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1. INTRODUCTION 
 

A prototype CCD controller has been  built and tested with a  E2VCCD97 Electron 
Multiplying CCD. It combines many extra features such as a shutter driver and  
temperature controller able to drive either a Peltier cooler or a servo heater. The 
mains power supply and a DAS PC are contained within the controller housing. 
Digital circuitry is implemented within an FPGA that communicates with the DAS PC 
via a USB2 interface. The FPGA contains a clock sequencer, interfaces to DACs and 
video ADCs and a data buffer. The FPGA configuration has been designed using 
VHDL. The user is able to configure the controller using simple text files that define 
bias and clock voltages and the clock sequences. The controller will be used as a 
test-bed in the laboratory for the development of new ideas in CCD controller 
design such as digital correlated sampling (DCDS) and the investigation of noise in 
CCD output amplifiers.  

2. SYSTEM OVERVIEW 
 

The main system elements are shown in Figure 1. Three PCBs have been 
constructed :  a backplane on which a Kontron PC ( described here as the "Host" or 
"DAS") and a Traco PSU module are pillar-mounted, an analogue board containing 
voltage regulation, clock driver, video processor and bias generator circuitry and a 
mezzanine board containing two 16-bit 6MSPs ADCs and two 16-channel 12-bit 
DACs. A further commercial board, the Opal Kelly XEM3005 Spartan-3E 
development module is mounted on the mezzanine board. The mezzanine board 
was expensive to develop since it required a solder paste stencil and machine 
assembly. It could easily be used in other projects requiring high speed analogue 
interfacing and can be conveniently powered via the USB interface contained on 
the XEM3005 module.  
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Figure 1: Schematic of controller 

3. THE FPGA DEVELOPMENT MODULE 
 

The heart of the controller is a Spartan XC3S1200E FPGA. This is a very high 
performance device containing 8672 logic slices and 500kbits of block RAM. It has 
256 pins and supports various IO standards such as LVDS, LVCMOS and LVTTL. LVDS 
is particularly useful for interfacing to high speed serial ADCs. The FPGA forms part 
of an Opal Kelly XEM3005 credit-card sized dev module which also carries 32MB 
SDRAM, a crystal oscillator and PLL and a USB interface. The module comes with a 
particularly useful SDK called "FrontPanel".  This makes it very simple to interface 
to Python code running on the host PC. Data rates of around 25Mbyte/second 
were obtained over the USB interface. The module cost 250$ but was well worth it 
given the ease of use and the huge time saving given by FrontPanel.  The unit can 
be clocked at up to 300MHz although for large designs it will likely suffer power 
dissipation problems due to lack of heat-sinking and poor air flow around the 
device.  The only real complaint about this board is that the USB interface is not 
available on the high density inter-board connectors. Using a discrete FPGA for this 
project would have been totally impractical. Apart from anything else, the routing 
around a 256 pin device measuring 17 x 17mm would have been complex. 
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Figure 2: Opal Kelly XEM3005 

4. THE MEZZANINE  BOARD 
 

This is a 4-layer PCB containing 3.3V,2.5V and 1.8V regulators to power the FPGA, 
two AD7625 16-bit 6MSPS ADCs and two AD5391 16-channel 12-bit DACs. Some 
additional circuitry  is present but not used (such as a Fibre optic transceiver and an 
Atmel microcontroller). The XEM3005 mounts directly onto the board. Data rates 
of 200Mbits (12.5Mpix/s) per second were obtained between FPGA and ADC by 
using short track lengths and low voltage differential signalling (LVDS). Track 
lengths between ADC and XEM are up to 16mm long and pass through up to two 
vias. Microstrip designs were not used. This rather nice data rate shows the 
usefulness of LVDS.  

 

Figure 3: Mezzanine board prior to the XEM module being mounted. 

Two AD7625 16-bit 6Msps ADCs Two AD5391 12-bit DACS Spartan 3E-1200
FPGA
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5.  THE BACKPLANE 
 

This is a 4-layer design that was mounted across the back of a 10" rack. One layer is 
an unbroken ground plane  that divides the controller internally into  EMI-clean 
and dirty volumes. The dirty volume contains the host PC, mains power supply and 
IC switchers that provide the bus voltages.  The clean volume contains the low-
level analogue circuitry.  The backplane contains pillar mounting points for the host 
PC and the PSU. It has three 44-way connectors allowing up to three boards (within 
the clean volume) to be plugged in. Each board slot contains its own USB interface 
with balanced micro-strip tracks to the USB sockets on the host PC. In the end only 
one of these slots was used. The backplane also contains a 2-channel temperature 
controller with USB interface and a shutter driver circuit. The PSU outputs 5V,+15V 
and -15V rails. These are used to generate the wide range of voltages used by a 
CCD controller through the use of Boost and Buck regulator ICs. This could be a 
potential noise source so extra filtering using LC networks was added wherever 
possible. Today's switch mode ICs can work at quite high frequencies meaning that 
relatively small LC filters can be very effective. In any case all of the switch mode 
outputs are further filtered downstream using linear regulators. Temperature 
sensors are mounted on both sides of the backplane PCB.  

 

 

Figure 4: Backplane PCB with power conditioning circuitry, a shutter driver and a 
temperature controller. Host PC is mounted at right. The PSU mounts on the pillars 
visible at left.  
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Figure 5: Backplane PCB from other side showing three slot positions. The 
temperature controller power MOSFET can be seen on the left, heat-sunk against 
the cabinet wall.  

 

 

 

6.  THE ANALOGUE BOARD 
 

This was a densely routed 4-layer PCB. It was manually routed to ensure low-noise 
performance. Care was taken to separate clocks and low-level video. Clock drivers 
ICs used DIL packages to aid power dissipation, everything else was surface mount. 
Hand-solderable packages were used to save money and to allow reworking of any 
prototype errors. The mezzanine board plugged directly onto the lower face of this 
PCB. 
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Figure 6: The Analogue Board (upper face) 

 

 

Figure 7: The Analogue Board (lower face) with Mezzanine and XEM3005  boards 
attached. 
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7.  THE CABINET 
 

This is a half width 3U rack. The rear panel was perforated to mount a cooling fan 
for the host PC and a mains power entry module. The front face was perforated for 
a 37-way D connector for the cable to the CCD head , two power status LEDs and a 
temperature controller connector. The power MOSFET used by the temperature 
controller was heat-sunk directly onto one of the side panels of the rack unit. Two 
power resistors were also mounted on the side panel. These were added once it 
was discovered that the TRACO PSU gave unregulated outputs below a certain 
minimum load.  

 

Figure 8: The rear of the cabinet showing the host PC on the left. 

 

Figure 9: The front of the cabinet showing the Analogue Board mounted in position.  
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8.  THE TEST CAMERA 
 

A CCD camera was needed to verify the controller operation so one was built 
around an E2V CCD97. This is a 512 x512 pixel frame transfer CCD with both 
Electron-Multiplying and conventional low-noise outputs. It was mounted in a 
hermetic aluminium box and cooled using a 2-stage 7W Peltier device. A block of 
metal simulating a CCD and containing an AD590 temperature sensor was first 
mounted on the Peltier for test purposes. It was found to cool 55C below ambient. 
In an evacuated camera it would of course have done much better but vacuum 
equipment was not available. The CCD was mounted on a PCB designed to be 
thermally isolating. Connections to the CCD were via short Nichrome wire bridges 
that spanned two slots that perforated the PCB down each side of the CCD. The 
central cold section of the PCB was gold plated. The camera was baked at 80C for 1 
hour prior to being closed up. A small packet of silica gel was left inside to mop up 
any residual water vapour and the CCD and PCB remained ice and condensation 
free. After the bake-out the CCD was non-functional with all pixels at full-well level, 
but the next day it came back to life, presumably due to the decay of long-time 
constant traps that were flooded by the bake.  

The temperature sensor did not make proper contact with the CCD so operational 
temperature was inferred from the dark current. A 600s dark frame yielded 6e per 
pixel per second indicating a CCD temperature of around -12C.  

 

Figure 10: The inside of the test camera. 
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Figure 11: The test camera with CCD97 mounted. 

9.  FPGA BASED HARDWARE 
 

This application really showed the power of FPGA technology programmed in 
VHDL. Extensive use was made of the Xilinx Core Generator software where 
complex digital circuits could be simply cut and pasted into the fabric of the FPGA 
with incredible ease.  The Xilinx ISE WebPack was used to do the design. This is 
quite a clunky package and took several minutes to compile each new design 
iteration but was at least free.  The circuitry was divided into three modules : a 
Sequencer, a DAC interface and an ADC interface. The sequencer and DAC interface 
each contained an instantiation of the Picoblaze processor. This is a free core from 
Xilinx with a rather restricted instruction set, 1k of program memory and an 8 bit 
data bus. It will run at 100MHz with no problem and requires two cycles to execute 
an instruction. The Open PICIDE assembler was used to program the PicoBlazes. 
This output a VHDL description of the processor program memory ROM. Any 
changes to the Picoblaze assembler thus required a complete recompilation of all 
VHDL. Luckily the Open PICIDE assembler also featured a simulator.  

Figure 12 shows a schematic of the Sequencer and DAC interface. Three dual-port 
block-RAMs are used in the design. These RAMs contain configuration information 
specific to the CCD in use. They are written to via data pipes from the FrontPanel 
interface after the FPGA had been configured. The controller operation can then be 
changed without changing the VHDL description of the FPGA but instead simply by 
downloading new data into these block RAMs.  
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The DAC RAM is a 16bit x 32 word table with a value for a each of the 32 DAC 
channels used to define clock high/low levels and bias voltages. The associated 
Picoblaze writes these values to the DAC chips via a parallel-serial converter 
(essentially a shift-register). When idling, the Picoblaze is continually monitoring 
the status of the CCD. If not reading out then the DAC channel used to define the 
Electron Multiplying clock amplitude is set to its minimum level to avoid ageing 
effects in the CCD.  

The Sequencer uses two block RAMs. One is a 32bit x 128 word RAM containing 
clock sequence data. The other RAM contains 1k of "Bytecode". This code is 
interpreted by the PicoBlaze and instructs it to perform CCD relevant tasks such as 
executing specific waveform sequences, timing an exposure and doing loops. More 
on this in Section 13.  

 

Figure 12: FPGA circuitry: DAC interface and Sequencer. 

The ADC interface is fairly simple since the ADCs are very easy to use with no 
internal configuration registers. Figure 13 is self explanatory.  
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Figure 13: FPGA circuitry: ADC interface. 

 

The full design occupied approximately 10% of the Spartan FPGA fabric, 21% of the 
block RAM and 48% of the I/O pins. Figure 14 shows the layout of the circuitry on 
the FPGA.  It is obvious that there is plenty of room for expansion.  
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Figure 14: Usage of Spartan 3E FPGA fabric and block RAM. 

10.  VOLTAGE MONITOR 
 

For detector safety it is important to be able to power-off the analogue circuitry in 
case there is a PSU fault. It is also useful to be able to power up the various voltage 
buses in a controlled and incremental fashion to ease inrush currents in the PSU. 
The linear regulators on the Analogue board are under the control of a PIC18 
microcontroller. This controller measures all the bus voltages supplied from the 
backplane and compares with an internal table of acceptable maximums and 
minimums. If any are out of range then a shutdown of the regulators is effected 
within 1ms. Once per second the controller also outputs the measured voltages as 
a text string over a UART . This is then sent to the host PC via USB. The Tx pin is also 
tapped off to a spare pin on the FPGA where it will eventually be connected to a 
UART core. The microcontroller is powered from one of the buses that it is actually 
monitoring. It is therefore important that it have a decent sized power reservoir 
capacitor to give it enough time to detect a fault and effect a tidy shutdown.  
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Figure 15: Voltage monitor schematic. 

 

11.  CLOCK DRIVER 
 

The CCD97 requires fairly standard clock voltages that can be accommodated with 
a +/-10V range. It also requires a 50V clock for the Electron Multiplying output. The 
standard clocks are provided by  Multiplexors that select either clock-Hi or clock-
Lo, buffered by LM6172 power op-amps. The board has 12 standard voltage clock 
channels, nine of which were required by the CCD97. The total quiescent power 
dissipation of all 12 was 1070mW. The HV clock was provided by a push-pull driver 
using e-line packaged HV MOSFETs. The MOSFET gates were driven by a dedicated 
driver IC. At 3MHz the HV clock circuitry dissipated 1150mW. Figures 16 and 17 
show the shapes of the clocks on a 100MHz oscilloscope. Rise and fall times of 
around 25ns were measured.  
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Figure 16: HV clock rise and fall times. 

 

 

 

Figure 17: Serial clock triplet at the maximum speed of the sequencer. 

 

12.  BIAS GENERATORS 
 

Biases are generated by a four quad-packaged LT1491 micropower op-amps. These 
were chosen because of their high current output, ability to work from both single 
and dual rails, rail-to-rail output and their high-supply voltage maximums. Each op-
amp was controlled by a DAC channel. A resistor network programmed the 
maximum and minimum output of each channel. The power dissipation was 
negligible. 
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13.  PROGRAMMING THE CONTROLLER 
 

It is important that the controller be flexibly programmable for various imaging  
sensors without having to change the VHDL. The configuration is defined in a text 
file containing DAC values expressed in units of Volts (as measured at the 
detector), waveforms expressed as binary sequences and full readout sequences 
expressed in a custom high level "CCD language". This text file is first run through a 
compiler written in Python and then downloaded into RAM within the FPGA. 

Figure 18 shows the section of the configuration file dealing with the DACs. The 
first column shows the DAC channel number. The second is a description of the 
ADC channel function and the third shows the required output voltage. The final 
two columns serve as a reminder of the DAC limits and since they follow a "#" 
symbol are simply ignored by the compiler. 

 

Figure 18: User-edited text file defining the DAC voltages. 
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Figure 19 shows the part of the configuration file that defines various clock 
sequences. At the very minimum a CCD will require a sequence of vertical clocks 
that will transfer one line of the image and a sequence of serial/video processor 
clocks to do a pixel read. In practice additional sequences are needed to perform 
clears, allow binning modes, do frame transfers and allow readout through 
multiple amplifiers. Figure 19 shows four such sequences: PIXEL_EM that performs 
a pixel shift and read through the electron multiplying output, PIXEL_NORM that 
does the same through the conventional output, LINEFT that does a vertical line 
dump and LINEREAD that does a vertical shift into the serial register. Each line of 
this sequence table defines the binary state of each clock line and for how long 
that state must be held before moving on to the next line in the table. The final 
column (labelled "delay") shows for how long each clock state should last. An 8 bit 
value is used with the MSb defining if the delays are short (units of 40ns) or long 
(units of 160ns). New sequences can be defined and named freely. 

 

Figure 19: User-edited text file defining the waveforms. 
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The final part of the definition file contains the high level "CCD language" that 
defines the sequence of waveform tables that must be used to effect the readout. 
Figure 20 shows a short section. Several readout modes are defined. Mode 0 is the 
default routine that is executed at start-up and when other modes terminate. It is 
effectively the CCD idle routine. Mode 1 defines an exposure and readout through 
the conventional amplifier. The sequence that the Mode 1 code in the figure 
describes is  as follows: first the host PC is told how big the image will be so that it 
can set up a data buffer in which to place the image. Next the ADC multiplexor is 
configured to take data from ADC channel 2 (the one connected to the normal 
output). It then enables the use of a mechanical shutter and waits 2ms for the DAS 
to complete its setup. Next, the LINEDUMP waveform table is iterated 1056 times 
and the exposure timer is started. At the end of exposure a synchronisation pulse is 
sent to the host PC to tell it that data is coming soon. Next, two nested loops run 
through the parallel and serial waveform tables needed to read out every pixel in 
the image. At the end of the readout the code then jumps back to the idle routine. 

 

Figure 20: User-edited text file defining various readout mode sequences. 
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The definition file is first run through the compiler to produce a "Bytecode" that 
can be interpreted by the PicoBlaze in the FPGA.  Figure 21 shows the output. The 
first column is the Bytecode address, the second column is the actual code 
produced and the third column is a description of the code, useful  for debugging 
purposes in the development phase. The Bytecode RAM in the FPGA has an 8-bit 
address bus permitting up to 256 lines of code. The basic readout of the CCD97 
required about half of this memory. Eight different modes can be defined and 
loops can be nested up to 8 deep.  

 

Figure 21: Output of the ByteCode compiler using the source file shown in the 
previous figure. 
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14.  IMAGING PERFORMANCE 
 

The CCD97 was cooled and read out through the EM amplifier. When operated in 
Frame transfer mode the 560 x 528 image was read out in around 1.1s. Further 
characterisation of the controller is ongoing. 

 

Figure 22: CCD97 image read out through the Dragonfly controller. Pinhole lens 
used. 

 

Initially problems were found with stuck bits in the pixel values. This was traced to 
insufficient decoupling of the ADC supplies. A histogram of a series of images was 
taken to then check for any missing codes. This is shown in Figure 23. There were 
missing codes above 61000ADU indicating further work is needed. The Electron 
Multiplying performance was also tested. The relation between clock amplitude 
and gain is shown in Figure 24. The gain was found to be higher than quoted in the 
data sheet. A dark frame was also taken to look at hot pixels. This is shown in 
Figure 25. Some horizontal trailing can be seen, probably from the EM register 
indicating fine tuning is required.  
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Figure 23: Histogram of an image stack to check for missing codes. 

. 

 

Figure 24: Electron Multiplying Gain (CCD97 with Dragonfly) 
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Figure 25: 100s Dark frame taken to identify hot pixels. 

 

15.  SHORTCOMINGS 
 

The use of a Picoblaze sequencer was the biggest shortcoming. This operates too 
slowly when doing serial clocking and gives a >1us overhead at the end of each 
pixel where a return loop address needs to be popped from a stack. Additionally 
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the minimum "time-tick" between consecutive clock edges is 160ns whereas the 
analogue rise and fall times are below 25ns. The 160ns overhead came from 
decrementing loop counters and checking for loop end. All of this could be done by 
dedicated hardware counters and comparators. Substituting at least part of the 
Picoblaze with dedicated VHDL circuitry will therefore give a huge speed increase 
and should allow at least 5 frame/s operation. The ultimate bottleneck would be 
the ADCs which would allow a maximum of 20 frames/s, although power 
dissipation in other elements could be a problem. This still needs to be investigated 
in full.  Note that the Spartan3E can be clocked at up to 300MHz so in principle 
minimum time ticks of a few nanoseconds should be possible. This would, 
however, be a difficult design due to signal skews within the FPGA. The current 
FPGA design uses a 100MHz system clock without any special attention paid to 
timing or the use of Digital Clock Managers to de-skew clocks. 10ns time ticks 
would be a more realistic and easily achievable goal and sufficient for most 
applications. 

The clock drivers are very power hungry since linear amplifiers are used to switch 
between high and low states. It would make better sense to use complementary 
push pull outputs (as was done on the EM clock driver) that only dissipate power 
during the transitions.  

The dual-slope video processor produces an image but is noisy. This will anyway be 
replaced with a digital CDS that can be mounted mezzanine-fashion onto the 
analogue board (see Figure 26). The FPGA has spare LVDS channels that can be 
used to receive the digital CDS data. The current processor uses 8 analogue 
switches. These really are the weak link due to their slow switch times and high 
(and non-linear) on-resistances. It was also difficult to source a switch with low-
voltage compatible logic thresholds, yet another reason to develop a digital CDS 
alternative.  
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Figure 26: Close up of Analogue Board showing expansion capabilities. 

 

16.  FUTURE WORK 
 

The hardware sequencer will be written in VHDL to replace the most time-critical 
parts of the Picoblaze code. This should give a huge speed increase. A GUI will be 
written in Tkinter to replace the current command line interface.  

The next step is investigate digital correlated double sampling (DCDS). An 
additional small mezzanine board will be mounted onto the Analogue board 
directly over one of the existing video processors. The analogue board was 
designed with this in mind and headers strips will carry the CCD video, power and 
digital control lines directly to the new board. Two of these lines (currently used to 
control analogue switches on the video processor) will be reconfigured as LVDS 
inputs to the FPGA. Other lines will  take a clock and a start-pixel signal to the 
DCDS. The board will contain a >20MSPs 16-bit ADC, a small CPLD (Complex 
Programmable Logic Device, similar to a low-end FPGA) on which the DCDS 
algorithm will run, a JTAG programming header and a low noise front end amplifier 

Alterative video processors can be piggy-backed here

Inputs from CCD Power-supply and 
differential output to ADC
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with differential input capability. The board will be made as small as possible so 
that it could eventually be used inside the camera head. It will directly output 
digital pixel values serially via either LVCMOS or LVDS. This would greatly improve 
the rejection of pattern noise which is almost always a problem in controllers 
where micro-volt video signals are sent to video processors tens of centimetres 
distant from the CCD.  

Some new clock drivers circuits will be made to investigate lower power designs 
using two-state push-pull output drivers rather than the current linear IC drivers. If 
a compact and low power design could be found then placing the drivers with the 
camera head could be considered. If practical this could give very high-speed CCD 
readout since the cable loading on the clock edges would be eliminated.  

The new Xilinx Zynq device will be investigated. It offers a further degree of 
controller integration. Instead of having an FPGA sequencer/controller 
communicating with the host PC via a USB interface the Zynq allows everything to 
be integrated on a single chip. Zynq contains two ARM processor cores which can 
run Linux. They are surrounded by an FPGA programmable logic fabric in which the 
rest of the controller can be implemented. Interface between the two parts will be 
using the standard AXI interface.  This will then take the place of the FrontPanel 
interface used in the current controller. Many items in the Xilinx Core-Generator 
(such as dual port RAMs and FIFOs) can be generated to use the AXI interface, 
although they are not supported in the free ISE Webpack. Top-end Zynqs have 
about 30% of the logic cells available in the Spartan3E used in Dragonfly. The Zynq 
will take data from digital CDS modules and produce fits files as an output. The 
Zynq is an SoC ("System on a Chip") and contains many extra features such as 
memory card interfaces, memory controllers, UARTs (to communicate with 
peripherals such as a temperature controller), USB, and four 32-bit i/o ports (to 
control CCD clocks). Other interfaces can be designed into the FPGA fabric. Much 
of the FPGA circuitry designed for Dragonfly, such as the DAC interfaces and the 
sequencer can be reused with the Zynq.  SoCs with ARM cores are also made by 
Broadcom (Rasberry Pi) and Texas Instruments (BeagleBone Black) although 
without any FPGA fabric. The BeagleBone runs Linux at 1GHz and consumes 
between 1 and 2.5W. Similar performance can  be expected of the Zynq. 

The Zynq in itself is not expensive and small development modules are available for 
less than 400$. It is still not clear what development tools might be required both 
for the embedded Linux side of things and the VHDL design. The Xilinx ISE Webpack  
is free but more professional packages such as Vivado or Altium Designer could 
cost in the region of 5000€. 
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Figure 27: Schematic of the Zynq device 

Evaluation of Zynq can be done with the ZedBoard kit (available from Avnet), 
around which has grown  a development community. For the next controller a 
more compact board such as the MicroZed or the Trenz TE0720 would be more 
suitable.  

 

Figure 28: The ZedBoard Zynq development kit 

 

Figure 29 shows a schematic of the proposed system. Developing this would need 
to be a collaborative effort with another company or institution. The controller 
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would be compact, fast, low-power, low noise and easily upgradable given that a 
large part of the digital hardware is VHDL code. The Zynq part of this controller 
could also be applied to scientific CMOS.  

 

Figure 29: Proposed future controller 

 

17.  REFERENCES 
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