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Abstract

A detector’ s nondestructive readout mode allows its pixels to be read multiple
times during integration, enabling generation of a series of “up-the-ramp”images
that continuously accumulate photons between successive frames. Because noise
is correlated across these images, optimal stacking generally requires the images
to be weighted unequally to achieve the best possible target signal-to-noise ratio
(SNR). Objects in the sky present wildly varied brightness characteristics, and
the counts in individual pixels of the same object can also span wide ranges.
Therefore, a single set of weights cannot be optimal in all cases. To ensure that
the stacked image is easily calibratable, we apply the same weight to all pixels
within the same frame. In practice, results for high-SNR cases degraded only
slightly when we used weights derived for low-SNR cases, whereas the low-SNR,
cases remained more sensitive to the weights. Therefore, we propose a quasi-
optimal stacking method that maximizes the stacked SNR for the case where the
RSN=1 per pixel in the last frame and use simulated data to demonstrate that
this approach enhances the SNR more strongly than the equal-weight stacking
and ramp fitting methods. Furthermore, we estimate the improvements in the
limiting magnitudes for the China Space Station Telescope using the proposed
method. When compared with the conventional readout mode, which is equiv-
alent to selecting the last frame from the nondestructive readout, stacking 30
up-the-ramp images can improve the limiting magnitude by approximately 0.5
mag for the telescope’ s near-infrared observations, effectively reducing readout
noise by approximately 62%.
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Abstract

A detector’ s nondestructive readout mode allows its pixels to be read multiple
times during integration, enabling generation of a series of “up-the-ramp”images
that continuously accumulate photons between successive frames. Because noise
is correlated across these images, optimal stacking generally requires the images
to be weighted unequally to achieve the best possible target signal-to-noise ratio
(SNR). Objects in the sky present wildly varied brightness characteristics, and
the counts in individual pixels of the same object can also span wide ranges.
Therefore, a single set of weights cannot be optimal in all cases. To ensure that
the stacked image is easily calibratable, we apply the same weight to all pixels
within the same frame. In practice, results for high-SNR cases degraded only
slightly when we used weights derived for low-SNR cases, whereas the low-SNR
cases remained more sensitive to the weights.

Therefore, we propose a quasi-optimal stacking method that maximizes the
stacked SNR for the case where the RSN=1 per pixel in the last frame and
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use simulated data to demonstrate that this approach enhances the SNR more
strongly than the equal-weight stacking and ramp fitting methods. Further-
more, we estimate the improvements in the limiting magnitudes for the China
Space Station Telescope using the proposed method. When compared with the
conventional readout mode, which is equivalent to selecting the last frame from
the nondestructive readout, stacking 30 up-the-ramp images can improve the
limiting magnitude by approximately 0.5 mag for the telescope’ s near-infrared
observations, effectively reducing readout noise by approximately 62%.

Keywords: Astronomical detectors; Infrared observatories; Astronomy data
reduction; Astronomy image processing

1. Introduction

Infrared detectors are often designed to have a nondestructive readout mode
that can sample the signal in a pixel multiple times during integration without
altering that signal. The nondestructive readout mode is used extensively in
astronomical infrared cameras, including: the Near-Infrared Camera and the
Multi-Object Spectrometer and Wide Field Camera 3 (WFC3) on the Hubble
Space Telescope; the infrared array camera of the Spitzer Space Telescope; all
infrared cameras of the James Webb Space Telescope; the near-infrared spectro-
graph and photometer of the Euclid mission; and the wide field instrument on
board the forthcoming Nancy Grace Roman Space Telescope. The China Space
Station Telescope (CSST) will also observe in the near infrared (NIR) using
detectors made by the Shanghai Institute of Technical Physics.

The nondestructive readout mode offers several advantages. First, multiple
frames that have been sampled during integration can be reduced to a single
frame to mitigate the effects of readout noise and improve the data quality.
Additionally, the data losses caused by cosmic rays can at least be recovered
partially from the nondestructive readout data. Pixels that have been struck by
cosmic rays exhibit jumps in their integration ramps and appropriate algorithms
can be used to identify and remove these jumps. Finally, the pixel values that
are read out before saturation is reached can be used to perform nonlinearity
correction to increase the detector’ s effective dynamic range and thus enable
richer details to be captured.

The sequence of output frames acquired with increasing exposure time in non-
destructive readout mode forms a three-dimensional data cube. Hereafter, we
refer to this series of images as up-the-ramp images, or as ramp images for short.
A reduction strategy is required to combine the series into a single image and
enhance the signal-to-noise ratio (SNR). An equal-weight stacking method is
used in WFC3 to reduce the effective readout noise. Because the SNR increases
with increasing exposure time, weighting all the frames equally biases against
the high-SNR frames, thus causing the stacked SNR to even be below the SNR
of the final frame in the signal-dominant regime. It is also possible to fit the
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integration ramp for each pixel before saturation and then obtain the value at
the exposure time for the last frame to construct a “combined” image, although
this ramp fitting method becomes unstable when the number of up-the-ramp
exposures is insufficient. In this paper, we develop a weighted stacking method
that maximizes the SNR of the stacked image for the low-SNR target case while
also maintaining good performance over the entire SNR range.

Simulations demonstrate that the proposed quasi-optimal stacking method
achieves a higher SNR than both the equal-weight stacking method and the
ramp fitting method, and the proposed method can be particularly helpful for
faint object detection applications with observations acquired in the readout
noise-dominant regime.

The remainder of this paper is organized as follows. In Section 2, we derive
the optimal weights and examine their performances when the target case is
mismatched with the actual observations. We then compare the performance of
our method with the current commonly used reduction methods under various
conditions in Section 3. Section 4 provides an estimate of the improvement
produced by the quasi-optimal stacking method for CSST NIR observations.
The conclusions from the study are drawn in Section 5.

2. Quasi-Optimal Stacking

In a series of ramp images, the pixel values in each frame are accumulated on
top of the previous frame. Although the optimal stacking weights are dependent
on the signal and the noise, which will vary from pixel to pixel, we have chosen
to apply the same weight to all pixels in a single frame. When this approach
is used, the stacking is not optimal for all pixels, but the flux calibration of
the stacked image can be conducted in the usual manner. If the weights are
optimized for each pixel individually based on their specific signal and noise
characteristics, which are not generally known a priori, the stacking results in
low-SNR regions can be affected significantly by random fluctuations in the
noise and thus potentially bias the flux calibration.

We begin with the case of a single pixel for simplicity. This case can also be
regarded as a ramp series of flat-field images with identical pixels. By assuming
that both the bias correction and the nonlinear correction have been conducted
already, we obtain the following pixel value in the i-th frame:

fi=s;+As; + b+ Ab, + Ar; (1)

where s; and As; are the mean signal of the source and the associated Poisson
fluctuation, respectively, b, and Ab,; are the mean background (including contri-
butions from dark current and the sky background) and the associated Poisson
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fluctuation, respectively, and Ar; is the Gaussian fluctuation due to the read-
out noise. The circuit gain is irrelevant during the stacking process and is thus
omitted from Equation (1) without loss of generality. Both s, and b, increase
linearly with time. The fluctuation terms As;, Ab;, and Ar, are all independent
of each other, which means that the covariance of the pixel values between the
different frames becomes:

Cov(f;, fj) = Cov(As,, Asj)—i—Cov(Abi7 Abj)—l—Cov(Ari, Arj) = smin<i7j)—|—bmin<i7j)+r2§ij (2)

where 4;; is the Kronecker delta function, and the readout noise r is assumed
to be the same in all frames. In matrix form, we obtain:

81+b1+’r2 81+b1 A 81+b1
C — 51 ‘:“bl 52 + b'2 + T2 '.:' 82 ‘.f' b2 (3)
51+ by 59 + by sy by 12

The readout noise is not correlated between the frames and only appears on the
diagonal of the covariance matrix. The off-diagonal element values correspond
to the Poisson noise in the previous frame, which is not correlated with either
the signal or the background that is accumulated in the later frames.

We apply a series of weights w = [wy,ws,...,wy]|T to the ramp images and
then obtain the stacked pixel value w” f. The SNR of the stacked pixel can be
expressed as Rgy = w!'s/VwT Cw, where s = [sq, 85, ..., sy]T. To determine the

weights that maximize the SNR, we set the derivative of the SNR with respect
to the weights to zero, i.e., 9Rgy /0w = 0. Because both w’'s and w?Cw are
scalars, the optimal weight vector must satisfy w,,, o C~'s. The solution is
therefore given by:

Cls
“opi = 775715 (6)

with the maximum SNR of:

RSN,opt =V STCils (8>

The weights in Equation (7) are determined up to a scaling factor. A proper
normalization of w,, is to match the “stacked exposure time” with the exposure
time of the last frame, i.e., wl it = ty, where t = [t;,ty,...,ty]" contains the
exposure time for each frame. The signal count rate is then S = s,/t;, and that
of the background is B = b,;/t,. We assume hereafter for convenience that the

frames are equally spaced in time, i.e., t; = iAt.
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Fig. 1 [Figure 1: see original paper| shows the optimal weights for a series
of ramp images with the same settings (N = 30, b, = 0, » = 50e~) with the
exception of the signal level. The frames are stacked in the same way in which
the stacking of a single pixel is performed. Each line in the figure represents a
different case of SNR per pixel in the last frame, Rgp 1,5, Which is defined by:

°N (10)

RSNJast = W

The green dashed line represents equal-weighted stacking. Each set of weights
is normalized according to Equation (9).

The figure shows that when Rgy 1,4 increases, greater weight is assigned to the
later frames. In real observations, the counts in pixels can differ wildly, which
means that one set of weights cannot maximize the SNR for all cases. However,
to ensure that the final image remains easily calibratable, all pixels in the ramp
images should be stacked using the same set of weights. Therefore, it is only
possible to select a particular case of Rgy 1,5 as the target, which we label as
RgN target- We use the optimal weights w, i (Rgy arger) derived for the target
to stack the ramp images. To explore the effects of target setting, we expand
the range of the examples shown in Fig. 1 to 1 < Rgp 1,e < 100 and then stack
the ramp images with Rgy target = 1o Bgn target = 0.5, and use the optimal
weights Wi (Rgn target). Equation (4) is then used to calculate the SNR of the
stack, Rgn stack(F2sN target). The result is normalized based on the matched
case of Rgy target = Ilsn last @01d is shown as a function of both Rgp tareer and
Rg 1ast in Fig. 2 [Figure 2: see original paper] (see Table 1 for a description of
the symbols related to the various weights and SNR, values).

As indicated by the values shown in the top-left corner of Fig. 2, setting a
brighter target case (i.e., a higher Rgy target) Causes a significant reduction in
the SNR of the stacked frame for fainter objects (lower Rgy 1.q). A strategy
that involves setting a fainter target case allows us to avoid falling into such
a circumstance and can realize an SNR that is almost the same as that ob-
tained using true optimal weights (as indicated by the green dashed line). With
RgN target S€t to 6.5 (red solid line), the reduction in SNR when compared with
use of the true optimal weights is less than 4% when Rgy 1,5 < 10, and when
Rgn 1ast = 130 (horizontal axis), the degradation does not exceed 1%. In both
cases, the resulting Ry stack value is still higher than Rgy 1,4 (see similar cases
in Section 3). l

Given that the detection limit is critical for most projects, the SNR of the
faintest detectable objects in the final stack can be boosted by setting a low
target Rgn arget- 1his approach is not optimal for all SNR cases, and thus
we refer to it as the quasi-optimal stacking method. For a telescope with a
point spread function (PSF) that is sampled appropriately, the most compact
objects such as stars usually cover more than 10 pixels each. If Rgy = 5 is
used as the threshold, then the average SNR per pixel would be less than 2
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for a barely detected star. With extended sources such as galaxies, using the
same threshold could mean an average SNR per pixel that approaches unity or
even less. Because the SNR of the stacked image is insensitive to the target
R target in 1ow-SNR cases, a reasonably good strategy would be to set the
target Rgpn target = 1 for optimization.

3. Methods

As noted in Section 1, conventional methods for ramp-image reduction include
the equal-weight stacking method and the ramp fitting method. The latter
approach fits the slope of the integration ramp for each pixel, where the slope
represents the count rate in the pixel, and the count rates from all pixels form
the final image.

The last frame of a ramp series is equivalent to a frame with the same total
exposure time that would be taken in the conventional destructive readout mode.
This frame serves as a useful benchmark for comparison of the different ramp-
image reduction methods, and we also refer to it as a reduction method for
convenience. To evaluate the performance of the quasi-optimal stacking method
and the other available methods, we undertake two tests using simulated images:
the flat-field test and the point-source test. Details of these tests are given below.

3.1. Flat-field Test

For the flat-field test, we generate ramp images with uniform illumination by
setting the signal s; = ¢,5 to have the same value for all pixels in the same
frame. A uniform background b, = t,B is applied similarly. The readout noise r
is assumed to be the same for all pixels in all frames. The images are 2000 x 2000
pixels each in size and are large enough to ensure that the statistical errors are
negligible. Randomly drawn values from the Poisson distribution of the signal,
that of the background, and the Gaussian distribution of the readout noise are
then summed to determine the count in each pixel.

Equation (1) shows that there are three noise types in the pixel: the Poisson
(or photon) noise of the source, the Poisson noise of the background, and the
Gaussian noise of the readout process. Ramp-image reduction methods can
behave differently in regimes dominated by different noise types, so we designed
the test accordingly in three cases with their parameters as listed in Table 2 .
Specifically, by the dominant noise, we mean the noise with a variance that is
greater than that of the other two noise types combined.

The first row in Fig. 3 [Figure 3: see original paper| compares the SNR per pixel
values realized by the four ramp-image reduction methods. The SNR is given
by the ratio of the standard deviation of all pixels in the reduced image to the
mean of these pixels. The results show that our quasi-optimal stacking method
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consistently outperforms the other methods in all three cases. Because the quasi-
optimal stacking method assigns greater weight to frames with more signals,
it should always obtain a better SNR than the equal-weight stacking method.
Moreover, the results for Rgy jarger = 1 (red solid curve) and Rgy target = 9
(green dashed curve) are essentially identical, and thus support the strategy
of setting Rgn arget = 1- The last-frame method actually surpasses Rgpy jast,
which is beyond the range shown in the photon-noise dominant panel. A small
degradation in such a high SNR will hardly affect object detection, and thus
setting Rgy target t0 unity can be regarded as a fail-safe choice for the quasi-
optimal stacking method.

Although we usually try not to observe images in the readout-noise-dominant
regime, it is sometimes unavoidable. Actually, in this regime, we observe greater
enhancement of the SNR over that of the last-frame method by the other three
methods than was observed within the background-noise-dominant regime and
the photon-noise-dominant regime (collectively, this is the Poisson-noise domi-
nant regime). This indeed manifests as a main advantage of the nondestructive
readout mode.

To check the dependence of the SNR of the reduced image on the number of
nondestructive readouts during the entire exposure time, we generated another
set of ramp images according to Table 2 but with N ranging from 1 to 70 and
ty fixed. The results are shown in the second row of Fig. 3. The stacking
methods and the ramp fitting method show convergent behavior as N becomes
large enough. The quasi-optimal stacking method realizes the best SNR among
the methods above and also robustly outperforms the last-frame method in all
three cases shown. The equal-weight stacking method is slightly worse than
the last-frame method in the Poisson-noise-dominated regime. The ramp fitting
method performs poorly if the number of frames is not large enough. This is
consistent with the noise of the ramp fitting method derived in the literature:

12 r?
2 == (11
ORF T N(N? _ 1)ty (11)

in the readout-noise-dominated regime and

6(N2+1)s

Thp = 5E1\72—1;t§ (12)

in the Poisson-noise dominated regime. With a sufficiently large number of
frames, the noise of the ramp fitting method approaches a factor of 1/12/5 ~
1.55 greater than that of the equal-weight stacking method in the readout-noise-
dominated regime according to Equation (11) and is slightly higher than that
of the last frame in the Poisson-noise-dominated regime according to Equation
(12).
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3.2. Point-source Test

The flat-field test in the previous subsection is reasonably instructive, but it does
not encompass the complexity of sky images. Here, we provide a test based on
ramp images of a circular Gaussian PSF at various SNRs that is designed to
mimic real observations of point sources such as stars. The full width at half
maximum (FWHM) value of the PSF is set at 3 pixels, and the background count
rate and the total exposure time take the same values from the readout-noise-
dominant case given in Table 2. The ramp images consist of N = 30 frames and
they are processed using the quasi-optimal stacking method (Rgy target = 1),
the equal-weight stacking method, the ramp fitting method, and the last-frame
method. We then performed aperture photometry measurements on the reduced
images using the Python Library for Source Extraction and Photometry (SEP).

The reduced images are shown in Fig. 4 [Figure 4: see original paper|. A star is
at the center of each panel. The star’ s signal is effectively all contained within
5 pixels from the center, and thus the region outside the star’ s footprint is
essentially a map of the background and the readout noise. The number on the
label in each panel is the star’ s SNR within an aperture of 2.3 pixels. The
images show that the quasi-optimal stacking method can boost the star’ s SNR
by 57%-70% over that determined in the last frame. This degree of enhancement
can make a difference between detection and nondetection. For example, in the
first row in Fig. 4, the star is hardly distinguishable from the background in
the last-frame image (in the rightmost panel) but it becomes more discernible
in the images processed by the other three methods, with the same rank of
performance as seen in the readout-noise dominant case in Fig. 3. The visual
impression is consistent with the SNR labeled in each panel, which demonstrates
quantitatively that the quasi-optimal stacking method offers the best chance of
detection of faint objects close to the detection threshold. It should also be
noted that the SNR enhancement is in part caused by the suppression of the
readout noise, which can be confirmed visually for the two stacking methods.

4. Improvement for the CSST

In this section, we assess the improvement of CSST NIR imaging observations
in terms of the limiting magnitude and effective readout noise when using the
quasi-optimal stacking method.

The photoelectron count for a star of magnitude m 45 in the CSST NIR imager
is given by:

Sgo = AaprTsys/fu(mAB)hl/ dv (13)

where sg is the count within the radius encircling 80% of the energy of the PSF
(Rsp), Aapy s the area of the telescope aperture, T is the system throughput

sys
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(which is assumed to be constant), f,(m,p) is the spectral flux density of the
star, and the integration limits are defined by the filter’ s cut-on and cut-off
frequencies. By definition in the AB magnitude system, the spectral flux density
is flat over the range of frequencies and is related to m 45 by:

myp = —2.5log,, (j};) (14)

where f, = 3.631x10723W m 2Hz '. The exposure time is fixed at the nominal
value of 150 s. The SNR of the star is determined from the reduced image of
the simulated ramp images in the same manner that was used in Section 3.2,
except for the fact that the relevant parameters are adjusted to use the values
given in Table 3 . We then obtain the limiting magnitude corresponding to the
detection threshold where Rgy = 5.

Table 4 summarizes the improvements observed in the limiting magnitude and
the effective readout noise in J' and H’ bands as the number of frames in
the ramp series (N) increases. The CSST NIR imager was able to output a
maximum of approximately 70 frames during each 150 s exposure, and thus
Table 4 stops at N = 70. In both bands, stacking 30 frames using the quasi-
optimal stacking method can increase the limiting magnitude by approximately
0.5 mag when compared with the result from the last frame, which is the same
as the N = 10 case, and stacking 70 frames can increase this magnitude by
approximately 0.6 mag. Given that the limiting magnitude only increases slowly
for N > 30, we recommend that the CSST NIR imager acquires at least 30
frames in the nondestructive readout mode during its nominal 150 s exposures.

When compared with the last frame, the quasi-optimal stacking method requires
a lower photoelectron count to achieve the same SNR, and this is equivalent to
a reduction in the readout noise. In quantitative terms, we define the effective

readout noise as follows:
5 2
80
— —-b (15
(72) 1 (15)

1
Teff =
npix

where n ;. is the pixel number within Rg,. The results are also shown in Ta-
ble 4. Stacking 30 frames results in a reduction in the effective readout noise
by approximately 62%, while stacking 70 frames reduces the noise further by
approximately 71%.

Note that these performance improvements are achieved via data reduction,
with no extra hardware work required.
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5. Conclusion

In this work, we have developed a quasi-optimal stacking method for ramp
images acquired in nondestructive readout mode. This method is designed to
enhance faint object detection by setting a low-SNR target case for optimiza-
tion. Although the stacking weights obtained are only truly optimal for objects
of uniform brightness at a specific Rgy arget Per pixel in the last frame, the
stacking results for flat-field ramp images and point-source ramp images are not
very sensitive to Rgy targer @S long as its value remains low. A good choice
IS Rgn target = 1. The quasi-optimal stacking method outperforms the other
methods that were tested in Section 3 except in the case where, in the photon-
noise-dominant regime, it was eventually surpassed by the last frame at a suf-
ficiently high SNR. Because of its ability to enhance the SNR in the low-SNR
regime, the quasi-optimal stacking method can recoup a sizeable sample of faint
objects of interest that are otherwise undetectable and can thus help to improve
our knowledge of the faint-end luminosity functions of such objects.

Using the CSST NIR imager as an example, we estimate that the quasi-optimal
stacking method can improve its limiting magnitudes in both the J’ and H’
bands by approximately 0.5 mag (0.6 mag) and can reduce its effective readout
noise by approximately 62% (71%) with 30 (70) frames acquired in the nonde-
structive readout mode within the nominal exposure time of 150 s. These are
highly significant improvements, and the reduction method will be worthy of
implementation in the CSST NIR data pipeline in the future.
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