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Abstract: The noise-equivalent power is used to predict performance of infrared (IR) sensors. In a
general IR or remote sensing system, the axes of the incoming chief ray of each pixel in the optical
system and the center of that detector pixel are slightly misaligned, due to optical tolerances, jitter, and
other environmental conditions, leading to error in the sensor performance prediction and estimates.
A new figure-of-merit, the optical centroid efficiency (OCE), considers the energy on the rectangular
detector pixel, averaged over all positions on the pixel. We calculate the OCE as a function of energy
on detector (EOD) for a popular IR imaging system, a three-mirror reflector.

Keywords: optical centroid efficiency; OCE; ensquared energy (energy on detector; EOD); sensors;
infrared; numerical simulations; remote-sensing instruments

1. Energy Interception by Discrete, Rectangular Pixels

When an image was detected with the photographic emulsion, the instrument resolu-
tion was defined by the optical system. The energy enclosed within a circle, the enclosed
energy, was deemed sufficient to define such derived concepts as noise-equivalent power
(NEP), used as a basis of most other derived figures of merit [1]. They were derived for the
IR spectrum, and applied in the visible spectrum when radiometric quantities were used
in the analysis. The concept of the energy captured by a rectangular detector (EOD) has
become important when rectangular pixel arrays were introduced [2—4].

The sensor performance evaluations up to now have not included the detector pixel
dimensions because the detector pixel size was usually chosen after the geometry of the
optical system aperture. If an object shape was to be identified, then several pixels would
be selected across the diameter of the Airy disc. If large Earth-surface areas were imaged
eliminate paragraph indentin remote sensing, the consideration was on the amount of
collected energy with the expectation that extrapolation between pixels would lead to
subpixel image interpolation.

The EOD; is a multiplicative correction factor that was invoked in the instrument
design to account for the asymmetrical spread of an image of a point source over several
detector pixels, in the case that the pixel is decentered by (Adx,Ady) with respect to the axis
of the optical system. The optical centroiding efficiency OCE(dy,d,) may be considered the
normalized EODd(dx,dy), averaged over a detector area.

The minimum normalized energy on the detector must be greater than 0.25 when
the axis of the optical system is misaligned to the pixel’s furthest diagonal point by
(Ady,Ady) = (d,d). In this limiting case, the image of a diffraction-limited spot spreads
to four pixels. This represents an ineffective use of detector technology. When the misalign-
ment happens along a single dimension, for example, along Ady = Ad, = d, the image of a
diffraction-limited spot spreads to two pixels along the direction of misalignment, similarly
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resulting in the reduction in energy on the detector to a maximum of 0.5. This represents a
similarly ineffective use of the detector resources. Both displacements result in the decrease
in the signal-to-noise ratio and in the decrease in the instrument resolution. The latter case
also introduces image distortion, characteristic of the astigmatism. When considering the
possibility of such a displacement that might result in a potential energy capture of 0.5, it is
advantageous to quadruple the detector size. In an imaging instrument, the energy on the
detector must not fall below 0.5 to assure similarity of the image to the object.

Up until now, the instrument figure-of-merit for the combined optical system and
detector pixel in IR has not been formulated. We attempt to do so in this summary.

2. Effects of Pixel Size and Central Obscuration on the OCE

We previously analyzed the OCE for two aperture types: an ideal circular aperture of
diameter D and an ideal circular aperture with a rectangular central obscuration. A rectan-
gular obscuration is at first sight absent in the telescope and remote sensing instruments.
The James Webb Space Telescope, though, features an aperture with edges formed by sides
of hexagons. For its individual hexagonal segments prior to phasing, the central hole is
formed by six straight edges at 0-, 7t/3-, 27t/3-, t—, 47t/ 3-, or 57t/ 3-angles with respect to
the orientation of each surrounding segment ring.

Only for large pixel sizes, of more than 4 (AF/#), the shape of the curve OCE-vs.-pixel-
size starts to increase in a monotonical fashion for an optical instrument with a generalized
rectangular obscuration. For smaller values of pixel size, between 2.2 and 4 (AF/#), the
OCE vs. pixel size decreases with the increasing pixel size. We consider such behavior
anomalous, as the OCE is just an average of the EOD over the pixel surface. For still smaller
pixel values, the OCE again increases with the pixel size, as expected.

In the absence of the central obscuration, the OCE increases with the pixel size, same
as the EOD increases with pixel size. The presence of the central obscuration introduces
an anomaly in the OCE vs. pixel size. Thus, we may conclude that the effect of the central
obscuration is to decrease the region of the pixel sizes where the OCT increases with the
pixel size to those larger than about 4 (AF/#).

We next examine the OCE vs. EOD for a single imaging optical component with a
mixture of aberrations, dominated by the spherical aberration.

3. Imaging Optical Component, Having a Combination of Aberrations

We next assess the effects of aberrations on the relationship between the OCE and
EOD for a mix of aberrations as follows: Spherical to coma to astigmatism = (1:0.25:0.25). In
the presence of a unit wave of spherical aberration in an optical sensor, the accompanying
coma and astigmatism is 0.25 waves each. The relationships between the OCE and the EOD
for this component are presented in Figure 1 for (a) 2d = (3AF/#) and (b) 2d = (7AF/#).

Next, we extend the analysis of the OCE vs. EOD from a single imaging component to
a reflective imaging system, often employed in IR remote sensing instruments.
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Figure 1. The OCE as a function of EOD for an imaging component, with the proportion of aberra-
tions, Spherical to coma to astigmatism = (1:0.25:0.25) for detector pixel sizes (a) 2d = (3AF/#) and
(b) 2d = (7AF/#). In the absence of aberration, the pixel in Figure (a) comfortably encloses 1 Airy disc,
while the pixel in Figure (b) encloses 3. In this diagram, the amount of aberrations, going from the
maximum (1.0, 0.25, 0.25) A to zero (0), decreases from left to right implicitly along the EOD-axis.

4. Reflective Three-Mirror (RTM) System

In IR instruments, the reflective optical systems are preferred because they can be light-
weighted, they feature minimal transmission loss, and they undergo simplified coating
processes. Additionally, they avoid the chromatic aberration that is introduced in wide
spectral intervals and minimize the Fresnel losses at the component boundaries. The
OCE anomaly further provides diffraction-related information about desirability of the
all-reflective instrument concepts in IR.

A reflective three-mirror (RTM) optical /IR system is often used in remote sensing
instruments [5,6] as well as in military surveillance systems. As a practical instrument, we
analyze a real design of the optical system, presented in Figure 2 [6]. This three-mirror
all-reflective F/2 optical system features, for example, a moderate full field of view of 4.5°
multiplied by 4.5°. After reflection at the third mirror, the incoming beam is reflected by the
front surface of a dichroic beam splitter (the transmission channel for different wavelengths
is not presented). Finally, the light beam passes through a filter and then reaches the FPA.

A\

4.55 IN
—_
Figure 2. Optical layout of the RTM.

The relationships between the OCE and the EOD for the RMT of Figure 2 are presented
in Figure 3 for the detector sizes, (a) 2d = (3AF/#) and (b) 2d = (7AF/#). For each value of
the EOD, we always maintain an aberration ratio of Spherical to coma to astigmatism in
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proportion (1:0.25:0.25) as EOD increases. The maximum aberration mix is (1.0, 0.25, 0.25) A
for low values of EOD.
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Figure 3. The OCE as a function of the EOD for the RTM of Figure 2, with the proportion of
aberrations, Spherical to coma to astigmatism = (1:0.25:0.25) for detector pixel sizes (a) 2d = (3AF/#)
and (b) 2d = (7AF/#). In the absence of aberration, the pixel in (a) comfortably encloses 1 Airy disc,
while the pixel in (b) encloses 3. In this diagram, the amount of aberrations, going from the maximum
(1.0, 0.25, 0.25) A to zero (0), decreases from left to right implicitly along the EOD-axis.

5. Conclusions

We introduced the optical centroid efficiency as a figure-of-merit to account for mis-
alignment, produced by jitter and other environmental conditions. The pupil geometry-
driven diffraction patterns incident on the pixel result in the rise in additional features in
the shape of the OCE-vs.-EOD curves. The EOD analysis indicates that even for static cases
of misalignment, the instruments with EOD smaller than 0.5 result in the image washout.

The OCE as a figure-of-merit is appropriate for the instruments whose detector pixel
is larger than or equal to the aberrated image diameter of a point object in infinity.

We presented a special case of the OCE-vs.-EOD calculations for an all-reflective three-
mirror system, TRM, one of the highly popular remote sensing/surveillance optical /IR
configurations, with a mixture of three primary aberrations. The anomalous negative slope
of the OCE-vs.-EOD curve for the TRM for the small pixel size, 2d = (3AF/#), indicates
that this pixel size is too small for the magnitude of aberrations in this system. This
result indicates an important area where the OCE may be used to specify the instrument
performance parameters.

For the electro-optical IR systems with anticipated jitter, larger pixel sizes (double
the dimeter of Airy disc) result in the same instrument imaging resolution. Equivalently,
an about 20% higher S/N ratio must be included as the design requirement to resolve
the point source in infinity. For the instruments with a mix of aberrations, the anomalous
behavior of the OCE, being inversely proportional to the EOD, is exhibited for the small
pixel size. This indicates that a pixel, smaller than the aberrated image of the point object at
infinity, is not an optimized component for the inclusion into an instrument with relatively
large amounts of aberrations. A pixel of a larger size would result in a better instrument
optimization, cost-effective design, and some compromise in performance, as measured by
the effective image resolution and signal detection.

In conclusion, this work clearly indicates the relationship between the OCE and the
EOD for electro-optical IR systems as follows: (1) The conventional wisdom of either a
constant value of OCE or OCE increasing when the EOD increases is unrealistic. (2) Our as-
sumptions of the aberration ratio used in the computations are for reference only. (3) Finally,
in a sensor of a given pixel size and shape and with reasonable aberration information, the
above procedure can indeed provide an accurate relationship between the OCE and the
EOD. Therefore, such early evaluations are expected to lead to better understanding, per-
formance prediction, and potential cost tradeoffs for the instrument during the preliminary
design stage.
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