As a small lad, I was prone to taking things apart and
put them back together in an effort to Figure out how
they worked. I fondly remember an electric tape dispenser my grandfather had that seemed to break every
time I came over, only to have me fix it for him proudly.
Today, of course, I wonder if he intentionally jammed the
device each time before my arrival to give me something
to do and perhaps to keep my penchant for taking things
apart limited to the tape dispenser and not directed towards his typewriter or TV. While I didn’t really know it
at the time, this childhood desire was the first real sign
that deep down, I’m an engineer at heart.
Engineering is all about trade-offs and compromises.
Sure, we could use a solid steel beam here and that
would support this part of the structure, but it would be
heavy and costly. Is there a better way? Engineers are
always asking themselves if there is a better way to do
something and a better way to put together an entire
system so that all the parts work together to form something that is far more than just the sum of its parts. To
me, something that is brilliantly engineered is a work of
art. In this respect, the QSI 500 series is a work of art.
You can get an appreciation for this first from the exterior and what might initially be dismissed as “little
things.” For comparison purposes, I show here a photo
of the QSI 520ci under review here with my own SBIG
ST-2000 XM (the ST-2000 shown has an optional filter
wheel attached, adding 1” to the depth). Throughout the
review of the QSI, you’ll find I draw comparisons to the
SBIG ST-2000. The reason is not just because they
both use the same Kodak sensor. There is a good reason why the SBIG ST-2000 has been a very popular
camera and why SBIG is by all standards one of the
leaders in the field. The ST-2000 is a fine camera and
not something that is easily picked on. It’s a solid performer with a solid reputation from an excellent camera
maker.

With that said, look first at the fan area. Note in the
SBIG how the fan protrudes from the case. While the
odds are low, there is some chance this protrusion will
catch upon a cable or make contact with a part of your
mount. Note now how QSI has machined a recess into
the heatsink so that the fans would still be effective at
their job of cooling but do so without adding to the thickness of the case. Turn your attention now to the connectors. Both SBIG and QSI place their connectors on
the bottom, but note the differences. Both have a standard USB connector. The QSI has a standard ST-4
guide port and a 12V coaxial power input. The SBIG
has two DB-9 connectors and a large, multi-pin power
plug (using the same DIN connector as the original IBM
PC’s keyboard to show you just how far back I go). The
extra connectors on the bottom of the SBIG seem like a
bonus at first blush. In typical use, this may not be so,
however. A large adapter plug either with a cable coming off of it (if you have a color filter wheel) or without (if
you don’t) must be plugged in to provide the ST-4 output
(the adapter sits atop the power supply in the photo
here). This makes the camera a lot bigger in this dimension (over 2”) making it more prone to hit your scope or
snag on something. What’s worse is that you either rely
on friction to hold the DB-9 in place or must have a small
screwdriver to attach it. If this falls out during imaging,
your guide port (and/or filter wheel) will stop working.
In contrast, the QSI needs no adapter to get you to the
standard ST-4 guider output. While the 520ci here
needs no filter wheel, the monochrome version has this
as an option. But, rather than using a cable that runs
between the filter wheel and the rest of the camera externally, all connections are internal, eliminating the
need for this as an external port. Likewise, the 12V DC
input is converted to the various voltages needed by the
camera by supplies inside the camera head. This
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means a simple (and small) 12V adapter can be used if
you wish to run off of 120V AC. Of course, with a single
12V input, the camera may be plugged directly into a
12V battery. The SBIG’s supply is external and far larger and some supply must always be used (separate
ones are available for AC and DC operation). The cable
running from it to the camera, now having to carry multiple voltages, is thicker and more unwieldy (and also stiffens considerably in the cold) and more prone to place
torque on your camera.

The CD-ROM includes the camera drivers, a set of outstanding user manuals, a stripped down version of
Maxim (Maxim LE) for basic camera control and basic
processing. The CD also includes drivers for Maxim DL
(Diffraction Limited) and for CCDSoft, (Software Bisque)
and a full software developer kit (SDK) for those wishing
to develop their own programs (Windows and Linux support provided). Currently, it is also supported in Nebulosity (Stark Labs) and AstroArt (MSB Software) as
well. Optional accessories include an upgrade to the full
version of Maxim DL ($100 savings), a liquid heat exchanger, various mounting adapters, and a laserengraved badge should you so desire.

Figure 1: SBIG ST-2000 XM (left) and the QSI 520ci
Now imagine that these seemingly small decisions are
executed not just here, but across the entire design of
the camera. Each choice may or may not seem critical
to someone, but together they build upon each other to
make a piece of wonderfully designed hardware. From
the exterior layout to the solid build quality to the excellent performance, this is a piece of fantastic engineering.
What’s in the Box?
The QSI 500 series of cameras sport a range of sensors
housed in three body sizes. All bodies have the same
4.45” x 4.45” rounded square shape, but vary in thickness from 1.68” for the Slim body style (such as on the
520ci here) to 2.5” for the Full body style that includes
space for a mechanical shutter and an internal filter
wheel (at NEAF, QSI announced an optional off-axis
guider that can be built into the full-size body style, placing the pick-off prism ahead of the filters and shutter
while adding only 0.3”). To this, add 0.23” for the standard T-thread mount in each configuration (other mounting options are available). This puts the footprint about
0.5” smaller than the ST-2000 and about 1.5” less deep
in comparable configurations. The 520ci weighs in at 26
oz (about a half a pound lighter than the ST-2000) and
comes standard with a custom-fit Pelican case. It also
comes with the power supply, USB cable, guider cable,
a 2” nosepiece (2” – T-thread adapter), a set of small
hex wrenches, and a CD-ROM.

Figure 2: QSI 520ci in its case
The bundled version of Maxim, Maxim LE, includes basic camera control for the QSI series and the ability to
control a guide camera. It has a focus tool, basic preprocessing routines (dark, flat, and bias correction), and
basic stacking tools (average and median combines).
But, that’s about it. You’re not going to get DDP, deconvolution, stretching, bad pixel mapping, pixel editing, or
any other of a host of other features found in Maxim DL.
QSI offers a discount on Maxim DL and a full list of the
differences on their site (http://www.qsimaging.com/
maxim.html). If you intend to do most of your processing in PhotoShop, what’s supplied will get you there,
though.
The 520ci reviewed here uses Kodak’s KAI-2020 CCD
with 1600 x 1200 active pixels, each measuring 7.4 mm
square. In this, the color version, an RGB Bayer color
matrix is present over the pixels to allow for one-shot
color operation. This is an interline, progressive-scan
CCD. Interline CCDs use a set of charge storage areas
next to the imaging wells. During readout, the charge is
rapidly transferred to these storage areas, providing a
very fast electronic shutter and removing the need for a
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Nothing shown here should be taken as a strong criticism of the SBIG’s performance, although it will not
match the QSI’s in places. Were I to pick a low-end
camera as a basis for comparison, little could be
learned. That the QSI 520ci, a relative newcomer in the
market performs so well as to meet or exceed the
SBIG’s performance should be viewed more as credit for
QSI, rather than fault with SBIG.

Figure 3: QE Curve
mechanical shutter. The extra physical space that these
storage areas take up blocks space where an imaging
well might be, reducing the efficiency of these chips.
Microlenses on the KAI-2020 help mitigate this problem
by directing a portion of the light that would have fallen
on the storage area into the imaging well. The KAI-2020
is also an ABG (anti-blooming gate) sensor. This means
one does not need to worry about bright streaks appearing off saturated stars. ABG sensors are certainly easier
to work with but this does come at the cost of a bit of
sensitivity. The quantum efficiency curve from the KAI2020 sensor is shown here for both the color and monochrome variants (QSI offers cameras with either chip.
Data from the Kodak spec sheet).
On the Bench

Transfer Function: e-/ADU
After photons hit a CCD well, some percentage of these
are converted into electrons and a current comes off the
CCD chip. These electrons are then counted and we
read out a number – the intensity in this pixel. It’s usually not the case that the number read out is the number
of electrons, however, as there is usually not a 1:1 relationship between electrons and intensity. To optimize
this conversion (the analog-to-digital conversion), makers choose a system gain – the number of electrons per
ADU (analog-digital unit – aka intensity you see in your
image). Given that 16-bit ADCs are typically used and
can represent 65536 shades of intensity, the gain is typically roughly the full-well capacity (most number of electrons the CCD well can hold) divided by 65536. In this
case, it would be about 0.7 e-/ADU. QSI roughly holds
to this and specs the gain at either 0.8 e-/ADU for the
default “high gain” mode or 1.9 e-/ADU for the “low gain”
mode. The latter mode can be useful during binning, as
the increased charge one gets by summing pixels’ signal
on chip (prior to the ADC) can easily saturate the ADC
prematurely.

You can learn a lot about a camera by how well it per- Following the methods of Nikos Drakos and Tim Abbot
forms on the test bench. If it fails to perform well here, it (http://www.ctio.noao.edu/~tmca/CCD/docs/cookbook/
won’t perform well under the stars and bench results can top.html), I measured the system gain in the default
highlight any challenges you’ll face in processing your mode to be 0.80 e-/ADU. The camera is hitting the
data. I can summarize the bench tests quite simply by specified gain very nicely.
saying you won’t face any challenges when processing
your data. None. Quite simply, I could not find any
faults in the camera’s performance. Were I looking for a
camera to serve as a reference standard, the QSI 500
series would be it. Yes, the performance was that good.
To serve as a basis for comparison, I will present data
from my SBIG ST-2000 XM as well. The ST-2000 I
have here uses the same CCD as the QSI 520 and is a
nearly current model (it does not have the guide head
output port, but otherwise is current). It is a monochrome camera, but I have had a color ST-2000 XCM
here on the bench and have data from two XCM samples as well. All have tested similarly and all are excellent cameras (see “DSLR vs. CCD: A Bench Test Comparison”, AstroPhoto Insight, Special Hardware Issue
volume 3, issue 7 for results on an XCM model). I have
chosen to include comparisons with the ST-2000 as this
is a well-known camera and an excellent performer. At
the time of this writing, they are comparably priced, with
the SBIG being somewhat less expensive. The ST2000 XCM is either $300 less expensive than the QSI
520ci or comes with a free dual-chip configuration. Figure 4: Transfer function of the QSI 520ci
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Cooling
The QSI 520ci is equipped with a dual-stage thermoelectric cooler (TEC) rated to drop the chip temperature
38˚C below ambient while running at 85% cooling power
(optional liquid cooling can boost this to -45˚C). I had no
trouble hitting this spec. The TEC is cooled itself by a
pair of fans whose speed, by default, varies with load on
the TEC (the cooler the hot side of the TEC is kept, the
colder the cold side can be). This was a welcome feature as most of the time the fans did not need to be on
full and could be kept very quiet (while not “wake the
dead loud”, at full-blast, they are not “whisper quiet” either). I had no trouble also setting any range of CCD
temperatures. The QSI just as easily set the CCD temperature to 20˚C as it did -15˚C.
While dark current on many of the Sony HAD chips is so
low that temperature regulation is not a large concern,
on many of the Kodak chips, temperature regulation is
critical for accurate dark subtraction. Recall that dark
current typically doubles with every 6˚C increase in temperature. QSI rates the temperature regulation accuracy
at +/- 0.1˚C between 0˚C and -40˚C. To assess the
regulation accuracy, I powered on the camera at room
temperature, set the set-point to -10˚C, and immediately
began a series of 60 one-minute dark frames. The
mean value in each frame is shown in the graph in Figure 5.
The QSI 520ci hit the set point almost immediately and
simply stayed there. From three minutes on, there was
no variation to speak of. Serving as a reference point
for the QSI, the SBIG ST-2000 also does an excellent
job of temperature regulation. However, it slightly overshot the set point by a few ADU at four minutes in,
gradually ramping into the same level of essentially perfect stability after about 20 minutes.

Figure 5: Dark Stability of the QSI 520ci

Even cooled, the camera will still create dark current
that will slowly build up over time in the image. At 10˚C, I measured the dark current in the QSI to be
0.0147 ADU / sec. QSI rates the camera at < 0.1 e-/
s at 0˚C. This would equate to 0.133 ADU/s at 0˚C
or 0.08 ADU/sec at -10˚ C. Clearly, the camera
meets the spec here as well. Note, the actual value
measured here will be determined largely by the
individual sample of the Kodak chip more than the
camera itself.
Read Noise
Read noise is noise that gets injected into the image
as the CCD is read out. You cannot escape read
noise. You can only try to keep it as low as possible
and as clean as possible. Here, as well, there is
variation from chip to chip. The best the camera
hardware that sits downstream of the CCD can do is
to add no more noise into the image itself. QSI
specs the read noise at “Typically < 8 e-“.
To be consistent with my review of the Meade DSI
III in the previous issue, I measured the read noise
(TEC set to -10C) using a set of 10 bias frames,
each exposed for 10 ms. A stack was made of the
bias frames and, for each one, the standard deviation of the difference between the frame and the
stack was calculated. The average of these 10 values was then used to arrive at a read noise of ~8 e-.
The true read noise is likely a touch lower than this,
as this will be inflated slightly by the testing methodology used. Using this same methodology, the ST2000 measured ~8 e- as well .
Patterned Noise: Visual Inspection of Bias Frames
Bias frames help one see a lot about the workings of
the camera, helping you visualize the read noise
(and other noise) as all noise is not created equal.
We can get a good first pass at what will be in every
frame you take by simply inspecting a bias frame
visually. Here, I show cropped (full-height) sample
single bias frames from the QSI 520 (left) and the
SBIG ST-2000 (right). These have been carefully
stretched to maintain a constant contrast in the two
images (stretching both identically once the differing
offsets were accounted for).
In the SBIG, we see two issues that we don’t see in
the QSI. First, there is a gradual increase in intensity as one moves from the top to the bottom of the
image. It is not a large effect and it is one that is
present to at least some degree in every camera I
have tested. Thermal charge builds up in the vertical registers during readout and this induces the
slight brightening. In the ST-2000 here, it amounts
to 0.033 ADU per row in the image or a total of
about 40 ADU (24 e-) brightening in the bias frame
at the bottom relative to the top. This will be in
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Figure 7: Bias Frames Plot, QSI 520ci (left)

ing no such signs of streaks. Visually, it shows no sign
of anything other than pure, random noise. There is no
need to pull anything out and therefore no chance that
things won’t be perfectly pulled out.

Figure 6: QSI 520ci bias (left) and SBIG ST-2000 bias

We can visualize this further by examining the histogram
of a stack of bias frames (stack of 10 used here). An
ideal histogram would be tight and symmetric, looking
like a Gaussian curve (bell curve). Deviations from this
mean the noise is non-Gaussian. Non-Gaussian noise
will build and get clearer in your stacks just as your signal will. We can see the histogram from the QSI on the
left is very Gaussian in shape whereas the histogram
from the ST-2000 is both broader and more skewed.
Again, ideally, this will be pulled out during subtraction
but you are relying on the subtraction working perfectly
to pull this out when the noise deviates from a pure, random, Gaussian distribution. (Note, some of the ST2000’s broadening of the histogram is the result of the
different gains used by the two cameras and plotting the
histogram in sensor ADU vs. in electrons. This difference would induce about a 33% increase in the width –
about half of what is shown in Figure 7).

every frame and therefore bias subtraction (or simple
dark subtraction) will pull it out – at least all but the
very, very small amount of additional noise one would
have at the bottom. It is a lot more difficult to pick this
gradient out in the QSI where it measures 0.013 ADU
per row for a total of about 15 ADU (12 e-).
Second, like the ST-2000XCM reviewed in a prior issue (DSLR vs. CCD: A Bench Test comparison, December 2007, Special Hardware Issue volume 3, issue
7), the hot pixels induce vertical streaks in the image.
These again are not
huge artifacts or very
problematic to account for as they are
removed quite well by
bias subtraction or
simple dark subtraction (as darks will
contain the bias current).
Most of the
time, we will be doing
dark subtraction and
temperature regulation lets this be accurate. That said, the
QSI, using the same
CCD, produces a
cleaner frame showFigure 8: 1D FFT Plot, QSI 520ci (left)
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Figure 9: 2D FFT Plot
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Horizontal and Vertical Patterned Noise: 1D FFT
The eye is very good at picking up patterns, but Fourier
transforms are even better. I calculated the average row
and average column for a stack of bias frames and performed 1D FFT analyses on each to look for fixed horizontal and fixed vertical patterns in the noise. The results for the QSI (left) and the SBIG (right) are shown in
Figure 8 (previous page) and bear out the results from
the visual inspection quite well.
The QSI shows no fixed horizontal noise at all. This is a
truly astounding plot as it means there are no recurring
patterns due to readout issues or anything else. The ST
-2000 shows fixed horizontal noise, but with no concentration at any one frequency. This fixed horizontal noise
is driven by the streaks off of the hot pixels. Since they
are not distributed at fixed intervals (nor are the warm
ones that produce fainter streaks), we see this as the
random noise in the 1D FFT plot. In the vertical noise
plots, the QSI shows some power in the low end of the
spectrum, the result of the slight gradient in the bias image. Note how the falloff is tighter here than in the
SBIG, again consistent with the more pronounced gradient in the SBIG.
Complex Pattern Noise: 2D FFTs
Fast Fourier Transforms can be done in two dimensions
as well. This kind of analysis lets one visualize more
complex patterns in the noise. In a 2D FFT plot, the
center of the image represents 0 Hz, or the “DC offset”,
and unless the image is blank, there will always be some
energy here. This represents the average signal in the
image. An ideal 2D FFT plot would show a bright dot in
the center and nothing else, with the ideal real-world 2D
FFT plot showing a bright dot in the center and random
noise throughout the rest of the image. If there are horizontal components to the noise, vertical lines, line segments, or other vertical patterns will appear with their
spacing and distance from the center telling us the frequency of this noise component (spacing between repetitions of the pattern in the image). If there are vertical
components to the noise, this will show up horizontally in
the 2D FFT. Diagonal components will show up diagonally. No matter how complex the noise, if there is structure to it, a 2D FFT will pick it up.
In Figure 9 (previous page), we have 2D FFTs showing
both the total noise in a single bias frame (left) and
showing just the read noise (right) for both the QSI and
the ST-2000. In the QSI’s single frame, we see the faint
vertical gradient cached out as a faint horizontal line and
we see a small amount of low-frequency horizontal noise
cached out as a short vertical line. When isolating the

read noise component (one frame subtracted from a
large stack), we see an ideal frame with no evidence of
any systematic noise. For comparison, the ST-2000’s
single frame shows a clearly amplified version of the
QSIs, again picking up the stronger vertical gradient
(bright horizontal line in the FFT) and the vertical
streaks / horizontal noise in the image (vertical line in
the FFT). The FFT of the read noise in the SBIG is
also excellent, but does show a touch of horizontal
noise, cached out as a short vertical line rather than a
single dot in the center. This is still an excellent 2D
FFT plot, but one that does not quite mach the QSI’s.
Bench Tests: Summary
I’m certain there are flaws in the QSI 520ci’s performance somewhere. Wherever they are, I couldn’t find
them, though. On a QSI 532, Richard Berry was able
to find some structure in the noise after examining hundreds of bias frames (Astrophoto Insight, volume 4,
issue 2) using more stringent testing than was done
here (and more stringent than he typically performs).
The structure ended up resulting not from the camera,
but from the manufacturing process of the Kodak CCD
substrate itself (Kevin Nelson and Richard Berry, personal communication). The electronics in both QSI
cameras are theoretically the same and nothing found
here would call that into question.
Put simply, the QSI 520 has no “signature” that I could
detect. Or, more precisely, its signature is the lack of
any discernable artifact. Astrophotography is all about
signal to noise. As we stretch our images, trying to get
every last bit of detail out of them, we stretch and
stretch until we hit the noise. Once at the level of the
noise, no more will come out of image. We can improve the quality therefore either by increasing the signal (e.g., using a larger telescope, gathering more data,
etc.) or by decreasing the noise. QSI can’t get you a
bigger telescope or put you out in the field longer, but
they can keep the noise down as low as possible and
keep it such that any noise injected is as pure and unstructured as possible. QSI has done an incredible job
here, making your job of imaging that much easier.
In Use, Under the Stars
For my pocketbook, it is probably a good thing that
poor weather, bright moons, and poor health all conspired to keep the QSI from seeing too many ancient
photons. If they hadn’t, I’m sure I’d have an even
tougher time letting the camera go and sending it back.
The camera is engineered and built like a racecar and
performs like one too. As far as I can tell, the QSI
520ci has wrung every last bit of performance out of
the Kodak KAI-2020 CCD.
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Figure 10: M101 with the QSI 520ci

I did keep the camera long enough to actually use it under the stars though. There was no way I was going to
let this camera go without getting something more than a
simple test shot to look for artifacts on point-source images (it passed these tests with flying colors). Stars are
brutal tests of the electronics as they go so quickly from
low-level background to exceptionally bright and back
down again. This kind of impulse response is not trivial
to handle. But, I wasn’t going to let the camera go without getting it to a dark site and actually putting it through
its paces.
The shot shown here is M101 taken on an 8” f/4 telescope (Vixen R200 SS) using a total of 50 frames at 5
minutes each. While not on par with the shots taken by
our field’s top imagers, it’s the best shot of M101 this
imager has done by a long shot. !

Addendum: After writing this review and returning the
520ci to QSI, I returned to a thought expressed early in
the review. There I said, “were I looking for a camera to
serve as a reference standard, the QSI 500 series would
be it. Yes, the performance was that good.” This statement was not mere hyperbole. Probably the most telling
statement I can make about the 500 series cameras is
that when I reviewed one, I didn’t own one. After reviewing one, I do. "
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, LLC. Stark Labs provides
software to help users pull faint signals out of
noisy, moving images of the heavens.
http://www.stark-labs.com
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