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1.0 Abstract 
I analyze the behavior of the reference pixels of a NIRCam short-wavelength detector, 
SCA#C045, using dark data taken at University of Arizona with Leach control 
electronics. By looking at the correlation in space and time of the reference pixels, I have 
derived a strategy to correct the images that appears to improve the readout noise figure 
(average standard deviation of differenced frames) by 15%-20%. Even without ASICS, 
the characterization of the reference pixels is important to understand their behavior 
under ideal conditions, besides being necessary for deriving of the main detector 
parameters (dark, gain, readout noise…) using the data taken at University of Arizona.  

2.0 Introduction 
The infrared detectors developed for JWST show remarkable figures of merit, like e.g. 
dark current of only a few electrons per thousand seconds. To fully exploit these 
performances during hour-long integrations it is necessary to carefully control the 
stability of the detection system, both detector and associated analog electronics. Any 
drift of the output signal unrelated to the photon rate will increase the equivalent readout 
noise and may prevent reaching background limited performance, regardless on the 
exposure time. In order to correct, at least in part, for these effects, JWST infrared 
detectors are equipped with reference pixels which can be used to monitor the output 
signal and subtract out the common noise terms. However, reference pixels are not read 
at the same time and may or may not be on the same output channel of the active pixels. 
For this reason, it is necessary to figure out some prescription to use them in a most 
effective way, knowing that an optimal correction will remain beyond reach, unless 
different readout schemes are implemented.  

3.0 Detector Readout and Reference Pixels 
Teledyne Hawaii-2RG detectors like the ones used by NIRCam  have the four outer 
rows/columns insensitive to the light. These pixels provide a reference voltage that can be 
used to monitor and subtract the drifts of the output signals. The detector can be operated 
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with 1, 4, or 32 output channels. In the case of NIRCAm, the standard operation mode is 
with 4 output channels (the mode with 1 channel output is used for subarrays). In the 4 
output mode, four adjacent sectors of 512 × 2048 pixels are read simultaneously. The fast 
clock scans horizontally along the 512 columns whereas the slow clock advances upon 
completion of each row. The scan direction is inverted for sectors 2 and 4, i.e. columns 0, 
1023, 1024 and 2047 are addressed simultaneously, followed by columns 1,1022, 
1025,046, and so on.  The output signals are all referenced to a fifth common output, the 
“reference output”, which takes into account for most of the common modes between 
channels, as similar noise is received from bias and clock voltage variations.  
The reference pixels located on the four bottom and top rows provide reference for each 
output channels. The four leftmost and rightmost columns, on the other hand, provide 
reference only to the first and fourth output line. Also, one must notice the different 
timing of these reference signals. For simplicity, I will round the time needed to read a 
single pixel to 10ms, and assume that there is no delay at the end of each line. Thus, the 
first four rows of reference pixels provide, for each sector, 512x4=2048 reference pixels 
in 10ms x 512 x 4 = 20.48ms; the next 2040 rows are read in 10ms x 512 x 2040 = 
10.448s (“long scan”), while the last 4 rows are again read in 20.48ms. During the long 
scan of 10.448s, the 4 reference pixels at the outer edges of quadrant 1 and 4 are sampled 
every 10ms x 512  = 5.12ms.  
 
4.0 Data set 
The analysis presented in this report is based on three sets of dark current frames taken at 
University of Arizona on Sep. 24, 2009. The detector, SCA #045, is a short wavelength 
detector selected for flight. The detector was cooled at the nominal temperature of 36.5K 
in a light-tight dewar. The data, taken in full array (4 output) mode, consist of long darks 
of 160 frames and saved as (2048,2048,160) datacubes in FITS format. Considering that 
each frame takes about 10.6s to be read, the total duration of each ramp is about 30min. 
The experimement was repeated three times, each time taking 25 ramps, for a total of 75 
ramps. The filenames and their location on central storage, at the time of this writing is 
 
/witserv/data4/nrc/SFMB_UofA/Darks/36p5K/Long/ 
FM1_SCA1_36p5K_long.001.fits   to FM1_SCA1_36p5K_long.025.fits 
FM1_SCA1_36p5K_longa.001.fits to FM1_SCA1_36p5K_longa.025.fits 
FM1_SCA1_36p5K_longb.001.fits to FM1_SCA1_36p5K_longb.025.fits 
 
The figures and examples used in this report have been generated using data from the 
very first ramp, but the methods have general validity. The IDL code used to produce this 
report has been made available for download on SOCCER. 
 
5.0 Analysis 
To analyze the behavior of the reference pixels, we need first to consider that each 
reference pixel has its own built-in capacitance and therefore provides a signal with its 
own offset level. To facilitate the analysis it is therefore appropriate to remove the 
relative offsets, in order to have all pixels referenced to the same common level. 
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After reading a full (2048,2048,160) datacube, the IDL code performs this operation 
through the following steps: 

1. Flip the rows of sector 2 and 4, so to have them ordered according to the readout 
direction.  

2. Take the datacube and find, for each reference pixel, the average value across the 
ramp (the first read after the reset may need to be ignored). 

3. Find the average of these averages (“super-average”), which represents the 
general DC level of the reference pixels; this value is needed to preserve the 
original signal level of the reference pixels after correction. Preserving the 
original signal swing is basically a matter of personal taste; I like to keep it as 
much as possible to facilitate finding outliers and saturated values in the images. 

4. Subtract from each reference pixel its own average value and add the super-
average  

At this point, all reference pixels values are scattered around a common value, constant 
across the entire ramp. We can analyze their behavior in two ways: a) by focusing on an 
individual reference pixel to look at its behavior vs. time, across the time series of 160 
read in ~1700s; b) by looking at all reference pixels in a given frame, i.e. by looking at a 
time series of 4x(512+2040+512)=12256 values, for the outer sectors, in 10.6 seconds.  
Let us start with the first case, taking for example the reference pixel (3,3). In Figure 1 I 
plot the 159 values (as usual, I have excluded the first read after the reset) for the very 
first ramp of our set of 75. The four lines represent the data obtained for the four copies 
pixel (3,3), one for of each sector: considering the readout directions, these are pixels 
(3,3), (1020,3), (1027,3), (2044,3). It is clear that the four quadrants provide signals that 
are strongly correlated. In Table 1 I present the covariance matrix of the four outputs, for 
this pixel. The covariance is generally high and does not show and clear preference 
between inner and outer sectors. A random check on other reference pixels shows similar 
levels of correlation.  
Correlation between reference pixels of different sectors is good news, as it indicates that 
when we will consider the reference pixels at the edges of the detector, seen only by 
quadrant 1 and 4, it will be appropriate to use them as tracers of the inner sectors 2 and 3, 
as well. 
 

Table 1 Covariance matrix for reference pixel (3,3) addressed by the 4 output channels 

1.00000 0.803782 0.764350 0.786175 
0.803782 1.00000 0.812224 0.805763 
0.764350 0.812224 1.00000 0.765512 
0.786175 0.805763 0.765512 1.00000 

 
The correlation between sectors also means that if there is any main source of signal 
variation, it is common to the four sectors. One may speculate that having the four output 
channels grounded to the same common reference output removes most of the common 
drifts, but not all of them: the drifts peculiar to the reference output now appear as a 
correlated noise between the four outputs. 
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Figure 1: Values of 4 reference pixels (namely pixel (3,3) of each sector properly oriented) addressed 
at the same time in the four sectors, vs. the frame number (“read”) in a long dark ramp. The strong 
correlation between the four output signals is evident. The time interval between adjacent points is 
about 10 seconds. 

 
Moving to the second case, we look now at the sequence of reference pixels within a 
single frame. To reduce the pixel-to-pixel noise, I take the average of 4 successive (i.e. 
along the fast, horizontal scan direction) pixels, a value based on the fact that the 4 pixels 
on the outer columns, read-out within 40 microseconds, most reasonably will be used 
averaged together. Let’s consider the bottom of the detector. We can easily visualize 
(Figure 2) the high degree of correlation between the four channels within the 20ms 
needed to read the four bottom rows of pixels. 



JWST-STScI-002458 
SM-12 

 
Check with the JWST SOCCER Database at: http://soccer.stsci.edu/DmsProdAgile/PLMServlet 

To verify that this is the current version. 
 

 - 5 - 

 
Figure 2: Each point represents the average of 4 reference pixels, in the fast-readout (horizontal) 
direction, of the four bottom rows of reference pixels. The different colors label different sectors. 
Again, the strong correlation between the output channels is clearly visible. 

Also for the reference pixels at the sides of the detector, sampled in 10s, the correlation 
remains evident (Figure 3). 
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Figure 3: same as Figure 2, for the reference pixels at the vertical edges of the detector, i.e. in Sector 
1 (left side of the detector) and 4 (right side). 

 
Let’s look now at the full run across the reference pixels, bottom+side+top in function of 
the actual timing of the read. Of course, this analysis can be done only for sectors 1 and 
4. In Figure 4 one can clearly distinguish the initial and final clouds of bottom (left) and 
top (right) reference pixels from the long scan, which appears much more rarefied (not by 
chance: during the scan we are spending time to take science data!).  
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Figure 4: full sequences of reference pixels, for sectors 1 and 4, taken during the readout of an 
individual frame. The “bars” at the extremes correspond to the bottom (left side of the plot) and top 
(right side) reference pixels. The horizontal axis displays the time actually elapsed from the read of 
the first pixel, in microseconds. 

Figure 4 clearly shows that during the 10.6 s readout time between the beginning and the 
end of the integration, the top and bottom clouds have drifted; the variation of the pixels 
read during the scan shows that this variation has not been steady with time, but 
characterized by strong oscillations. 
 
The plot presented in Figure 4 can be expanded to include the following frames. Figure 5 
shows the results for the first 16 frames (about 3min of dark and 50,000 values of 
reference pixels); notice the presence of the bars due to lower/upper rows of reference 
pixels, marking the beginning and end of the individual frames.  
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Figure 5: same as figure 4, for the first 15 frames (approximately) 

 
The reference pixels for the entire 30min ramp are shown in Figure 6.  



JWST-STScI-002458 
SM-12 

 
Check with the JWST SOCCER Database at: http://soccer.stsci.edu/DmsProdAgile/PLMServlet 

To verify that this is the current version. 
 

 - 9 - 

 

 
Figure 6: same as Figure 5, for the full sequence of 160 frames. 

 
Let us open a parenthesis to look more in detail to the bottom/top rows of reference 
pixels. Consider the four bottom rows. If we take the averages of the 512x4 values of 
reference pixels of each sector, and plot these values for the set of 159 frames, we obtain 
the plot shown in Figure 7. Again, and not surprisingly, we see that the four quadrants 
remain highly correlated with time. 
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Figure 7: average of the bottom reference pixels for the four sectors, plotted as a function of the 
frame number.  

Let’s do the same for the 4 top rows (Figure 8). The plot looks very similar to the one in 
Figure 7.  
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Figure 8: same as Figure 7, for the average of the top rows of reference pixels. 

Let’s then take, for each of these two plots, the averages of the four lines and overplot 
them averages (Figure 9). There is clearly a shift between the two groups which, let’s 
remember, have been taken 10s aparts. However, if we shift the top values by one unit, 
i.e. one frame (black thick line in Figure 8), the offset basically disappears. In other 
words, rather than on a frame-by-frame base, reference pixels must be considered as 
tagged in time. The shift of one frame recovers the near simultaneity of the two sets 
because the top reference pixels are taken immediately before the bottom reference pixels 
of the next frame.  
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Figure 9: Comparison of the average values of the top (solid white) and bottom (dotted line) 
reference pixels; and with the top reference pixels shifted by 1 unit (frame).  

 
6.0 Use of the reference pixels 
The sequence of reference pixels presented in Figures 4 to 6 is not sampled uniformly in 
time: the information is very dense at the bottom and top of the detector (which is, let’s 
admit, where we don’t really need it…), and more sparse during the actual readout time. I 
will then concentrate on the reference pixels at the sides of the detector, including the 4x4 
corners at the bottom and top: 4x2048 columns of reference pixels on each side. Figure 
10 is similar to Figure 5, except that now, having removed the bottom/top rows of 
reference pixels, the vertical stripes have disappeared. 
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Figure 10: same as figure 5, but without the bottom/top rows of reference pixels. 

 
The data in Fig. 10 provide a time series of reference pixels that can be filtered and used 
to remove, row by row, the variations. The first operation to do is to average the 
reference pixels belonging to each row. In this way we have one data point every row, 
and the full ramp has a reference value every 512 active pixels (approximately, i.e. 
neglecting the delay at the end of each row and of frame). If one uses the reference pixels 
row-by-row, there is the risk of increasing the noise since only 4+4 pixels can be 
averaged for each row. It may be therefore appropriate to average the reference pixels of 
adjacent rows, and perhaps to apply a multiplicative weight correction accounting for a 
somewhat different gain. There are therefore a few choices than need to be made: 

• The filter function 
• The width of the filter 
• The weight to be given to reference pixels. 

I have explored a few different filter functions (boxcar average, median,… ) and they all 
seem to provide similar results. I ended up using the IDL SMOOTH function, which 
returns a boxcar average of specific width. More critical is the choice of the two numeric 
parameters. The width of the filter, W, i.e. the number of rows that need to be averaged, 
must be small enough to sample the high frequency fluctuations of the signal (limited by 
the time needed to read a row, i.e. about 5ms or 200Hz) without adding extra noise; in 
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what concerns the weight factor, R, it may be needed as there is no guarantee that the 
gain of the reference pixels is the same of the active pixels: a certain swing of the signal 
output can be tracked by a different swing, in amplitude, of the reference pixels.  
Table 1 shows the results obtained by varying these two parameters in the following way. 
For the width W I have assumed the values 2, 3, 5, 10, 20 and 30 pixels, whereas for the 
gain factor I have used values of R ranging from 1.0 (i.e., the reference pixels are fully 
subtracted from the active pixels) to 0.0 (i.e., the reference pixels are ignored).  
After correcting row by row the images by subtracting the smoothed (W filtered) 
reference pixels multiplied by the multiplicative R, I have taken the difference of two 
frames (frame 1 – frame 0 in the case shown in Table 2) to remove any hint of fixed 
bias/special variation, and taken the standard deviation of the full array (active pixels 
only). Table 2 shows that the minimal standard deviation (2.4046) is obtained when the 
width of the SMOOTH function is taken equal to W=10 and the reference pixels are 
multiplied by R=0.7  

Table 2 Standard Deviation of the Difference Frame 1 - Frame 0 

 
W=2 W=3 W=5 W=10 W=20 W=30 

R=1 2.72449 2.72449 2.59834 2.48978 2.46559 2.45633 
R=0.9 2.62371 2.62371 2.52497 2.44327 2.43138 2.42794 
R=0.8 2.54495 2.54495 2.47191 2.41467 2.41317 2.41458 
R=0.7 2.49035 2.49035 2.44049 2.4046 2.41134 2.41648 
R=0.6 2.46147 2.46147 2.43152 2.41329 2.4259 2.43363 
R=0.5 2.45927 2.45927 2.44524 2.44055 2.4566 2.46571 
R=0.4 2.48376 2.48376 2.48129 2.48578 2.5028 2.51213 
R=0.3 2.53425 2.53425 2.53874 2.54801 2.56373 2.57215 
R=0.2 2.60916 2.60916 2.61616 2.62602 2.6383 2.64478 
R=0.1 2.7065 2.7065 2.71184 2.71846 2.72543 2.72905 
R=0 2.8239 2.8239 2.8239 2.8239 2.8239 2.8239 

 
Figure 11 shows how this correction affects the data. On the left we have difference of 
the two frames (only the 512x512 section at the bottom left are displayed) after the 
correction with W=10 and R=0.7, whereas on the right we have the original difference, 
without correction. Figure 11 shows that there is an improvement after reference pixel 
correction: the strongest horizontal bands on the right are no more present in the image 
on the left. However, some banding remains evident, indicating that there are higher 
frequency noise terms that cannot be filtered out by accessing the reference pixels (at 
least with this standard readout mode). The standard deviation is 2.4046 on the left and 
2.8239 on the right, corresponding to an improvement of about 15%. Both values can be 
found in Table 2. Notice that the second value corresponds to the last row of Table 2, 
which is obviously constant for different values of W, as it refers to the original case 
without reference pixel correction (R=0).  
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Figure 11: section of the difference of two images after (left) and before (right) the reference pixel 
correction, using a Boxcar average W=10 pixels and a gain factor R=0.7 

 
In Figure 12 I compare the median of the 2040 rows of active pixels (black line) against 
the corresponding sequence of reference pixels (red line). More precisely, I have taken 
the difference of frame 2-frame 1 (frame 0 has always been neglected in this work), 
which creates a frame with average close to 0, and taken the median row by row. The 
reference pixels provide a smoother line because of the filtering with W=10. They track 
the general variations of the signal, but occasionally there are large departures, e.g. in 
correspondence of the two spots marked by the yellow arrows. The reference pixels are 
shown without R correction and multiplied by R=0.7, which provides, for this particular 
pair of frames, a lower noise figure. 
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Figure 12: comparison of the average of the active pixels (black line) vs. the reference pixels (red line) 
for the difference of Frame1 - Frame0 (see text). 

It is also clear that the parameters we have found are the most appropriate only for the 
pair of frames we have considered. To find out the best solution in general, I have 
repeated the analysis on the full set of second differences (i.e. frame1-frame0, frame3-
frame2, etc.) of the first ramp, varying the W parameter from 5 to 35 in intervals of 5 and 
varying R from 1.0 to 0.0 in step of -0.1, as before. Table 3 shows the standard deviation 
averaged over all differences. The minimum, 2.45808 (yellow box in Table 2), is reached 
at W=15 and R=0.8, and provides a noise figure which is almost 20% better than that 
measured without reference pixel correction (3.02698). These are therefore the values 
that should be assumed for detector SCA#045.  
As last remark, the value R=0.8 is the relative gain to be applied to the reference pixels. It 
should not be confused with the 0.8 ratio of the detector outputs to the reference output, 
found by Moseley et al (2010) in their study of the correlated noise between detector and 
reference outputs. The fact that the fluctuations of the output channels are overcorrected 
by the reference output, if equal gain is assumed, is most probably at the origin of the 
correlated fluctuations we have observed in our data.  
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Table 3 Average Standard Deviation of the difference across the full ramp 

 W=5 W=10 W=15 W=20 W=25 W=30 W=35 

R=1 2.61366 2.50127 2.48431 2.47548 2.47485 2.47909 2.48339 

R=0.9 2.55568 2.47187 2.46207 2.45959 2.46147 2.46851 2.47395 

R=0.8 2.51985 2.46185 2.45808 2.46055 2.46460 2.47340 2.47968 

R=0.7 2.50661 2.47104 2.47203 2.47857 2.48398 2.49386 2.50066 

R=0.6 2.51683 2.49934 2.50382 2.51292 2.51919 2.52950 2.53627 

R=0.5 2.54987 2.54604 2.55269 2.56309 2.56962 2.57956 2.58587 

R=0.4 2.60476 2.60995 2.61748 2.62780 2.63398 2.64311 2.64876 

R=0.3 2.67982 2.68977 2.69683 2.70602 2.71139 2.71883 2.72344 

R=0.2 2.77381 2.78405 2.78970 2.79674 2.80072 2.80621 2.80957 

R=0.1 2.88632 2.89368 2.89713 2.90134 2.90362 2.90669 2.90849 

R=0.0 3.02698 3.02698 3.02698 3.02698 3.02698 3.02698 3.02698 

 
7.0 Conclusions 
In this report I have analyzed the behavior of the reference pixels of a NIRCam short-
wavelength detector, SCA#C045, using data taken at University of Arizona with Leach 
control electronics. By looking at the correlation in space and time of the reference 
pixels, I have derived a strategy to correct the images that appears to improve the noise 
figure (average standard deviation of differenced frames) by 15%-20%. Even without 
ASICS, the characterization of the reference pixels is important to understand their 
behavior under ideal conditions, besides being necessary for deriving of the main detector 
parameters (dark, gain, readout noise…) using the data taken in Arizona.  
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