pixel pitch equal to 5.88 um, that corresponds to 85.0 L/mm
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Figure 2: Spectral Radiance from earth surface with assumed 0.2 uniform albedo and 23%
atmospheric absorption coefficient and corresponding MODTRAN Ground Reflect (GR)
result at the top of the atmosphere (TOA).

Nyquist Frequency (NF). In Figure 3(a), we show the system MTF (optical diffraction +
detector aperture + linear motion) at the ALT direction. At the Nyquist frequency, it has a
relatively high value, 12.28%, as we have not included all of the effects in ICS. This MTFye
value might be higher than typical high resolution earth observation satellites [Alici K., 2019].
In laboratory measurements of satellite systems MTF targets with bar patterns may be
utilized [EMVA, 2010; ISO, 2017]. Bar targets provide square wave patterns with given
period. Such a square wave can be represented as a Fourier series of sinusoids. The effect
of system MTF can be computed by multiplying each sinusoid coefficient with the MTF value
at the specific sinusoid spatial frequency and adding the degraded series components.
Dividing degraded square wave modulation to input square wave modulation yields the CTF
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Figure 3: (a) Modulation Transfer Functions (MTF) at ALT Direction: Image Sensor MTF,
Diffraction MTF, Overall System MTF, (b) Fourier series representation of input square wave
modulation with ground period equal to 16 m (black-solid line), system MTF degraded square
wave (blue-dashed line).

value at this specific square wave period point [Feltz J., 1990]. For example Figure 3(b) we
show Fourier series representation of input square wave modulation with ground period
equal to 16 m (black-solid line), and corresponding system MTF degraded square wave
(blue-dashed line). In laboratory measurement utilizing bar target we obtain CTF values and
corresponding MTF values could be computed as shown here. In Table 1, we list
corresponding values of CTF and system MTF for our system in ALT direction.

There are a number of differences between direct image chain simulation analyses, and
optoelectronic laboratory experiments [EMVA, 2010]. These may include utilization of a
number of color filters in MTF measurements in laboratories for characterization and
specification experiments of imaging sensors. Full scale study of differences in laboratory
experiments and in orbit characterization can be studied by using our methods that are
partially presented in this paper.

Table 1: Contrast Transfer Function (CTF) values for the given spatial period of bar target
patterns obtained by using our satellite overall system MTF at ALT.

peiod ow | STl et [Spetel e () Tovers System [ cre.

[LP/m] [L/mm] at f, y
80.0000 0.0125 2.0833 0.9738 0.8456
40.0000 0.0250 4.1667 0.9482 0.8248
20.0000 0.0500 8.3333 0.8929 0.7951
10.0000 0.1000 16.6667 0.7747 0.7457
5.0000 0.2000 33.3333 0.5325 0.5500
2.5000 0.4000 66.6667 0.2018 0.2180
2.0000 0.5000 83.3333 0.1290 0.1393
1.6667 0.6000 100.0000 0.0702 0.0759
1.4286 0.7000 116.6667 0.0243 0.0262
1.2500 0.8000 133.3333 0.0048 0.0051
1.1111 0.9000 150.0000 0.0002 0.0002
1.0000 1.0000 166.6667 0.0000 0.0000
0.6667 1.5000 250.0000 0.0000 0.0000
0.5000 2.0000 333.3333 0.0000 0.0000

Hyperbolic Wedge Resolution Analysis

SGT images that incorporate a number of well controlled resolution and MTF target patterns
allows us to quantitatively study correlations between different image processing and image
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quality analysis methods. We can mimic radiometric and spatial (MTF) in flight tests of
spaceborne satellites, and characterization and specification laboratory tests of the
cameras/image sensors, in the simulation domain. By this way, we can obtain contribution
and significance of each image degrading effect (read noise, misalignment based
aberrations, TDI mismatch, platform jitter, etc.) on the final image quality.

One of the standard image quality target patterns is the hyperbolic zone plates also known
as hyperbolic wedge patterns (Figure 4(a)). We particularly pay attention to such patterns
that are created by using the hyperbola function (y = 4,,/x) with specifically defined A,
values for n = 1, 2, 3,4, 5. The generated hyperbola shown in Figure 4(a), includes five
hyperbolic black stripes with starting line width (LW) of 1.25 m in the y-direction (ALT). In
Figure 4(b), we show the irradiance image at the focal plane (FP). Figure 4(c), resulting
simulation estimate for the spaceborne AnkaraSat-3 satellite image is shown. As we look into
the hyperbolic wedge pattern from left to right, at some point we cannot detect or identify
individual lines anymore. That specific point, typically declared by image analysts, defines
the spatial resolution of the satellite image subjectively. In this study, we aim to set a method
for quantitative detection criteria by computationally scanning the image and monitoring
average contrast values.

In the next subsection, we provide and compare MTF and resolution analyses results. In our
future studies, we are aiming to include vertical and diagonal hyperbolic wedge patterns in
order to compute vertical and diagonal spatial resolution values of the satellite system.

(a)
§ —_———————————————————

—

-

(b)

(9

Figure 4: Hyperbolic wedge section of SGT. (a) Ground Truth with Line Pair Width (LPW)
equal to 2.5 m in vertical y-direction. (b) Irradiance Image at the focal plane (FP). (c) Overall
image degraded by optics and image sensor effects including diffraction, pixel aperture, and
linear motion.

Comparison of MTF and Resolution Analyses Results

Modulation of a signal can be viewed best by considering addition of a constant and sinusoid
signals. In that case modulation is equal to contrast in optical terminology and reduced by the
system under interest specified by MTF value at that specific spatial frequency. Here, we
apply the Rayleigh criterion [Fiete R., 2010; Holst G, 2011; Schott J., 2007] for spatial
resolution and assume the two point sources or sinusoidal patterns are resolvable, when
they are separated a distance apart known as the Airy radius. The corresponding contrast at
this separation is about 15% and we apply this value to identify the minimum resolvable
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spatial resolution at the hyperbolic wedge pattern. The point at which the contrast value
reaches 15% is identified by simple linear search algorithm.

The spatial resolution derived from the ICS estimate of the hyperbolic wedge pattern through
contrast scanning algorithm is 52.5 cm. This value corresponds to the ALT spatial frequency
of f, = 156.6 L/mm. Pixel pitch (dpix,) and detector aperture width at the ALT direction (y-
direction) were equal to dpix, = 5.88um. This value corresponds to GSD,, = 49 cm at the ALT
direction at 549 km altitude. As our diffraction limited optical system f-number is, f# = 9.72,
our system airy disk diameter (d.i) is less than 4.88 times the pixel pitch: d;,, < 4.88dpix,,
even at 1 ym sun light wavelength. Thereby, our system is detector limited system and GSD,
should correspond to spatial resolution. However, there is 6.7% discrepancy between the
hyperbolic wedge spatial resolution and GSD, results. This discrepancy depends on the SGT
resolution (3.5cm) induced uncertainty, which is kept at minimum level with the current
computer power limitations. We can conclude from these results that the spatial resolution
automatically derived from hyper wedge satellite image estimations and GSD calculations
are in good agreement. On the other hand, further investigations are necessary in the
presence of optical aberrations with higher resolution SGTs that would allow NIIRS = 9 level
real world architectures. In Table 1, we provide correspondence between the system MTF
and corresponding CTF values. At very low transfer values, CTF and MTF get almost the
same value and for spatial resolution detection, their difference does not have any significant
effect. The spatial resolution value obtained from hyper wedge analysis (52.5 cm) is at about
the point where MTF and CTF values get down to zero (highlighted in Table 1). Here we
presented a candidate quantitative method for direct identification of spatial resolution, by
using hyper wedge target patterns, image chain simulations and modulation analyses. We
are planning to study effects of optical degradations (smaller aperture optics and/or various
aberrations) on spatial resolution with higher resolution SGT input images. Moreover, by
using our methods we are also planning to study effects of various subpixel geometries
utilized in image sensor architectures [Alici K., 2021; Bayer B., 1976; Catrysse P., 2002; Cox
J., 1981, Friedenberg A., 1997; Idema M., 2001; Kavaldjiev D., 1998].

CONCLUSIONS

To sum up, we provided a candidate quantitate method for direct identification of spatial
resolution and corresponding modulation transfer function (MTF) value. We presented results
of image chain simulations (ICS), spatial resolution computations, contrast transfer function
(CTF), and MTF analyses, obtained by using a multi pattern synthetic ground truth (SGT)
image.
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