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Abstract— A 256-channel readout Application Specific 

Integrated Circuit (ASIC) called the Very High-Speed Analog 

Sampling Engine, or VASE, intended for the readout of Column-

Parallel Charge-Coupled Devices (CP-CCDs), is presented. Each 

channel employs a charge-sensitive amplifier and a first-order 

dual-gain sigma-delta Analog-to-Digital Converter (ADC) that 

acts as the front end of an Extended Counting ADC. The 

Extended Counting ADC directly implements Correlated 

Multiple-Sampling as part of its operation. To reduce the noise 

due to input capacitance and to ensure a compact camera, the 

VASE input bonding pads are pitch matched to the CP-CCD to 

allow chip-to-chip bonding with minimal parasitic capacitance. 

The chip is designed in a modular way with each 16 input 

channels sharing a single differential analog output and digital 

serializer. VASE, with a die area of 38.1 mm2 and fabricated in 

180 nm CMOS technology, achieves 22 e- Equivalent Noise 

Charge (ENC) and a dynamic range of 190 ke- (78.7 dB) at a 4 

MHz pixel rate (corresponding to a frame rate of 32 kfps when a 

256 by 256 pixel sensor is read out on both sides) while 

dissipating 10.1 mW per channel. The prototype has been used to 

successfully image X-ray diffraction at a soft X-ray synchrotron. 

Index Terms—Mixed-Signal IC Design; Charge-Coupled 

Devices; Analog-to-Digital Conversion; Correlated Double 

Sampling 

I. INTRODUCTION 

The Very Low-Noise Analog Sampling Engine (VASE) is 
a custom mixed-signal integrated circuit intended for the 
readout of Column-Parallel Charge-Coupled Devices (CP-
CCDs). Fast, 2-D soft X-ray detectors are valuable tools in 
instrumenting both Synchrotron-based and Free-Electron 
Laser-based soft X-ray sources. Low-noise readout is 
important to successfully image samples with low-energy X-
rays, and high speed is important to be able to image evolving, 
dynamic processes. These requirements typically trade off 
directly and to provide both simultaneously requires re-
thinking the typical CCD readout system. 

In a conventional voltage-mode CCD, charge is shifted 
row-by-row into a serial shift register. The serial register then 
shifts charge onto a floating diffusion connected the gate of an 
output source follower, as shown in the top schematic in Fig. 1. 
For each pixel, the floating diffusion is reset (and read) and 
then signal charge is transferred to the floating diffusion (and 
read) [1]. This is an inherently slow process. To speed up the 
readout of the CCD, multiple horizontal shift registers and 
source-follower buffers can be added. However, the source 
follower buffer, while effective and nearly universal in CCD 
design, requires area in layout, which limits the number of 
columns that can be read out in parallel [2], particularly in 

CCDs implemented in processes optimized for fully-depleted 
CCDs, as they are not optimized for fine line lithography and 
therefore their design rules are typically several generations 
behind CMOS processes [3].  

 

 

Fig. 1. Comparison of voltage output and charge output CCDs. 

Some CCDs optimized for soft X-ray detection, such as the 
well-known pnCCD [4], are able to fit column-level source 
followers on the same die as the CCD. However, the pnCCD 
reported in [4] reads out 1024 rows at a maximum frame rate 
of 200 Hz, giving a pixel rate of 204.8 kHz, which limits the 
range of dynamic processes that can be captured. To increase 
the speed in fabrication processes in which it is not possible to 
design sufficiently fast source followers that fit within the 
column width, the horizontal shift register and output amplifier 
can be removed and the columns can shift their output charge 
directly off the CCD. In contrast to a voltage-input amplifier, 
this requires a charge-sensitive amplifier to provide the low 
input impedance needed for the charge transfer. In the bottom 
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schematic of Fig. 1, the source follower buffer and reset switch 
are removed and the charge is directly shifted off the CCD and 
converted to the voltage domain by a charge-sensitive 
amplifier that, in this case, is not on the same die as the CCD. 
By obviating the source follower buffers, each column can be 
read out in parallel, greatly increasing frame rate for a given 
pixel rate. The output diffusion is then reset between each pixel 
read by the readout ASIC rather than by a switch internal to the 
CCD. An early version of the CP-CCD concept was reported in 
[5], however its associated readout ASIC had a much lower 
dynamic range (approximately 5 bits) and was clocked at 1 
MHz, so is not suitable for this application. 

An example camera system using a CP-CCD is shown in 
Fig 2. A 256 by 256 pixel CP-CCD is read out by a number of 
readout channels equal to the number of CP-CCD columns. 
The CP-CCD is clocked such the two halves of the CP-CCD 
are clocked out in opposite directions, so each readout ASIC 
instruments 128 rows and 256 columns, further increasing the 
readout speed. These readout channels are then multiplexed to 
a smaller number of digitizers and the digital data stream is 
finally sent to a Data Acquisition System (DAQ).  

 

Fig. 2. Example camera system using CP-CCD and VASE. 

Due to practical design constraints, the number of readout 
channels that can be comfortably implemented on a single die 
is limited to about 256. Extending the number of channels in a 
system beyond this level requires that the readout ASICs are 
buttable on the top and bottom. To accommodate some dead 
area where the chips are butted, the ASIC bonding pad pitch 
channel pitch is 4 µm less than channel pitch. Process design 
rules mandate that all pads on the input side of the chip be 
allocated to CP-CCD signal connections. One consequence of 
this pad partitioning is that power connections to the ASIC can 
only be made on the readout side of the chip. This severely 
constrains the power that can be dissipated in the channels as 
the input side of the channels is physically remote from needed 
power and ground connections. To enable low-noise readout, 
the capacitance at the input of the readout ASIC should be 
minimized. This can be done by pitch matching the readout 
ASIC channels to the CP-CCD output columns and directly 
bonding the output pads of the CP-CCD to the input pads of 
the ASIC. In this work we report on the VASE ASIC, a highly 
integrated data acquisition chip that enables a CP-CCD to 
provide 2-D soft X-ray imaging with high speed and low noise. 

II. VASE DESIGN CONSIDERATIONS 

A. Chip Architecture 

VASE is intended to read out high dynamic-range CCDs. A 
straightforward approach to the readout of high dynamic-range 
CCDs would be to include a high dynamic-range ADC in each 
channel. The specific CCD that VASE is intended to 
instrument is operated with a dynamic range of approximately 
16 bits. Because of severe power constraints, however, it is 
impractical to implement a 16-bit ADC directly in the readout 
channel. Fortunately, we can take advantage of photon 
statistics to relax the constraints on the ADC. Simply put, the 
variance of photon energy is proportional to the square root of 
the number of incident photons because photon arrival can be 
modeled as a Poisson process [6]. Therefore, lower resolution 
is required in bright conditions (i.e. a larger LSB is acceptable) 
than when in low light conditions. In other words, while VASE 
should be able to accommodate input charge spanning a 16-bit 
dynamic range, it does not need to provide full 16-bit 
resolution across the entire dynamic range.    

A conceptual block diagram of the VASE prototype ASIC 
is shown in Fig 3. This block diagram is meant to convey the 
concept of a floating-point front end, not to indicate how the 
channels are actually implemented. The low resolution MSB 
ADC and the higher-resolution LSB ADC together comprise 
an Extended Counting ADC [7]. An Extended Counting ADC 
is a technique that combines a sigma-delta modulator to 
convert the most significant bits (called the MSB ADC here) 
with a higher-speed ADC (such as a SAR ADC) to convert the 
least significant bits (called the LSB ADC here) [8]. The low-
resolution ADC digitizes the analog residue from the sigma-
delta. In this way, the Extended Counting ADC reuses the 
input range of the LSB ADC to extend the overall ADC’s 
dynamic range by an amount depending on the resolution of 
the MSB ADC. An Extended Counting ADC behaves in a 
similar way to a numerical floating-point system, in that the 
dynamic range is enhanced and the resolution is reduced as the 
magnitude is increased.  

 

Fig. 3. Conceptual block diagram of VASE. 

Each channel has a charge-sensitive amplifier (CSA) as the 
front end to acquire the signal from the CP-CCD and convert it 
to a voltage. The CSA output is then digitized using the low-
resolution MSB ADC which gives information on the 
magnitude of the input signal. The variable gain amplifier 
(VGA) amplifies the CSA output and this residue is then 
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digitized again by the higher-resolution LSB ADC. The MSB 
ADC automatically selects a front-end gain prior to the LSB 
ADC. The resultant gain-setting bits are combined with the 
linear ADC bits from the LSB ADC to give the final composite 
ADC output. 

By combining the MSBs and the LSBs, a wider dynamic 
range can be digitized but the maximum resolution is limited 
by the resolution of the LSB ADC.  

B. Sigma-Delta-Based Correlated Multiple Sampling 

 Besides digitization, the CP-CCD readout channels require 
a correlated double sampling (CDS) function to reduce reset 
noise generated in the CSA. In CDS, the reset level of the CP-
CCD is first acquired and then the reset plus signal is acquired. 
By subtracting the two samples, the reset noise is canceled. 
While CDS eliminates reset noise and other low-frequency 
noise sources (for example flicker noise) it increases the 
thermal noise contribution of the front end because the output 
thermal noise of the front-end amplifier is uncorrelated from 
sample to sample. To overcome this limitation, the Correlated 
Multiple Sampling (CMS) technique has been developed 
extensively [9, 10]. CMS is conceptually an extension of the 
CDS technique. By increasing the number of samples of both 
the reset level and the signal level, the thermal noise is reduced 
by √N (at the expense of speed). CMS is typically implemented 
using an integrator that can sum a plurality of reset samples 
and a plurality of signal samples. These integrated signals can 
then be subtracted in either the analog or digital domain to 
eliminate low-frequency noise and reduce high-frequency 
noise [11].  

 While CMS is effective in reducing thermal noise, it can be 
impractical to implement directly because of the headroom 
requirements of the analog integrator. This dynamic range 
problem can be addressed by adding a comparator. Here, when 
the limit of the dynamic range of the integrator is reached, the 
comparator is triggered and the integrator output is reset. By 
keeping track of how many times the comparator is triggered in 
an acquisition, the effective channel gain is increased while the 
issue of integrator headroom is circumvented [12]. 

This key idea can be extended to sigma-delta modulation 
by introducing a reconfigurable modulator. The modulator uses 
a non-inverting integrator for reset, and an inverting integrator 
for signal. Therefore, the required subtraction happens 
automatically. Moreover, the modulator digital outputs can be 
filtered to provide the MSBs. In case the CP-CCD charge 
injection is small enough that it does not need to be cancelled, 
then the modulator can be operated in a traditional sigma-delta 
mode, further lowering the noise (by doubling the 
oversampling ratio). 

 The concept of oversampling a CSA output can be 
counterintuitive, especially when hard reset is used. In this 
case, the reset switch generates a noise power of kT/CFB on the 
feedback capacitor (where CFB is the CSA feedback capacitor). 
This noise is canceled using the CMS algorithm (analogous to 
how CDS cancels kTC noise in image sensors). Oversampling 
works here because while the sampled noise is fixed, the CSA 
continuously generates thermal noise across samples, even 

after it has settled. It is this CSA-generated thermal noise that 
is primarily reduced by √N by the sigma-delta loop. 

 

C. VASE Channel 

In VASE, the required CMS function is merged with the 
front-end of the Extended Counting ADC by using sigma-delta 
modulation [13]. The sigma-delta modulator implements a 3-
bit MSB ADC that provides 2 effective bits because of the 
CMS subtraction inherent to the modulation. In addition, 
another bit is provided by parallel modulator (see below). Four 
front-end gain settings provide another 2 bits of dynamic 
range. An off-chip commercial 12-bit ADC digitizes the analog 
LSB reside output from the sigma-delta modulator. The 12-bit 
LSB ADC output is combined with the 4-bits digitized on 
VASE (2 from the modulator, 1 from the parallel modulator 
scheme, and 2 from the gain settings) to make a composite 16-
bit ADC word. Parasitic capacitance in the CSA limited the 
size of the gain steps, giving an effective dynamic range of 
about 14 bits.  

A simplified block diagram of the channel used in VASE is 
shown in Fig. 4. The CP-CCD column output is connected to 
the charge-sensitive amplifier (labeled CSA). The signal 
charge from the CP-CCD in integrated and converted into a 
voltage by the CSA. After the CSA, the signal is presented to a 
first-order, reconfigurable sigma-delta modulator. The sigma-
delta modulator embodies both the ADC and VGA functions of 
the MSB ADC in Fig 3. The modulator oversamples the output 
of the CSA, reducing noise, and filters the comparator outputs 
to generate the digital MSB ADC output. The analog residue of 
the sigma-delta modulator is then sent off-chip for fine 
digitization by the LSB ADC. Each block of 16 VASE 
channels includes a shared analog buffer (which interfaces the 
VASE ADC residue to a commercial ADC that is used as the 
Extended Counting ADC backend) and a high-speed digital 
serial interface which transmits the MSBs generated by the 
sigma-delta ADCs off chip. The sigma-delta loop in the VASE 
channel simplifies the system by making the subtraction of the 
reset level from the signal level inherent to the operation of the 
modulator. In other words, there is no need for a dedicated 
CMS circuit here because the function is embedded in the 
operation of the sigma-delta modulator. 

 

 
 
Fig. 4. Simplified block diagram of VASE channel. The CMS is implemented 
as part of the ADC function by oversampling the CSA output using the 
modulator and reconfiguring the modulator in the middle of the cycle to cancel 
reset noise. 
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D. Reconfigurable Sigma-Delta Modulator 

 The basic idea of the reconfigurable sigma-delta modulator 
is to integrate the reset level in one direction and then integrate 
the reset plus signal level in the opposite direction, canceling 
the reset noise. This is done by reconfiguring the operation of 
the modulator in the time between the reset and the arrival of 
signal. A simplified schematic of the reconfigurable sigma-
delta modulator along with its timing diagram is shown in 
Figure 5.  

 

Fig. 5. Reconfigurable sigma-delta Modulator with timing diagram. 

 The modulator can be configured as either an inverting or 
non-inverting modulator based on the settings for the clocks φA 
and φB. When the control signal INV is low, φA and φB are 
equal to φ1 and φ2, respectively and the modulator uses a non-
inverting integrator. When INV is high, φA and φB switch 
connections and the modulator now uses an inverting 
integrator. By integrating the reset level in one direction, then 
reconfiguring the modulator before integrating the signal level, 
the signal samples are subtracted from the reset level samples. 
In this way, the CMS is implemented inherently by the sigma-
delta modulator without the need for an explicit subtractor 
circuit that would dissipate additional power and generate 
noise. 

 The sigma-delta modulator can be operated at different 
oversample ratios and speeds. When VASE is operated at 4 
MHz, the sigma-delta oversamples by a factor of 8. Because 
the modulator is reconfigured to halfway through a conversion 
in order to implement the CMS subtraction, the effective 
oversampling ratio is 4. The modulator itself is first order, so it 
is inherently stable [12]. 

 

E. Parallel Sigma-Delta Modulators 

To add an additional bit of dynamic range to VASE, there 

are two parallel sigma-delta modulators in each channel. One 

modulator has a gain G times larger than the other. The 

outputs of both modulators are monitored and if the high-gain 

modulator saturates, the low-gain modulator’s output is used, 

otherwise the output of the high-gain modulator is used. This 

is shown schematically in Fig. 6. 

 

 
 

Fig. 6. Parallel sigma-delta modulators used to add additional bit to dynamic 
range. 

F. Modulator Analysis 

The VASE sigma-delta modulator can be operated in three 
modes: CMS, inverting sigma-delta, and non-inverting sigma-
delta. Expressions for the LSB residue and the modulator 
analog input estimate after M samples are given below. 
Derivations for these expressions are in the Appendix. The 
various equations are summarized in Table 1.  

TABLE I.  SUMMARY OF MODULATOR EXPRESSIONS 

Equation Description 

1 MSBs in CMS mode 

2 LSB analog output in CMS mode 

3 Derived modulator input in CMS mode 

4 LSB analog output in inverting output 

5 Derived modulator input in inverting mode 

6 LSB analog output in non-inverting mode 

7 Derived modulator input in non-inverting mode 

 

These equations should be used to determine the VASE 

sigma-delta analog voltage input (CSA output) given a LSB 

and MSB output. This can be useful in reconstructing the 

input waveform from the output data. To refer the modulator 

input to the VASE charge-domain input, divide by the CSA 

gain. The symbols are defined in Table 2.  
 

TABLE II.  SYMBOLS USED IN MODULATOR EXPRESSIONS 

Symbol Description Note 

vo 
Modulator LSB 

output 
 

vi 
Modulator analog 

input 
 

vr 

Modulator analog 

input (CCD reset 

level) 

 

vs 
Modulator analog input 

(CCD signal level) 

Only used in CMS 

mode 

ΔVref Reference voltage (full 
reference range is +/- 

Size of modulator 
correction packet 

C2

C1A vo
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φA
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Symbol Description Note 

ΔVref)  

M Oversampling ratio  

G Modulator gain M is one half in 
CMS mode 

because two inputs 

processed 

N Number of effective 

output bits 

1 for low-gain 

modulator, 2 for 

high-gain 
modulator 

DF Final digital output (DR 

+ DS) where DR and 
DS are the digital filter 

output for the reset and 

signal digitizations, 
respectively 

CMS = 3 

Inverting or 
noninverting = 4 

 

In CMS mode, the digital MSBs are calculated using  

 

 

 𝐷𝐹 = 𝑇𝑅𝑈𝑁𝐶 {
(𝑣𝑟−𝑣𝑠)+2∆𝑉𝑟𝑒𝑓

2−(𝑁−1) } + 2(𝑁−2)                 (1) 

 

 

The LSB output of the modulator is  

 

 

𝑣𝑜 =
𝐺𝑀

2
(𝑣𝑟 − 𝑣𝑠) + (𝑀 − 𝐷𝐹)∆𝑉𝑟𝑒𝑓 + 𝑉𝑐𝑚                  (2) 

 

 

The CP-CCD input corresponding to the modulator LSB 

output is 

 

(𝑣𝑟 − 𝑣𝑠) =
2(𝑣𝑜−𝑉𝑐𝑚−(𝑀−𝐷𝐹)∆𝑉𝑟𝑒𝑓)

𝐺𝑀
                                 (3) 

 

When VASE is configured to operate in inverting mode 

(CMS is not used, so an additional effective bit is available) 

the LSB output is  

 

𝑣𝑜 = −
1

2
(𝑀𝑣𝑖 − (𝑀 − 2𝐷)∆𝑉𝑟𝑒𝑓) + 𝑉𝑐𝑚                      (4) 

 

And the corresponding analog input is  

 

𝑣𝑖 =
−2(𝑣𝑜−𝑉𝑐𝑚)+(𝑀−2𝐷)∆𝑉𝑟𝑒𝑓

𝑀
                                            (5) 

 

When VASE is configured to operate in non-inverting 

mode (CMS is not used, so an additional effective bit is 

available) the LSB output is  

 

𝑣𝑜 =
1

2
(𝑀𝑣𝑖 + (𝑀 − 2𝐷)∆𝑉𝑟𝑒𝑓) + 𝑉𝑐𝑚                           (6) 

 

And the corresponding analog input is then 

 

𝑣𝑖 =
2(𝑣𝑜−𝑉𝑐𝑚)−(𝑀−2𝐷)∆𝑉𝑟𝑒𝑓

𝑀
                                              (7) 

 

In both the inverting and non-inverting mode the MSBs 

are simply the filter modulator decisions D. 

 

G. Crosstalk 

The crosstalk in VASE should be as low as practical. This 

is done by ensuring the effective input capacitance of the 

preamplifier is much larger than the parasitic coupling 

capacitance between channels. In this way, charge will 

preferentially flow to the preamp input virtual ground rather 

than to neighboring channels. 

 

A schematic illustrating the origin of crosstalk in VASE is 

shown in Fig. 7. The CP-CCD and VASE use pads that are 

staggered in a complementary way, simplifying chip-to-chip 

bonding. 

 

 
Fig. 7. Pad structure of CP-CCD and VASE, showing origins of crosstalk. 

The crosstalk in a charge sensitive readout array is 
approximately CC/Cin here CC is the lumped coupling 
capacitance between channels and Cin is the effective input 

capacitance of the readout amplifier (Cin ≈ CF(1+A), where CF 

is the CSA feedback capacitor and A is the open loop gain of 
the CSA) [14]. 

There are two main contributors to CC. The first, and 
dominant, contributor is the mutual capacitance of the 
bondwires. As previously described, the CP-CCD output and 
VASE input pads are staggered giving a 44 µm effective pitch 
for bonding (the CP-CCD and VASE channels themselves 
have a 48 µm pitch). The CP-CCD and VASE are connected 
together using bondwires which have a mutual capacitance that 
allows a signal in one channel to appear in adjacent channels. 
The second contributor to crosstalk is the parasitic routing 
capacitance internal to VASE.  

The parasitic routing capacitance can be estimated using 
software extraction of the layout. The bondwire capacitance 
can be estimated using the equation for capacitance of parallel 
wires [15] and is  

 

 𝐶𝐶,𝑏𝑜𝑛𝑑𝑤𝑖𝑟𝑒 =
𝜋𝜀𝑙

𝑙𝑛(
𝑑

2𝑎
+√ 𝑑2

4𝑎2−1)

                                              (8) 

 

In Eq 8, ε is the dielectric constant, l is the length of the 
wires, d is the distance between the wires, and a is the wire 
thickness. Assuming a bondwire thickness of 0.8 mil and a 
distance between bondwires of 44 µm (about 1.75 mils), the 
coupling capacitance is 64.7 fF/mm. In the case of the longer 
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wires, and neglecting shielding effects of the inner bondwire, 
the coupling capacitance is 19.6 fF/mm. 

The channel-to-channel parasitic capacitance internal to 
VASE varies due to channel wiring specifics but has a worst 
case of approximately 20 fF to adjacent channels. The coupling 
to channels once removed internal to VASE is negligible. 
Therefore, given these assumptions, the maximum coupling 
capacitance for adjacent channels is 40 fF and the coupling 
capacitance to channels once removed is about 10 fF. 

Given the minimum feedback capacitance of 5 fF and the 
simulated open-loop gain of about 700, the minimum expected 
Cin = 5fF(1+700) = 3.5 pF. The ratio of Cc to Cin for adjacent 
channels is then 40/3500 or about 1%, giving an expected 
crosstalk of the same order-of-magnitude. 

 

III. PROTOTYPE 

A photograph of VASE glued to a PCB and directly 

bonded to a CP-CCD is shown in Fig. 8. The channel inputs 

are arrayed along the bottom of VASE and the LSB analog 

output and MSB ADC bits leave along the top of the die. The 

256-channel VASE prototype measures 12.3 mm by 3.1 mm. 

The capacitance seen by each VASE channel is approximately 

100 fF (including CP-CCD and VASE bonding pads and the 

bond wire). 

 

 
Fig. 8. VASE die bonded directly to CP-CCD. The bonding pitch is 44 µm. 

The 256-channels in VASE are organized into 16 distinct 

16-channel modules. The layout of a single 16-channel 

module is shown in Fig. 9. The analog outputs of the 

modulators are sent off chip using class A/B line drivers [16] 

and the digital outputs are sent off chip using a shift-register 

based serializer and LVDS digital drivers [17]. To 

synchronize the analog and digital data streams, VASE also 

includes a test mode where known analog and digital patterns 

are sent. The CSA uses a traditional folded-cascode design 

[18] and the sigma-delta modulators use single-ended versions 

of the class A/B op amp used in the line driver to save power. 

The capacitors in the sigma-delta modulators are implemented 

using Metal-Insulator-Metal structures. The small feedback 

capacitance required in the CSA is implemented using a 

custom finger capacitor realized using interconnect metals 

[19]. 

 

 
Fig. 9. Layout of a 16-channel VASE module. 

IV. MEASURED RESULTS 

A photograph of the test PCB that corresponds to the 
diagram in Fig. 2 is shown in Fig 10. A 256 by 256 pixel 
prototype CP-CCD (the square die in the center) is read out on 
both sides by VASE ASICs (the skinny chips on the left and 
right of the CP-CCD which implement the MSB ADCs and the 
CMS function) and commercial 12-bit ADCs (the larger 
packaged chips on each side that implement the LSB ADCs). 

 Fig. 10. System evaluation PCB. 

The full test stand is shown in Fig 11. The camera head 
attached to the vacuum chamber sitting on the bench is 
connected to a stack of programmable power supplies that 
provide power for the high-speed CP-CCD and VASE 
clocking. 

 

Fig. 11. Camera system test stand. 

The measured input-referred noise is shown in Fig. 12 for 
an idle VASE channel in its maximum gain configuration. In 
this measurement, the input was left floating and the variance 
in the dc output was recorded using a high-resolution (16-bit) 
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ADC [20]. The LSB to e- conversion was done using a 
neighboring channel connected to an injection capacitor. The 
rms deviation is about 22 e- (without input capacitive loading).  

 

Fig. 12. VASE measured noise. Input is left floating.  

 A reconstructed transfer function measured using the high-
gain sigma-delta setting (only a single sigma-delta is used in 
this measurement for clarity) is shown in Fig. 13. The sigma-
delta bits (MSBs) are combined with the digitized residue to 
generate the curves. The four plotted gains correspond to 
different gain settings for the CSA. During stand-alone VASE 
testing, a 16-bit ADC was used to implement the LSB ADC. 
To model the intended 12-bit LSB ADC, we only used part of 
the ADC dynamic range. This, combined with the MSBs, gives 
the range of values in the y-axis which covers approximately 
14 bits when scaled (25000 16-bit codes  3125 12-bit codes 
* 2 for additional sigma-delta modulator * ~2 to account for 
CSA gain settings gives a value of about 12500, which is 
approximately 14 bits). The VASE front end is biased such it 
can respond to relatively small inputs of negative polarity, and 
this accounts for the x-axis in the plot including negative 
injected charge. VASE responds to negative charge in all gain 
settings, but the input dynamic range is small in those cases. 
The dynamic range when the CSA is configured for minimum 
gain is approximately 70 ke-. This is combined with the low-
gain sigma-delta setting (dynamic range of 120 ke-) to give an 
overall dynamic range of about 190 ke-. 

 

Fig. 13. Measured VASE transfer function. 

The VASE noise breakdown in high-gain configuration is 
shown in Fig. 14. The noise is dominated by the sigma-delta 
modulator (54.5%) and the CSA (28.1%). This is due to power 
dissipation considerations (the achievable gm in the modulator 
amplifiers and the CSA is limited) and due to the requirement 
to accommodate large charge inputs in the CSA even in high-
gain mode (which limits the maximum CSA gain). 

 

 

Fig.14. VASE noise breakdown when configured for maximum gain.  

  

 VASE is intended to be operated in a controlled 
environment and therefore good performance across 
temperature is not a key requirement. VASE has been operated 

at room temperature and also at -10 °C to read out a cooled CP-
CCD. No significant functionality differences were observed 
between these temperatures.  

 The maximum pixel readout rate of VASE was measured to 
be 4 MHz. When data is clocked in from the CP-CCD at faster 
rates, the noise performance and linearity degrade quickly, 
indicating op amp settling errors. This measured maximum 
pixel rate differed by at most about 10% across channels. 
Performance was relatively uniform at lower pixel readout 
rates. 

 The channel-to-channel gain mismatch was low. While the 
absolute gain varies by approximately 10% from chip to chip, 
within a chip the channel-to-channel gain mismatch is 
dominated by capacitor mismatch which is expected to be 
better than a few percent and was consistent with observations. 

 The camera shown in Fig. 10 has been tested at several 
light sources. A ptychography test sample imaged at 850 eV at 
the Advanced Light Source at Lawrence Berkeley National 
Laboratory is shown in Fig. 15. The camera demonstrates no 
hot columns and shows good noise performance. 

 



 

 

 

 

Fig.15. Ptychography test image at 850 eV. This is a projection of a slice 
through a ptychographic image stack. The image is banded because this is a 
projection of a toroid. The x-axis is the pixel number (position in 48 µm units) 
and each point on the y-axis is a slice through an image in the movie. The color 
scale is in ADC count units (ADU), with 6 ADU corresponding to one incident 
photon. This image was made using a 256 by 256 pixel CP-CCD that was read 
out in 256 µs by VASE. The variations between lines contain the information. 

 

 A Figure of Merit (FoM) for Analog-to-Digital Converters 
for image sensors (including the CDS function) is proposed in 
[21] that takes into account various relevant factors such as 
dynamic range, channel conversion time, power consumption, 
and area. The proposed FoM is  

  𝐹𝑜𝑀 =  
𝑃 ∙ 𝐶𝑜𝑛𝑣𝑇𝑖𝑚𝑒 ∙ 𝐴

10
(𝐷𝑅𝑑𝐵−1.76)

10

[
𝑓𝐽∙𝜇𝑚2

𝑐𝑜𝑛𝑣.−𝑠𝑡𝑒𝑝
] 

where P is the per-channel power, ConvTime is the ADC 
conversion time (including extra functions like CDS), A is the 
area of the ADC and dB is the dynamic range of the channel 
(not simply the full-scale of the ADC). For VASE, the 
calculated FoM (including the power dissipation of the off-chip 
LSB ADC) is approximately 2.9 pJ ∙ µm2 / conv.-step, which 
compares favorably to other reported ADCs when extrapolated 
to the high pixel rate achieved with VASE.   

The measured results of VASE are summarized in Table 
III. 

TABLE III.  MEASURED RESULTS 

VASE Performance: 1.8 V and 25 °C 

 Value Units 

CMOS Technology 180  nm 

Number of Channels 256  

Channel Pitch 48 µm 

Maximum Pixel Rate 4 MHz 

Equivalent Noise Charge (max gain) 22 e- 

Channel Gain (Maximum) 200 mV/fC 

Maximum Input Signal 190 ke- 

Dynamic Range 78.7 dB 

Crosstalk -60 dB 

Power Dissipation (per channel) 10.1 mW 

VASE Performance: 1.8 V and 25 °C 

 Value Units 

Die Area 38.1 mm2 

 

V. CONCLUSION 

A 256-channel CP-CCD readout ASIC called VASE is 
presented. VASE is pitch matched with the CP-CCD to allow 
direct wire bonding between the CP-CCD and VASE, lowering 
noise and reducing the physical size of the camera. The 
maximum channel rate is 4 MHz, corresponding to a frame rate 
of 32 kframes/sec when a 256 by 256 pixel sensor is read out 
on both sides. The use of an Extended Counting ADC with 
embedded CMS functionality partitions the ADC function 
between multiple chips allowing for system-level optimization. 
The readout ASIC achieves 22 e- ENC at 25 °C when 
configured for maximum gain (200 mV/fC) and a dynamic 
range of 78.7 dB. 

 

VI. APPENDIX 

 

       In this appendix, Eq. (2) is derived. Assuming equal-

valued input capacitors (i.e. we assume the modulator gain is 1 

without loss of generality), the time-domain response of the 

modulator in Fig. 5 during one clock cycle is 

 

𝑉𝑜[𝑛 + 1] = 𝑉𝑜[𝑛] +  
𝑉𝑖

2
−

𝑉𝐷𝐴𝐶

2
+ 𝑉𝑐𝑚                     (9) 

 

Here, VDAC = -ΔVref when D = 0 and VDAC = ΔVref when D = 

1. Also, ΔVref =Vref/2. Therefore, VDAC = (2D-1)ΔVref. 

 

Plugging this into the above we have, 

 

 𝑉𝑜[𝑛 + 1] = 𝑉𝑜[𝑛] + 
𝑉𝑖

2
−

(2𝐷−1)

2
∆𝑉𝑟𝑒𝑓 + 𝑉𝑐𝑚                  (10) 

 

Now, 

 

𝑉𝑜[𝑀] = ∑ 𝑉𝑜[𝑛]𝑀−1
0 =  

𝑀𝑉𝑖

2
−

𝑀(2𝐷−1)

2
∆𝑉𝑟𝑒𝑓 + 𝑉𝑐𝑚           (11) 

 

After M samples, the modulator is then switched from non-

inverting to inverting and Vo[M] becomes the initial condition 

for the inverting modulator so we have 

 

𝑉𝑜[2𝑀] =  
1

2
(𝑀𝑉𝑟 + (𝑀 − 𝐷𝑅)∆𝑉𝑟𝑒𝑓) −

1

2
(𝑀𝑉𝑠 +

(𝑀 − 𝐷𝑆)∆𝑉𝑟𝑒𝑓) + 𝑉𝑐𝑚                                                       (12) 

 

Here, Vr is the reset input from the CP-CCD (sampled when 

the modulator is in non-inverting mode) and Vs is the signal 

input from the CP-CCD (sampled when the modulator is in 

inverting mode). Simplifying, we have: 

 

𝑉𝑜[2𝑀] =  
𝑀

2
((𝑉𝑟 − 𝑉𝑠)) + (𝑀 − 𝐷𝐹)∆𝑉𝑟𝑒𝑓 + 𝑉𝑐𝑚            (13) 

 



 

 

 

where DF is the sum of the digital outputs of the filter during 

both modes. This can be rearranged to solve for the input 

signal (Vr – Vs). 

 

(𝑣𝑟 − 𝑣𝑠) =
2(𝑣𝑜−𝑉𝑐𝑚−(𝑀−𝐷𝐹)∆𝑉𝑟𝑒𝑓)

𝑀
                                    (14) 

 

The high-gain mode output is then: 

 

𝑉𝑜[2𝑀] =  
𝐺𝑀

2
((𝑉𝑟 − 𝑉𝑠)) + (𝑀 − 𝐷𝐹)∆𝑉𝑟𝑒𝑓 + 𝑉𝑐𝑚          (15) 

 

Here, G is the ratio of the gain of the high-gain modulator to 

the low-gain modulator. 
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