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Design and simulation of a 12-bit, 40 MSPS asynchronous SAR ADC

for the readout of PMT signals *
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Abstract: High precision and large dynamic range measurement are required in the readout systems for the Water

Cherenkov Detector Array (WCDA) in the Large High Altitude Air Shower Observatory (LHAASO). This paper

presents a prototype of a 12-bit 40 MSPS Analog-to-Digital Converter (ADC) Application Specific Integrated Circuit

(ASIC) designed for the readout of the LHAASO WCDA. Combining this ADC and the front-end ASIC finished in

our previous work, high precision charge measurement can be achieved based on the digital peak detection method.

This ADC is implemented based on a power-efficient Successive Approximation Register (SAR) architecture, which

incorporates key parts such as a Capacitive Digital-to-Analog Converter (CDAC), dynamic comparator and asyn-

chronous SAR control logic. The simulation results indicate that the Effective Number Of Bits (ENOB) with a

sampling rate of 40 MSPS is better than 10 bits in an input frequency range below 20 MHz, while its core power

consumption is 6.6 mW per channel. The above results are good enough for the readout requirements of the WCDA.
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1 Introduction

The Large High Altitude Air Shower Observatory
(LHAASO) project has been proposed for high energy
gamma ray and cosmic ray detection [1–3]. One of the
major components is the Water Cherenkov Detector Ar-
ray (WCDA), which aims to survey the northern sky for
very high energy (VHE) gamma ray sources. The WCDA
is a ground-based Extensive Air Shower (EAS) detector,
which adopts 3600 photomultiplier tubes (PMTs) to col-
lect the Cherenkov light produced by the secondary par-
ticles of the EAS. To achieve wide energy spectrum ob-
servation with high energy resolution, the readout elec-
tronics for the WCDA are required to cover PMT signals
in a range from single photoelectron (P.E.) to 4000 P.E.
with precise time and charge measurement. A charge res-
olution of 30 @ 1 P.E. and 3 @ 4000 P.E. is required
in the full dynamic range and the single-counting rate of
a PMT can reach as high as 33-45 kHz [2].

For charge measurement, there are several methods
applied in the readout electronics of high energy physics
experiments, such as analog peak detection adopted in
Refs. [4–7], digital peak detection adopted in Refs. [8–

11], the Time Over Threshold (TOT) principle adopted
in Refs. [12–15], and waveform digitization based on a
Switched Capacitor Array (SCA) adopted in Refs. [16–
19]. The analog peak detection method has a relatively
large dead time and the resolution of SCA-based wave-
form digitization is limited with high input signal fre-
quency. In the readout electronics of the WCDA, we in-
vestigated the ASIC-based implementation of both TOT
method and digital peak detection. The former can
greatly simplify the structure of readout electronics while
the latter has the advantages of better linearity and res-
olution. In this paper, we focus on the implementation
of the latter. The charge measurement circuits are de-
signed based on analog signal shaping, analog-to-digital
conversion and digital peak detection logic.

In our previous work, a front-end ASIC [20] with the
function of analog signal shaping has been designed. In
this paper, we present the design and simulation of a pro-
totype 12-bit 40 MSPS Successive Approximation Reg-
ister (SAR) ADC to digitize the output signal of the
front-end ASIC. The Effective Number Of Bits (ENOB)
of the ADC aims to be better than 10 bits, which corre-
sponds to an equivalent input noise of 0.69 mV for a 2
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VPP full scale input range. In this condition, the charge
resolution contributed by the ADC for 1 P.E. signal is
better than 5 , which is good enough for overall reso-
lution requirement (30 @1 P.E.). The large number of
readout channels demands low power consumption to re-
lease the pressure of the cooling system on high altitude
mountains. Therefore, the SAR architecture [21–22] is
adopted for its simplicity and power efficiency in deep-
sub-micron CMOS technology compared with pipelined
architecture [8, 23]. The rest of this paper is organized
as follows. Firstly, the overall architecture of the PMT
readout electronics is presented in Section 2. Section 3
describes the ADC architecture. Then Section 4 presents
the design and implementation of key circuit blocks of
the ADC ASIC. Simulation results are presented in Sec-
tion 5. Finally, the conclusions are given.

2 Architecture of PMT readout elec-

tronics

The overall architecture of the PMT readout elec-
tronics is presented in Fig. 1. Each PMT exports two
signals from the anode and tenth dynode, respectively.
Then the signals are sent to the front-end ASIC [20] via
30 m coaxial cables. This ASIC integrates two functions:
one is leading edge discrimination and the other is shap-
ing. The output of the discriminator is then digitized by
the Time-to-Digital Converter (TDC) to achieve time
measurement, which is implemented by the logic in the
Field Programmable Gate Array (FPGA). The output
waveform of the shaper is digitized by the ADC ASIC
and then the output data of the ADC are sent to the
peak detector logic in the FPGA to achieve charge mea-
surement.

For charge measurement, we employ two readout
channels to record the PMT signals from the anode and
tenth dynode, respectively. The anode channel covers 1
to 100 P.E. and the tenth dynode channel covers 40 to
4000 P.E. Thus we can achieve 4000 dynamic range with
a sufficient overlap. Each readout channel consists of
pre-amplifier, shaper and ADC. Since the pre-amplifier
and shaper were realized in the front-end ASIC [20], this
paper focuses on the design of ADC ASIC prototype for
the readout of PMT signal. The ADC prototype has four
channels (corresponding to two PMT readout channels)
and each ADC has a resolution of 12 bits, which is suffi-
ciently to cover 100 dynamic range. Thanks to the am-
plification and shaping of the original PMT signal by the
front-end ASIC [20], the demand for the sampling rate
and ENOB of the ADC ASIC can be greatly decreased,
which means that it consumes much less power than that
used in real time waveform digitization. In summary,
an ADC with medium speed (40 MSPS) and medium-
to-high resolution (12 bit) is required to be designed in

the digital peak detection technique. The detailed de-
sign of the ADC ASIC will be decribed in the following
sections.

Fig. 1. Architecture of the PMT readout electronics.

3 ADC architecture

The overall architecture of the implemented 12-bit
ADC is depicted in Fig. 2. The ADC mainly consists
of a Capacitive Digital to Analog Converter (CDAC),
a dynamic comparator, and an asynchronous SAR con-
trol logic. A fully differential solution is used to min-
imize the common mode interference caused by charge
injection, digital cross-talk and other disturbances and
suppress the even harmonics. The CDAC is responsible
for sampling and charge redistribution. For sampling,
the bootstrapped switches are employed while CMOS
switches are used for charge redistribution. A high-speed
and low-noise comparator performs the digitization of
the CDAC’s voltage differences. Both CDAC and dy-
namic comparator consume no static power. To further
lower the power consumption of the clock tree and in-
crease conversion speed, asynchronous control logic is
implemented based on a dynamic latch structure. Be-
sides, the ADC integrates bandgap bias, voltage ref-
erence buffer, and clock generator. To save power,
the four ADC channels share bias and clock generator,
while the reference buffers are provided independently
to avoid interfering with each other when large currents
are drawn from them at the same time. The implemen-
tation of main ADC blocks is described in the following
sections.

4 Circuit implementation

4.1 Design considerations

The ADC performance is restricted by the trade-off
between accuracy, power and speed. To achieve a 12-bit
resolution, the noise from comparator and CDAC should
be less than 0.5 mV (1 LSB). However, suppressing the
noise of the comparator and CDAC excessively will cause
higher power consumption. To achieve 40 MSPS, we al-
locate about 20 of the period time (5 ns) for sampling
while the rest (20 ns) is for conversion. This time allo-
cation aims to minimize the total power consumption of
sampling and conversion.
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Fig. 2. Architecture of the designed ADC ASIC.

4.2 Bootstrapped switch

A bootstrapped switch [24–25], as shown in Fig. 3, is
employed to reduce the variation of on-resistance and
improve the switch linearity. In the sampling phase,
the bootstrapped switch and CDAC perform the Sam-
ple/Hold (S/H) function. The differential solution and
bottom-plate sampling are adopted to minimize non-
idealities (the clock feedthrough and charge injection),
which can improve the dynamic performance of ADC.
The on-resistance of the bootstrapped switch is opti-
mized to be about 50 Ω when the tracking time is set to
5 ns. As shown in Fig. 4, the ENOB of the S/H module
is better than 12.5 bits with 1.8 pF input capacitance.

Fig. 3. Schematic of the bootstrapped switch.

4.3 Capacitive DAC

To further lower the power consumption, the CDAC
incorporates a split capacitor structure and VCM-based
switching scheme [26–27]. Compared with the conven-
tional switching scheme, the VCM-based method saves
about 87  power. Besides, the 12-bit resolution can be
achieved by employing 11-bit CDAC, which decreases the
mismatch requirement and saves chip area. As shown
in Fig. 2, in each CDAC array there are M = 6 ca-
pacitors on the Most Significant Bits (MSB) side and
L = 5 capacitors on the Least Significant Bits (LSB)
side. Metal-Insulator-Metal (MIM) capacitors are used

to implement CDAC due to their good matching perfor-
mance. As shown in Fig. 5, the Monte Carlo simulation
of the CDAC indicates the DNL and INL are less than
1 LSB when the unit capacitance is about 28 fF. The
total capacitance of CDAC MSB side is about 1.8 pF,
which makes the thermal noise much smaller than the
quantization noise of 12-bit resolution.

Fig. 4. ENOB simulation of results of S/H module.

Fig. 5. Monte Carlo simulation of DAC in 50 runs.
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Each bit of CDAC settling accuracy is determined
by its time constant constituted by on-resistance of the
CMOS switch and capacitance of the CDAC capacitor.
The size ratio of the CMOS switch in each CDAC bit is
set according to the capacitance ratio to make each bit
have the same time constant. The settling time of 0.5
LSB accuracy for 500 mV step pulse is optimized to less
than 600 ps.

4.4 Dynamic comparator

The designed dynamic comparator [28–29] is pre-
sented in Fig. 6. To achieve better speed performance
in 180 nm CMOS technology, a structure without a pre-
amplifier is adopted. The operating speed of the com-
parator can be up to 1 GHz for 1 LSB imbalance.

Figure 7 shows the simulation results of the compara-
tor noise obtained with Spectre transient noise simula-
tion. Fitting the simulation results to a Gaussian cu-
mulative distribution, we find that the RMS equivalent
input noise is about 136 µV (< 0.3 LSB).

Fig. 6. Schematic of dynamic comparator.

Fig. 7. Noise simulation of dynamic comparator.

Small areas of input transistor gates are chosen to ob-
tain a high speed. However, smaller sizes of input tran-
sistors will cause larger mismatches and consequently, a
large input referred offset. We use on-chip offset cali-
bration [30] to compensate for this defect and allow a
low power implementation of the comparator. Figure 8

presents the Monte Carlo simulation results of offset cal-
ibration. Before calibration, the RMS value of offset is
2.7 mV while the RMS value is about 200 µV (< 0.5
LSB) after calibration.

Fig. 8. Monte Carlo simulation of offset calibration.

4.5 Asynchronous SAR logic

Compared with synchronous SAR control logic, the
asynchronous implementation [31] is much more efficient
to achieve higher sampling rate and lower power con-
sumption. For high-speed asynchronous logic, the con-
version phase needs an internal high-frequency multi-
phase clock to trigger the comparator. A gate-controlled
ring oscillator (GCRO) [32], as shown in Fig. 9, is
adopted to generate the multi-phase clock. The signal
“CLKSD” shown in Fig. 9 starts the conversion while
the “S12” stops the conversion. The voltage controlled
variable delay is employed to adapt the comparator clock
variation due to the process corner.

Fig. 9. Schematic of multi-phase clock generator.
“CLKSD” is a delay signal of sample clock and
“S12” is the flag signal indicating the end of con-
version.

The conversion phase contains twelve periods of com-
parator clock, each of which includes DAC settling time,
comparator decision time and SAR logic delay. Dynamic
logic based on the “window-opening” scheme [33], which
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can reduce the delay of the SAR logic, is incorporated
to minimize the conversion time. The SAR logic adopts
twelve latch blocks to generate CDAC digital input signal
and 12-bit ADC output code. During bit cycling, each
decision result of the dynamic comparator is locked by
one latch block when it is enabled by the corresponding
“window” signal, which is generated by the window gen-
erator. The timing diagram of SAR logic is presented
in Fig. 10. In each period of sample clock (“Sample
CLK”), the ADC operates in two phases: sample phase
and conversion phase. The ratio of the two phases is ad-
justed by a Delay-Locked Loop (DLL). In the conversion
phase, the sampled voltage is quantized under the con-
trol of SAR logic. When the “window” signal is valid,
the corresponding latch block locks the decision result
(“CMP OUT”) of comparator and then the SAR logic
passes it to the CDAC to change its output value. The
above cycle is repeated twelve times in each conversion
phase and then the SAR logic resets the latch blocks for
next conversion. Each bit delay (“Td2” in Fig. 9) of
the SAR logic is about 80 ps, which is much less than
conventional DFF-based SAR logic.

Fig. 10. Timing diagram of asynchronous SAR
logic. “Td1” is the delay of comparator decision
and the “Td2” is the latch delay of SAR logic.

5 Simulation results

The prototype ADC was designed in Global Foundry
1P6M 180 nm CMOS technology. Figure 11 shows the
layout of the chip. It occupies a total area of 3 mm×2
mm and contains four ADC channels. A full-scale input
range of 2 Vpp is achieved when the power supply is 1.8
V and common mode voltage VCM is 1 V. Simulations
were conducted to estimate the ADC performance and
the results show as follows.

We input a differential sinusoidal signal to the ADC
in the Spectre transient noise simulation environment.
Figure 12 plots the signal-to-noise-and-distortion ratio
(SINAD) and ENOB values versus the input frequency
while operating at 40 MSPS. The sine wave curve fit

method [34] is adopted to reduce simulation time by us-
ing fewer samples than that of Fast Fourier Transform
(FFT). A least-squared-error sine wave is fit to the out-
put data of the ADC, and the resulting error of the two
curves represents the power of noise and distortion. The
signal power can be calculated by using the amplitude of
the fit sinusoid.

Fig. 11. Layout of the proposed ADC.

Fig. 12. Simulation of SINAD and ENOB versus
input frequency.

Chip performance is summarized in Table 1. The
ADC achieves 10.47-bit ENOB and the core part con-
sumes 6.6 mW, which leads to a Figure-of-Merit (FOM)
[35] of 116 fJ/conv-step.

We extract the parasitics from the layout and con-
duct the post-layout simulation. The transient simulated
waveform is shown in Fig. 13. The post-layout simu-
lated ENOB for Nyquist input frequency signal is 9.69
bits, which is 0.78 bit worse than that of pre-simulation.
Chip verification will be done when the wafers come
back.
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Table 1. Performance summary.

parameter value

technology 180 nm CMOS

power supply 1.8 V

sampling rate 40 MSPS

resolution 12 bit

full scale input 2 Vpp

ENOB 10.47 bits @20.2 MHz

SINAD 64.8 dB @20.2 MHz

core power consumption 6.6 mW

FOM 116 fJ/conv-step
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Fig. 13. Post-layout transient simulation with sine
input waveform.

We also simulated the ADC with the output signal
of the front-end ASIC [20], which has a fast peaking
time of 80 ns. As shown in Fig. 13, the samples of
the ADC retain the information of the shaped signal
well. The peak value of 1 P.E. shaped signal is 17.6

mV [20] and the equivalent input noise of the ADC is
0.5 mV, which means that the charge resolution con-
tributed by this ADC is better than 5 for 1 P.E. input
signal.
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Fig. 14. Simulation with the shaped signal.

6 Conclusions

A 12-bit 40 MSPS asynchronous SAR ADC ASIC
prototype in 180 nm CMOS technology is presented. De-
tails regarding the key parts such as CDAC, dynamic
comparator and asynchronous SAR logic are discussed.
We have finished the design of the ADC which is now
in fabrication, and conducted simulations to estimate
its performance. The simulation results indicate that
this ADC achieves 10.47-bit ENOB while its core power
consumption per channel is 6.6 mW. The charge reso-
lution contributed by this ADC is better than 5 @ 1
P.E., which is good enough for the readout requirement
of LHAASO WCDA.
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