Introduction
These days, while we many not be able to count on
much in the economy, we can still count on three things:
death, taxes, and the fact that technology marches on.
The Canon Rebel XT I reviewed here last year and gave
the nod to as the best bang for the buck in my talk at
MWAIC 2007 is long-gone. The DIGIC III cameras have
all-but replaced these DIGIC II-based cameras and we
now have several examples of DIGIC 4 cameras on the
market. Recently, I had a few days in which I had three
current cameras here at the same time: my own Rebel
XSi, a rented 50D from borrowlenses.com, and a loaner
5D Mk II from a local user (thanks LG!). The latter two
were here for software development purposes, but it
would have been a shame to not push through a test
battery on them while here.

Mk II pushes this to 6400. As we will see below, however, this difference will not affect their suitability for
deep-sky astrophotography work.

For those of you unfamiliar with these models, the XSi is
a 12.2 megapixel camera sporting a DIGIC III processor.
It's chip is APS-sized (22.3 x 14.9 mm) and has 4272 x
2848 pixels that are 5.2 µ square. It's currently near the
low-end of Canon's EOS DSLR line. The 50D is higher
up in the line, sporting a DIGIC 4 processor and 15.1
megapixels (4752 x 3168). It is also APS-sized, making
the pixels a bit smaller at 4.7 µ to fit the extra 3 million
pixels into the same space. The 5D Mk II is near the top
of the line and also sports a DIGIC 4 processor. Unlike
the other two, it uses a full-size 35 mm sensor (35 x 24
mm; 5616 x 3744 pixels). It also has the largest pixels
at 6.4 µ. The three cameras differ in their maximum
ISO which, at first blush, may seem like they will perform
very differently in low-light situations. The XSi's top ISO
value is 1600. The 50D pushes this to 3200 and the 5D

Dark Frames
All electronic imaging devices will build up some amount
of charge over time. This buildup of charge is called
dark current and it is driven significantly by the temperature of the sensor. After all, infra-red photons are still
photons. So, unless you're at absolute zero (-273 C),
your image is going to get brighter and noisier over time
even with the lens-cap on. Twice the exposure duration
will typically yield twice the dark current and the rate at
which it builds up typically doubles for every 6 degrees
Centigrade increase in the temperature of the sensor.
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Note: All image captures were done in Nebulosity (v
2.0.10) and all image processing was done in a combination of Nebulosity, Photoshop CS3, and Matlab.
Two things concerning Nebulosity are worth noting.
First, Nebulosity scales the data from the cameras at
time of capture from their native 14-bit format up to a
16-bit format, multiplying each pixel's intensity by a
factor of 4. Second, by way of a disclaimer, I should
note that I operate Stark Labs and am the author of
Nebulosity, one of many programs that supports
these cameras.

Or, at least that's what happens if you don't do any image processing and if you obey the laws of physics.
Violate either one of these premises and all bets are off.
As described in an earlier article of mine in these pages
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Figure 1: Dark current (mean signal intensity of a dark frame) vs. exposure duration for the XSi (left), the 50D (middle),
and the 5D Mk II (right).
(“CCD vs. DSLR: A bench test comparison”, December
2007), some signal processing is taking place in Canon's
DIGIC chipsets (I tend to favor that option over the violation of laws of physics).
Dark Current
We can see the effect of this processing in a plot of the
dark current versus exposure duration, shown here in
Figure 1. For each camera, a series of dark frames were
taken at 1 s, 30 s, 1 m, and 5 m at ISO 1600 after the
camera had warmed up. The XSi and 50D behave much
like the 350XT and 40D previously tested. The average
signal in the dark frame goes down
with increasing exposure duration
rather than going up. For this to be
real and not an artifact, it would
mean that if you start an exposure
and stop it after 1 second more dark
current would have built up than if
you continue it for another 29 seconds. Either the image is being
processed or the dark current charge
(and image charge) is leaking out of
the sensors faster than it is being
built up. (I have tried placing long
delays between dark frames to let
the camera re-establish a thermal
equilibrium and observed similar
trends). Note that the 5D Mk II does
not exhibit this odd behavior and
instead shows a perfectly reasonable increase in signal with increased exposure duration. Given
the possibility that some processing
is still going on, I do not think we can
accurately assess the absolute dark
current rate using this traditional
method.

previous article) is that Canon is using the “optical
black” (an area around the main image portion of the sensor) to read the dark current and scale the image intensity to bring this back in line. If there is any hint of amplifier glow (a brightening of one portion of the image generated by emissions from the onboard amplifier), this optical black will have an artificially elevated level of signal,
making such a scheme over-compensate and scale the
signal intensity back too much, resulting in a decrease in
image intensity with exposure duration. In the previous
report, the Canon 350XT had clear amplifier glow and
showed a clear downward trend while the 40D showed

One possible explanation for this
behavior (and the one I offered in the
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Figure 2: Mean dark current (blue line) across a series of 30 s frames for the XSi (left), the 50D
(middle) and 5D Mk II (right). Standard deviation of the signal within each dark frame is shown in
no glow and no appreciable shift (up or down). While a
reasonable hypothesis, amp glow is not the source of the
downward trends for the XSi and 50D here as neither of
the cameras exhibited any sign of amp glow in the 5 minute dark frames. Thus, amp glow cannot be what is
causing the over-compensation here.
Dark Stability
Ideally, then, your dark frames would be the same regardless of when you took them. Without temperature
regulation (or at least low dark current and cooling) this
isn't going to be the case as the device will warm up.
Hopefully, there is an equilibrium that can be reached at
which point the dark current in your dark frames and in
your light frames are comparable.
I examined the stability of the dark frames by taking a
series of 30 second exposures and plotting the mean
signal as a function of time in the series (Figure 2). Here,
we see that, as with increasing exposure duration, increased time in the series led to less signal for the XSi
and 50D (blue lines). We might explain this by assuming
that the camera is, in fact, cooling off over time (leading
to less dark current). However, this would predict that the
noise in each image would decrease as well. For all
three cameras, the noise increased with time in the series
(green lines), a clear indication that the camera is, in fact,
heating up during the sequence and that some rescaling
is going on in the XSi and 50D to keep the mean signal
from going up as well (and even driving it down). As in
Figure 1, the 5D Mk II showed an increase in mean signal
with what should be an increase in temperature of the
sensor.
The Trouble with Darks
This processing of the dark frame will pose a challenge
for dark subtraction. What we want is for the same pattern of artifacts to be present in our dark frames as is present in our light frames. If the patterns are identical, we
can subtract the pattern measured by the darks from the
light frames and end up with a cleaner image (dark noise
will still be present, of course - see my review of the DSI
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III Pro in the April 2008 issue for more). We all know that
if the temperature is not close, the dark current can be
appreciably different, leading to either an over-zealous or
under-effective dark subtraction.
A second problem occurs if one image's intensity is
scaled differently than the other's. Recall that when you
take an image of your target you record the signal from
the target (and shot noise associated with this signal), the
dark current (and dark noise associated with this), and
the bias current. When you take a dark frame, you have
everything but the signal (and noise) from the target.
This is why dark subtraction can work well to clean up the
image. But, if the dark frame's intensity is scaled relative
to the light frame, the dark current and the bias current
will not be the same. Any fixed pattern present in the
image (bias current) will be either left on the image or rebranded on the image when you do this subtraction. If
the exposure duration or temperature isn't matched, the
dark current is incorrect, but the bias current is still at
least correct. If the images are scaled relative to each
other, the bias current will be off as well.

Figure 3: Contrast curve for long (30 s) and short (1 s)
exposures with equal light hitting the sensor.
Note reduced contrast in long exposure condition consistent with scaling.
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Is it Really Scaling?
While the above tests show that something is going on,
they still do not determine exactly what is being done to
the image. My hypothesis is that the image intensity is
being rescaled, but without precise test gear it is difficult
to determine exactly what is happening. We can, however, test one prediction of this hypothesis. If the dark
current is being accounted for by rescaling the image's
intensity to bring the background level back down, images with more dark current should have less contrast.
One way to think of it is that the “gain” should be reduced
as you are compressing the histogram to bring that background level back in line with the ideal value.

Bias Frames
Dark frames only tell part of the story and as Kevin Nelson has written in these pages (“Measuring Noise in CCD
Cameras”, October and December 2008), you can learn
a lot about a camera by the bias frames. You can not
only measure the read noise in a camera using a set of
bias frames but you can also get a feel for how wellbehaved the noise is. With a few pairs of flat frames, you
can calculate the gain of the camera as well. Readers
who are interested in more details of the testing methodology are encouraged to refer back to recent reviews of
other cameras I have tested here for AstroPhoto Insight.
Read Noise
A camera's read noise can be calculated by either subtracting two bias frames from each other or by subtracting
one bias frame from a stack of bias frames. This read
noise is injected into every image you take, so ideally it is
both small and well-behaved.

To test this, I prepared a target with a series of grayscale
bars ranging from black to white. I then imaged these
bars under constant lighting using both a short exposure
and low f-ratio (1 s exposure with a DSLR lens opened
up to f/4 allow more light through) and a longer exposure
and a high f-ratio (30 s, stopped down to f/22 to allow
less light through). The exposure duration and f-ratios
should cancel each other out and allow the same number
of photons from the target to reach the sensor in both
cases. Even if this isn't a precise match, the contrast in
the image should remain the same (assuming we are off
the noise floor and not near saturation) unless some scaling is going on.
We can measure the contrast by plotting the average
signal level for each of the grayscale bars in the two exposure conditions. The results are shown in Figure 3.
Both images recorded the same intensity for the darkest
bar imaged (grayscale level 1) but as the brightness of
the bars increased, the short exposure condition's intensity increased more rapidly than the long-exposure conditions'. That is, there was less contrast in the longexposure condition than the short-exposure condition,
consistent with the hypothesis that the image is being
rescaled so that it will not appear to brighten with increased dark current.
Read Noise (ADU, 16-bit)
ISO

XSi

50D

200

Here, I used a stack of 30 bias frames across a range of
ISO settings for each camera to arrive at a relatively
clean estimate of the bias current. I then calculated the
read noise in ADU (analog-digital units, aka intensity values) for each configuration by taking the mean noise
reading across all 30 possible subtractions with this
stack. The results are shown in Table 1. Note, that the
capture program used, Nebulosity, scales the 14-bit data
from the camera into 16-bit data at time of capture. Thus,
if you are comparing these numbers to numbers derived
from the native 14-bit images (e.g., from Christian Buil's
excellent work), this scaling will give a factor of four difference in the values. In no way should this be interpreted
as increasing the noise in the image as both the signal
and the noise are simply scaled by this factor of four.
Once converted into electrons rather than ADU (using the
gain readings from Table 1), the results are comparable.

Read Noise (electrons)

5D - II

XSi

50D

23.7

System Gain (e-/ADU)

5D - II

XSi

50D

13.0

5D - II
0.550

400

45.8

32.8

25.4

6.8

4.9

7.6

0.148

0.151

0.298

800

59.4

46.6

29.3

4.4

3.5

4.3

0.073

0.076

0.147

1600 88.7

75.1

39.5

3.3

2.9

3.1

0.037

0.039

0.077

3200

149.2

79.0

2.9

3.0

0.019

0.039

6400

158.1

3.1

0.019

Table 1: Read Noise and System Gain
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Figure 4: One-dimensional FFT plots showing fixed-pattern banding-style noise in the average bias frames for
the XSi (left), the 50D (middle), and 5D Mk II (right). Top row shows the average row highlighting vertical banding / noise in the image and the bottom row shows the average column, highlighting horizontal
banding / noise in the image.

Two things are of note from these results. The first is that
all of these cameras have very low read noise. Readings
of only 3 e- are excellent by any standard. The second is
that there is a clear pattern that leads to a choice of optimal ISO value. Consider the 5D Mk II. With low ISOs,
the read noise is high (13 e- at ISO 200 and actually 22
e- at ISO 100, not shown). The signal level here is quite
low and the system gain is such that the bias frames are
suffering from quantization error (difficulty recording the
precise values desired as they fall between the whole
numbers used to store the data). In the native 14-bit values, the system gain is above 1 e-/ADU until ISO 800.
For example, at ISO 200, there are 2.2 e- per native 14bit ADU, meaning that variations in intensity of up to two
electrons are given the same value in the output image.
This is not a flaw in the camera's design by any means
as it allows for a greater range of intensities in the scene
to be recorded in the limited bit-depth of the image. At an
ISO of 200, the 5D Mk II won't hit the limit of the 14-bit
ADC until over 36k e- are recorded but at an ISO of 1600
it will do so at just over 5k e-.
For each of the cameras, ISO 800 marks the tipping point
and likely represents the optimal ISO setting as the read
noise nears its minimum. Running higher than ISO 1600
will end up not gaining you any signal to noise and will
only serve to severely limit the dynamic range of the image. Running below 800 and the noise becomes a real
issue. Thus, for these cameras, ISO 800 or 1600 represent the sweet spot with ISO 800 perhaps being the more
balanced of the two.
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Fixed Pattern Noise
Visual examination of the stacked bias frames shows
evidence of the same fixed horizontal and vertical
streaks present on other Canon DSLRs I have tested.
One way to visualize this is to look at the average row
and the average column in the image. This way, we can
highlight anything that all rows have in common (fixed
horizontal noise appearing as vertical patterns / streaks in
the image) and anything that all columns have in common (fixed vertical noise appearing as horizontal patterns / streaks in the image). Any image or waveform like
these average rows and columns can be reconstructed
from a series of fixed-frequency sine waves. FFT plots
show how much energy there is at various frequencies in
the data. That is, it shows what frequencies it would take
to reconstruct the image. Figure 4 shows a Fast Fourier
Transform (FFT) of these average rows and columns using the stacked ISO 800 bias frames.
An ideal average row or column in the bias frame would
be a perfectly flat line along the bottom with a spike on
the left side. That spike on the left would say that all of
the energy is in the very lowest frequency component -the “DC offset” in the image corresponding to the fact that
the entire image rests not at 0 intensity but at some constant value. If the image contains this offset and some
random noise, we will see small, random blips in these
one-dimensional FFT plots. A good example of this is in
the lower-right corner of Figure 4 where the fixed vertical
noise of the 5D Mk II is shown. We see small amounts of
noise scattered across all frequencies with nothing in particular standing out. Thus, there is little trouble with horizontal streaks that run across the image.
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Figure 5: 2D FFT
plots of the bias
stack (left) and the
read noise (right) for
all three
cameras.
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The average row / fixed horizontal noise plots tell a different story, however. These clearly pick up not only more
noise, but several dominant noise frequencies as is evidenced by the tall spikes. From these FFTs we can conclude that there is a complex pattern of vertical streaks in
the image that all three cameras suffer from.
Fixed Frequency and Complex Noise
While ideally, one doesn't want any noise, fixed pattern
noise can be effectively dealt with through bias subtraction (or simple dark subtraction as this will include the
bias current). Since the noise is the same each time, we
can image it and subtract it. What happens, however, if
the noise has a clear structure to it, but varies from frame
to frame? This is called fixed frequency noise and is a far
more troubling situation. Some visible artifact will be present in each frame but it will be present in a different location in each frame, meaning you cannot make a calibration frame that has the exact pattern that must be removed from your light frame.
We can look for this and for more complex patterns in the
fixed pattern noise with a two-dimensional FFT using the
bias frames. A simple 2D FFT of the bias stack (left side
of Figure 5, next page) will highlight complex, fixed patterns in the bias current. In these plots, the basic offset
of the image above zero is shown as a bright dot in the
center of the image. Vertical streaks in the image will
appear as a bright points in a horizontal line (or an actual
horizontal line) through the middle of the image. As you
can see, each of the three cameras has not only this but
also a bright horizontal line through the middle of the bias
stack FFT plots. The 50D, which had the most horizontal
banding both visually and in the 1D FFT plots from Figure
4 also shows the brightest vertical line in this 2D FFT
plot. These are all largely fixed patterns to the noise,
however and should be removed with bias correction.
What won't be removed with bias correction (be it explicit
removal of the bias or simply via dark subtraction) is
shown on the right side of Figure 5. Here, a single bias
frame was subtracted from the stack to isolate the read
noise component and a 2D FFT was calculated. While
the XSi shows nothing but noise and the 5D shows only a
small hint of an issue (small white vertical line segments
about 25% and 75% through the image along the midline), the 5D Mk II is showing several frequencies coming
through taking the form of small vertical line segments
(six total, representing three frequencies) and fine noisy
lines that run the full height of the image. These components to the FFT indicate that there are fixed frequencies
in the image that are in variable locations across the image. Were they in the same location, they would be in
same place in the individual frame and the stack and
therefore be removed here. (Note, I verified this in several individual bias frames).
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By blinking two frames using Photoshop, one can easily
see the issues. First, the horizontal banding clearly
moves from frame to frame. Second, while the overall
pattern of the vertical banding is relatively constant, the
amplitude (brightness) of this pattern varies from frame to
frame. With sufficient stacking, both should go away, but
it will take a good number of frames to make the patterns
disappear. In the stack of 30 bias frames, both were still
clearly present (along with some low-frequency “blob-like”
patterns in the image).
In practical terms, what this means is that despite the
overall lower noise in the 5D Mk II (dimmer 2D FFT images on both the left and the right in Figure 5), you may
not be able to pull out the very faint signals from the
noise as well as you'd hoped or as well as might be suggested by the plots and the read noise specs. The background sky will begin to show evidence of these patterns
in the bias signal that aren't fully removed with bias correction. Note, the noise here is lower than the other two
cameras and there is some hint of this artifact in the 5D
as well. It may be the case that the lower noise of the 5D
Mk II allowed me to resolve this artifact that is present in
each of the cameras (although I see no hint of it in the
XSi).
Noise Distribution
One final way of looking at how well-behaved the noise is
is to examine the histogram of a representative bias
frame. Ideally, the noise would be purely random and
follow a Gaussian distribution. A Gaussian distribution's
histogram is the well-known “bell curve”, also known as a
“normal distribution”. While you want as little noise as
possible, if given the choice between a low level of noise
that is non-Gaussian and moderate noise that is Gaussian, you'll may be better off with the higher-level, but
Gaussian noise. Why? Gaussian noise cancels nicely
across samples. By stacking images, the noise can be
reduced to a level of 1/sqrt(N), where N is the number of
images stacked (four images stacked lead to half the
noise).
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Figure 6: Histograms of individual bias frames for the XSi (left), 50D (middle), and 5D Mk II (right) at ISO 1600.
Inset shows ideal histogram (upper-left), histogram from a QSI 540 (upper-right), and the 5D Mk-II at
ISO 200 (lower-left) and ISO 1600 (lower-right).
Figure 6 shows log-transformed histograms of the bias
frames from each camera taken at ISO 1600 (the log
transform helps amplify potential problems). The inset
here shows several other histograms including an ideal
histogram generated by a large sample of random values. Note how in each of the cases, one sees both a
normal, Gaussian section in the middle, but also an extended “tail” on each side of the distribution (most typified
by the 5D Mk II). What this demonstrates is that there
are a good number of pixels that don't follow a Gaussian
distribution and that are either way too bright or way too
dim in the image. Visually, these appear as a scattering
of very bright and very dark pixels across the image,
looking as if one had scattered salt and pepper over it
(hence the name, “salt and pepper noise”). You will find
that this salt and pepper noise varies in location from
frame to frame, making techniques like standarddeviation-based stacking (aka “sigma-clip stacking”) desirable.
Data shown in the inset in Figure 6 show two points worth
noting. The first is that not all cameras show such noise.
Neither the QSI 540 I own nor the 5D Mk II tested at a
low ISO value show this issue as both have histograms
approaching the ideal. Second, the 5D Mk II when tested
at ISO 6400 shows a distinct, very jagged histogram.
This is indicative of a scaling of the image intensity happening after digitizing rather than before. Much like there
is often little point to running a “digital zoom” on your
camera (you might as well zoom the image in something
like PhotoShop after the fact), it appears there is little if
anything to be gained by running at ISO 6400 as it behaves much like a simple doubling of the intensity (and
noise) of ISO 3200.
SNR in Images
In a perfect world, I'd have been able to take all three
cameras out under identical conditions and take real
DSO images to compare the three cameras. Time constraints nixed this idea quickly. But, photons are photons
whether they be millions of years old or picoseconds old
and we can make do (and be more controlled) with indoor
tests. I setup a target (a photo from the Hubble Space
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Telescope) and shot it with each camera under the same
conditions (constant lighting and camera position, identical lens, f/29, 30 s exposure, having already autofocused on the target when well-lit). The goal here was
to simulate our DSO shots and under-expose the image
such that faint bits of the galaxy's arm were down near
the noise floor. The results are shown in Figure 7.
In this semi-real-world test, the 5D Mk II is the winner.
One can pick out more detail in the dust lanes in the 5D
Mk II than in the other two. Its pixels are the largest
tested here and this really helps in tests like these (and in
actual DSO work). Next up was the 50D to my eye
whose lower noise overall seemed able to compensate a
bit for its pixel size (in comparison to the XSi). The differences are not huge, but they certainly are present.
Conclusions
Canon DSLRs have always represented a tremendous
value for amateur astrophotographers. Big chips cost a
lot of money if you're looking at a cooled, dedicated astro-cam. Even low-cost entries in this market like the
$1300 Orion StarShoot Pro, or the the $1500 QHY 8 cost
two to three times as much as the Rebel XSi goes for on
Amazon these days (although the 50D's price is on par
with these two and the 5D Mk II costs considerably
more). They offer the convenience of one-shot color
(though this does have its drawbacks), are very portable
(no computer needed), and they offer the huge plus of
being dual-purpose devices. I am quite probably one of
the only people in the world who has taken a picture of
my kids with a dedicated astro-cam (and even this was
not intentional; they do have a habit of walking up to cameras under test and staring into the lens asking me why
I'm taking hundreds of pictures of nothing, though).
Clearly, DSLRs have a real plus here.
That said, one should not expect miracles from these
cameras. They are wonderful devices that have changed
the face of amateur astrophotography, but they are not
perfect. The scaling that occurs onboard to combat dark
current and the bias pattern issues limit how well traditional pre-processing techniques can clean up the image.
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This then limits the ability to dig very deep into the images to pull out faint signals. Those of us lucky enough
to shoot from very dark skies will probably hit this sooner
than those shooting from urban skies as our urban skyglow-induced shot noise may help mask these effects.
But, they are there.
If I had all three on a shelf and was headed out to shoot,
which one would I choose? The 5D Mk II is the obvious
choice as it's noise was the lowest, it's pixel size is a better match for most scopes, and it has the largest sensor
of the lot. It also costs over six times as much as the XSi
and is not that much less than my QSI 540 which I'd
rather take out. In addition, there are now a few dedi-

cated, cooled astro-cameras using the Kodak KAF-8300
sensor (monochrome or color APS-sized CCD) coming
out that may offer stiff competition as well (e.g., QHY9,
QSI 583, and Apogee U8300). Exactly how this plays out
in your mind and in your budget is, of course, up to you.
By day, Craig Stark, Ph.D. is a professor whose
research involves trying to pull faint signals out
of noisy, moving images of people's brains. By
night, he is an amateur astrophotographer and
operates Stark Labs. Stark Labs provides software to help users pull faint signals out of noisy,
moving images of the heavens.
http://
www.stark-labs.com

Figure 7: Indoor “DSO” test frames from the XSi (top), the 50D (middle) and 5D Mk II (right).
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