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ABSTRACT
The science focal plane of the LSST camera is made up of 21 fully autonomous 144 Mpixel imager units designated
raft tower modules (RTM). These imagers incorporate nine 4K x 4K fully-depleted CCDs and 144 channels of
readout electronics, including a dedicated CMOS video processing ASIC and components that provide CCD
biasing and clocking, video digitization, thermal stabilization, and a high degree of monitoring and telemetry.
The RTM achieves its performance goals for readout speed, read noise, linearity, and crosstalk with a power
budget of less than 400mW/channel. Series production is underway on the first units and the production will
run until 2018. We will present the RTM final design, tests of the integrated signal chain, and performance
results for the fully-integrated module with pre-production CCDs.
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1. INTRODUCTION
The Large Synoptic Survey Telescope (LSST) is a large aperture, wide field survey telescope with a 3 Gpixel
camera which will perform a 10-year all-sky survey in the optical and near IR 1 .2 To maximize survey efficiency,
the readout time for the focal plane is set at 2 seconds. The fast framing, together with the constrained location
of the camera at the 3-mirror focus of LSST, lead to challenging requirements for integration density and power
dissipation. Electronics to control and process an aggregate of 1.5Gpixels/s must fit into a volume of 1/6m3
behind the focal plane, inclusive of thermal and mechanical support for the sensor array.
To achieve these goals, the large science focal plane is divided into 21 modules, denoted rafts (Figure 1).
Each raft consists of a mosaic assembly of nine 4K x 4K CCDs together with an integrated package of electronic, mechanical, and thermal support components, forming an autonomous and fully testable 12K x 12Kpix
imager (Raft Tower Module, RTM).3 Compactness (< .008m3 /RTM) and low power (< 60W/RTM) are realized
by minimizing CCD-electronics interconnect length and using analog CDS video processing implemented in a
multichannel CMOS ASIC.
The remaining sections will discuss the design of the key components, test results on the fully-integrated
readout chain, and plans for the remaining development.

2. SENSORS
LSST will use thick, fully-depleted CCD (FDCCD) sensors to cover the spectral range from 320 to 1050nm. To
meet the 2 second readout time while simultaneously achieving low read noise, a conservative pixel rate was
chosen. As a consequence, the array needs to be highly parallelized with each 4K x 4K CCD having sixteen
output ports. Additional stringent constraints stemming from image quality are also important; the sensor
design, optimization, and prototype characterization is described in Refs. 4, 5, and 6. Key sensor requirements
summarized in Table 1.
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Figure 1. LSST science focal plane, readout electronics envelope, and rendering with RTMs.
Table 1. Key sensor requirements.

CCD type

n-channel, full-frame

Technology

High-resistivity, fully-depleted silicon, 100µm thickness

Pixel size

10µm

Number of outputs

16

Frame read time

2 seconds

Implied pixel rate

550 kpix/s

Read noise

< 8 electrons

Nonlinearity

<2%, 1000 - 90000 e-

CTE

0.999995 (serial), 0.999997 (parallel)

QE (band)

41% (u), 78% (g), 83% (r), 82% (i), 75% (z), 21% (y)

PRNU

<5% rms

PSF (diffusion)

<5 µm rms (0.235 arcsec FWHM)

Image height

95% of image surface within ±9µm of target

3. ELECTRONICS
To minimize noise, obscuration, and vacuum penetrations the electronics is housed in a compact enclosure
occupying a volume of 8000 cm3 , located directly behind the sensor array within the camera cryostat. Three
Readout Electronics Boards (REBs), each serving three CCDs, contain all circuitry needed to control and read
out the CCD array. Table 2 lists the key requirements for the raft electronics. In LSST it will be possible
to send independent clock sequences to any individual CCD, providing versatility e.g. to perform high speed
region-of-interest acquisition during science exposures. The read noise requirement is set such that 95% of survey
exposures will be sky noise limited. The crosstalk performance is based on planned crosstalk correction in the
image processing pipeline; if uncorrected, this level of crosstalk would result in 100 detectable crosstalk ghosts
per CCD in every exposure. The allowed power dissipation is lower, by a large factor, than other contemporary
mosaic cameras (PanSTARRS, DECam, HyperSuprimeCAM).
The raft electronics includes provisions for handling sensors from either of two manufacturers. The 2 sensor
types are mechanically and electronically plug-compatible, but differ slightly in the readout section. One model

Table 2. Readout electronics requirements.

CCD Bias

Provide programmable CCD biases (except back depletion voltage).
Range -10 to +40V, 1 to 3.5mA, 12-bit.

CCD Clocking

Provide switches, drivers, and programmable rail voltages for all CCD clocks

Sequencer

Timing generator for CCD clocks, CDS switches, ADCs.
Independent state machines for each CCD.

Video processing

CDS by dual slope integration (ASPIC chip789 ).
Read noise (REB contribution) < 3eCrosstalk < 0.2%
Max. signal >180000 e-

Power dissipation

< 55W per RTM (380mW per channel).

Data acquisition

18b sampling, 48 channels @550kpix/s
Serialize with ECC. No frame buffer on the REB
3.125Gbps Cu link (per REB) to optical TX/RX

Slow controls and monitoring

Configure ASICs and DACs for bias and clock rails
Monitor board temperatures, supply currents and voltages, CCD biases
Measure CCD temperature to 0.5C accuracy, 24-bit precision
Provide up to 4W power to raft makeup heaters.
Read serial ID chip
Hardware protection for CCDs

Environmental

Vacuum operation; -40C cold sink; low outgassing

has a higher-impedance output amplifier, and requires active buffers installed on the flex cable that connects the
CCD to the REB.
Figure 2 shows the physical arrangement of the sensors and electronics within the RTM. A functional block
diagram of the RTM is shown in Figure 3. The clock/bias, video processing, and video digitization functions
are replicated three times on each REB and each stripe serves one CCD, while common functions are located
towards the output end of the board. The REB is a double-sided, 16-layer board with multiple heavy ground
planes for heat conduction (Figure 4).

4. TEST BENCHES
Fully-automated test stands have been constructed and provide acceptance testing for the CCDs and REBs; they
are described in References 10 and 11, respectively, in these Proceedings. For integrated tests of the full signal
chain, two development test benches were fabricated. The first includes a small cryostat holding an individual
CCD cooled to -100C with a potted flex cable and interface board connecting it to the REB under test. This
arrangement permits us to operate the signal chain while having access to all test points on the REB for probing.
A compact optical train allows multiwavelength flatfields and image projection. The interconnect between the
room-temperature REB and the CCD requires a series of boards and cables totaling about 10” in length; the
resulting capacitance degrades system performance somewhat. A prototype of the LSST data acquisition system
communicates with the REB via optical fiber. FPGA firmware configures the board components, defines the
timing states and sequences, serializes and transmits the 18-bit data, and communicates with the host via a
custom protocol having virtual channel capability. Host software provides a GUI-based sequence editor, realtime image display and diagnostics, FITS file image formatting, and handles safe power-up of the board and
sensor.

Figure 2. Raft tower module. Left: The raft contains three readout electronics boards (REBs), each connected to three
CCDs by a set of flex cables. The CCD mosaic on its silicon carbide baseplate is cooled to -100C, and the heat dissipated
in the REBs is sunk to a cold plate at -40C. Center: RTM showing mechanical and thermal hardware. Right: mechanical
mock-up.

The second test bench uses a large cryostat which holds a single RTM and provides cooling to both the CCD
mosaic at -100C and the REBs at -40C. Both test benches include deployable, in-vacuum xray sources in addition
to optical projection systems to illuminate the CCDs. Cooling is provided by closed-cycle Joule-Thompson
cryocoolers allowing uninterrupted operation. A Python-based software library allows scripted acquisition of
images needed for gain, noise, linearity, and dynamic range measurements. Monitoring and telemetry, including
CCD temperature, is logged at 10Hz. Image display with statistics is provided in real time. Thanks to the fast
2s readout, we get rapid feedback during setup and performance tuning, and can efficiently acquire large image
stacks for offline processing. An upgraded version of the RTM test stand is being constructed and will be used
in the production cleanroom for RTM acceptance testing. The two system test benches are shown in Figure 5.
The unique architecture of LSST led us to develop several novel test methods. First, the readout speed,
power budget, and compactness of the focal plane lead to multiple electronic crosstalk paths with significant
coupling. To evaluate this, we use a multi-spot mask to project sixteen ”aggressor” spots on the CCD, one in each
segment, to simultaneously acquire all 256 elements of the crosstalk matrix of a CCD .12 Second, since the entire
electronic chain is in an inaccessible location in the Camera cryostat, access to analog signals will be impossible.
However, by operating the video digitizers in ”sampling scope” mode we can indirectly acquire waveforms with
fine amplitude and time granularity. For dark or flatfield images with repetitive pixel waveforms, we time the
ADC convert signal to acquire one point per pixel period, then increment the sampling time on successive pixels
to build up a representation of the waveform at the output of the dual-slope integrator. Moreover, the video
ASIC can be set to ”transparent mode”, whereby the DSI processing is bypassed and the chip acts as a unitygain preamplifier; in this mode we can visualize the CCD output source waveform itself, a valuable diagnostic.
In effect, the normal data path can be reprogrammed to provide the equivalent of a 100 Msample/sec, 18-bit
oscilloscope. Examples of the sampled waveforms are shown in Figure 6.

5. RESULTS
5.1 Single-CCD
5.1.1 Basic functionality
On the smaller test bench, we verified basic performance of the signal chain. For these tests, we operated at
about 90% of the final LSST pixel rate, to allow for CCD transients to settle while driving the high interconnect
capacitance. Waveforms from the CCD, ASPIC, and clock drivers are shown in Figure 7.

Figure 3. Functional block diagram of the RTM. The clock/bias, video processing, and video digitization functions are
replicated in three identical stripes on each REB, see Figure 4

.

Figure 4. Layout of the REB (105 x 420mm).

5.1.2 Multi-vendor compatibility
Figure 8 shows USAF targets imaged onto sensors from each of LSST’s candidate suppliers. Signal level is 8ke- .
5.1.3 Noise, gain, and crosstalk
Figure 9 (a) shows photon transfer curves (variance vs. mean) for all 16 amplifiers. Figure 9 (b) shows the
55
Fe spectra for the 16 amplifiers. The Kα and Kβ peaks are resolved and the gain dispersion is about 1.5%.
Also shown in the figure are the read noise pe rchannel and a target image at 12e- signal level.

Figure 5. Left: single-CCD test bench with REB at room temperature. Right: Large cryostat for full-RTM testing.
Optical projection cameras can be seen in each photo.

Figure 6. Examples of sampling-scope mode waveform acquisition. Left:CCD output source waveform (inverted) after
ASPIC with DSI disabled. Right: with DSI enabled.

In the single-CCD configuration, intra-CCD crosstalk was found to reach a level of about 0.4% for nearestneighbor channels. The crosstalk pattern and magnitude wasI consistent with a SPICE simulation model that
included parasitic capacitances present in the test stand.

5.2 RTM
5.2.1 Basic imaging performance
We tested a partial RTM populated with an array of three CCDs and read out by one REB (Figure 10). This
configuration represents one of the 63 basic electro-optic cells of the LSST focal plane. 4K x 12K flatfield and
target images are shown in Figure 11.
The 48-channel photon transfer curves are shown in Figure 12. The REB used in this test had each half of
the board populated with a different value gain-setting resistor, resulting in 2 gain families for each CCD. Note
that the PTC shows quadratic, rather than linear behavior due to the well-known correlations between pixels
found in thick CCDs.
5.2.2 Noise and crosstalk vs. pixel rate
With the reduced interconnect parasitics in the RTM configuration, noise and crosstalk were improved and
met specifications when running at the full 550kpix/s rate. Figures 13 and 14 illustrate the RTM intraand inter-CCD crosstalk. The images were obtained by illuminating the center CCD with the multi-aggressor
crosstalk mask. In Figure 13, the upper images show the aggressor and victim patterns. The lower graphs

Figure 7. Waveforms from the single-CCD integrated readout test.

Figure 8. Images from each of LSST’s candidate sensor suppliers. (Missing segments on right image are due to an
intermittent interconnect line/).

show the crosstalk matrix (rows and columns correspond to aggressor and victim channels respectively) and the
distribution of positive and negative elements. Figure 14 shows that there is no measurable crosstalk between
CCDs at the level of 10-5 .
To understand the effect of pixel rate on performance, we made a series of runs with pixel rate varying from
100 to 600kpix/s. The results are shown in Figure 15. Noise decreases linearly with decreasing pixel rate until
reaching a floor at around 3e-. Crosstalk is about 5 times smaller in the RTM test bench, where the interconnect
capacitance is significantly less than in the single-CCD configuration; there, it was found to drop exponentially
with decreasing pixel rate, again consistent with SPICE modeling. These results may be used to inform future
system-level optimization.
5.2.3 Temperature dependence
The electronic gain of the RTM video channel is required to be stable to 1% over a 12-hour period and 0.1% over
a 1-hour period; temperature variation of the REB analog components is expected to be the dominant source of
gain fluctuation (CCD temperature is stabilized to 0.1 degrees C while REB temperature will roughly follow the
variation in cold plate temperature). To measure the susceptibility to REB temperature variation, we measured
the gain and noise of the RTM while varying the cold plate temperature from -60 to +10 degrees C. The results
are shown in Figure 16. Noise stays within specification over this range while the gain temperature coefficient
sets a limit on the allowable REB temperature fluctuation of 1.6C over 1 hour and 16C over 12 hours.

6. PRODUCTION EO TEST
2

A 160m ISO 7 cleanroom has been commissioned at Brookhaven National Laboratory to fabricate and test 22
production RTMs. Production equipment includes two CCD electro-optic test stands, an RTM electro-optic test
stand similar to the development station described in Section 4, non-contact metrology stations for measuring
sensors, baseplates, and assembled rafts at room and cryogenic temperature, a REB test station, and handling

Figure 9. Performance with single-CCD integrated readout configuration. (a) photon transfer curves; (b)
(c) read noise; (d) target image at 12 e- signal level.
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Fe histogram

and assembly tooling. All test stands have fully automated acquisition, analysis, and report generation with
results entered into an electronic traveler database. Production RTM construction will begin in 4Q2016 and is
planned to be completed by 1Q2019.

Figure 10. Partially-populated RTM showing 3 CCDs connected to one readout electronics board. Gold heater resistor
mounted on top surface of baseplate.

Figure 11. Upper: flatfield image, signal level 140ke-. Lower: Target image.

Figure 12. Photon transfer curves for all 48 channels in the RTM. Due to different gain resistors used on the top and
bottom of this REB, there are 2 distinct gain families on each CCD. Quadratic fit to the variance vs. mean is shown
(solid lines).

Figure 13. (a): Crosstalk mask image, scaled to show aggressors alone; (b), scaled to show aggressors (red), positive
(green) and negative (blue) victims; (c) crosstalk matrix (absolute values); (d) distribution of positive and negative
crosstalk matrix elements.

Figure 14. Crosstalk mask illuminates center CCD. No measurable inter-crosstalk observed.

Figure 15. Left: read noise vs. pixel rate for the RTM configuration. Error bars are rms of 24 channels. Blue arrow
is required pixel rate for 2 second readout. Right: Nearest-neighbor crosstalk vs. pixel rate. Circles: measured in
single-CCD test bench. Triangle: RTM configuration at nominal pixel rate.

Figure 16. Left: read noise vs. cold plate temperature. Right: video gain vs. cold plate temperature.
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