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Abstract— A low-noise readout integrated circuit, comprising
a charge sensitive amplifier, a pulse shaper with baseline holder,
a peak detector and an A/D converter, is presented. The designed
IC quantifies optical response of a large-area epitaxial photodiode
integrated on a body of a semiconductor scintillator.The input
transistor size and the time constant of the shaper are optimized
to obtain a minimum equivalent noise charge(ENC) with the large
input load capacitance. A time-based clockless A/D converter is
implemented to minimize the interference of the digital part of
the readout system on the low-noise charge-sensitive amplifier.
The simulated ENC of the readout system interfacing a 50 pF
capacitance and a dark current of 10 pA that model the epitaxial
photodiode is 172 electrons at 12 us time constant of the pulse
shaper with power consumption of CSA and shaper of 2.2 mW.

I. INTRODUCTION

As the threat of the illicit use of the nuclear devices or
materials grows, the need for the development of more accu-
rate radiological detection devices with localization capability
becomes more critical. Semiconductor scintillating solid-state
radiation detector with integrated epitaxial photodiodes on the
body of scintillator, illustrated in Figure 1, guarantees nearly
perfect registration of the energy of the incident radiation
event [1]. Based on the Compton telescope technique, a three-
dimensional array of semiconductor scintillator provides an
accurate spectroscopic resolution for isotope discrimination
and simultaneously an accurate determination of the direction
to the source [2]. Therefore, to quantize the optical response of
the epitaxial photodiode precisely, a readout ASIC integrated
with the detector is necessary.

Numerous readout ASICs for radiation detection based
on different sensors and applications have been studied and
reported in the literature. However, most of the reported sys-
tems are designed for relatively small sensor capacitance [3],
[4], with a few designed readout systems interfacing sensors
with the large parasitic capacitance. A front-end ASIC for a
silicon Compton telescope with 30 pF input capacitance is
implemented and achieves equivalent noise charge (ENC) of
200 electrons [5]. Another readout integrated circuit interfac-
ing avalanche photodiodes obtains an ENC as 275 electrons
plus 10 electrons for every additional pico-farad of the input
capacitance [6].
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Fig. 1. Semiconductor scintillator comprising a scintillator body and an
integrated photodiodes on top and bottom plates of its surface.

In the proposed semiconductor scintillator array [1], the
large area of the pixel epitaxial photodiodes leads to an even
larger capacitance, measured at 50 pF. Despite the large diode
area, the reverse-bias leakage current is rather low, on the
order of 10 pA. Accordingly, careful design of the readout
system including the charge sensitive amplifier(CSA) and the
pulse shaper for the proposed detector array is required to
optimize the noise under power and area constraint. We have
previously reported the readout IC system [7] interfacing the
proposed epitaxial photodiode with the measured ENC of 950
electrons. The proposed readout system is designed with a
goal of achieving a lower ENC by modifying the high-gain
amplifier of the CSA and the pulse shaper. Moreover, to obtain
the digital value of the output signal, an A/D converter is
implemented. We propose implementation of the clockless
ADC to reduce the potential effect of the switching noise on
the low-noise CSA.

II. CIRCUIT IMPLEMENTATION

The readout system comprises the CSA, the pulse shaper,
the peak detector and the clockless ADC. The total noise of
the readout system is dominated by the noise contribution
of the input transistor and the sizing of this transistor is
obtained through the optimization procedure [7], [8]. Due to
the power constraint on the readout circuit in the proposed
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Fig. 2. Cascode amplifier with cascaded source follower as a high gain
voltage amplifier in the CSA.

system the power of the CSA is limited to 1 mW and before
the optimization of ENC, the current of the input transistor is
set to 300 pA. The input transistor operates in the moderate
inversion, with the channel length of 1.2 pm. The minimum
ENC is obtained when the channel width is equal to 8 mm.
The shaper is designed as the second order filter with the
peaking time equal to the time constant. The optimal value
for the peaking time is 30 us. However, the limited chip area
prohibits the implementation of a second order RC filter with
that long time constant. Therefore, the actual time constant of
the shaper is set to 12 us at the cost of 20 e~ ENC increase.

A. Charge Sensitive Amplifier

A charge sensitive amplifier is composed of a voltage
amplifier, a feedback capacitor and a low frequency reset
network. The high gain voltage amplifier is implemented as
a two stage amplifier, with the cascode amplifier followed by
the source follower, as shown in Figure 2. PMOS transistor
is chosen as the input transistor due to the lower flicker noise
than NMOS. The input transistor Py has 8 mm channel width
and 1.2 pm length and operates in moderate inversion. The
sizing of other transistors in the amplifier is shown in Figure 2.
The simulated DC gain of the amplifier is 83 dB.

A long channel MOSFET operating in the strong inversion
with the value of on-resistance on the order of G2 is used as
a continuous reset network. The purpose of this reset network
is to provide a DC current path and to discharge the feedback
capacitor. To ensure high linearity of the CSA, a pole-zero
compensation network is formed by a parallel connection of
N; replicas of the feedback network formed by capacitor
C1 and transistor M ;. Moreover, the compensation network
converts the signal from voltage to current again, and the
replica ratio N7 determines the charge gain of this stage.

In order to achieve a high charge gain, a two-stage cas-
caded charge sensitive amplifier is implemented, as shown in
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Fig. 3. Two-stage cascaded charge sensitive amplifier implementation.
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Fig. 4. Implementation of the second-order pulse shaper.

Figure 3. The second stage has the same structure as the first
stage, with the charge gain of Ns. N is designed to be 20
and N is 5, with the total charge gain of the CSA equal to
100.

B. Pulse Shaper with Baseline Holder

The pulse shaper is implemented as the bandpass filter with
the peak value of the output voltage pulse proportional to the
input charge of the CSA. The optimized time constant of the
shaper is chosen to equalize the contribution of the white series
noise and the white parallel noise in the output noise for the
proposed CSA. In the actual implementation, a 2" order RC
real pole semigaussian filter with the 12 us time constant is
designed as the trade off between required chip area and ENC.
The implementation of the shaper, shown in Figure 4, is a
cascade of the first-order high-pass and two first-order low-
pass stages.

As the CSA and the pulse shaper are based on dc-coupling
and unipolar shaping, the baseline of the output voltage signal
strongly depends on the sensor leakage current. The fluctuation
of the baseline of the output voltage introduces an error in the
measurement of the peak amplitude. In order to maintain a
stable output baseline, the baseline holder(BLH) is designed.
The BLH functions as a low-frequency feedback loop around
the shaper and comprises a differential amplifier, a nonlinear
dynamic buffer and a low-pass filter. The low-pass filter
provides the dominant pole necessary for the stability of the
loop. The nonlinear buffer dynamically reduces the gain of the
feedback loop only in presence of the large and fast signals.
For the different sensor leakage currents, the BLH fixes the
baseline voltage by adjusting the dc current according to the
difference between the present baseline voltage and a reference
voltage. The BLH also helps to discharge the large and fast
signals to adapt the system to the high event rate.



Vref

D
Binary out[0..7]

Counter

%d)l

JK @
Flip Flop|
o9,

Cint

Fig. 5. Simplified schematic of the implemented clock-less A/D converter.

C. Clock-less time-based A/D Converter

In order to digitize the voltage output of the peak detec-
tor, an A/D converter is required in the readout system. A
clock-less time-based A/D converter based on Wilkinson type
ADC [9], [10] is implemented, as the presence of the clock
in the system would interfere with the low-noise CSA. The
structure of the proposed ADC that counts the number of
pulses in a fixed period of time is shown in Figure 5.

The output voltage signal of the peak detector is first
converted to the current, with the resistor Ry as the linear
factor in the conversion. The current is mirrored and integrated
on the feedback capacitor. When the output voltage of the
integrator reaches the threshold, the comparator generates
a pulse to stop the counter and reset the integrator at the
same time. The comparator is an open loop amplifier, with
a regenerative loop introduced to speed up the response of the
comparator. The digital output is equal to [T'/t;], where T is
a fixed time period that defines the conversion time and ¢; is
the time of a single cycle in which the output voltage of the
integrator reaches the threshold value.

The major sources of error in the proposed structure are the
reset time of the integrator ¢, and the delay of the comparator
tq. Both times are unrelated to the input current. The addition
of these constant times to the required integration time in
each integration cycle introduces a nonlinearity in the total
number of generated ramps in response to the input current.
The comparator delay time is almost an order of magnitude
smaller than the reset time. To significantly reduce the effect
of the reset time, the non-overlapping dual integrators are
implemented, as shown in Figure 5. When the first integrator
reaches the threshold, the associated comparator makes the
JK flip-flop toggle to activate the second integrator. Mean-
while, the capacitor of the first integrator starts discharging in
preparation for the next integration cycle. The binary counter
provides the sum of the number of ramps from both of the
integrators. To alleviate the influence of the comparator delay,
digital compensation is applied after the output N is acquired.
The offset voltage of the comparator can be translated into a
time delay that is related to the input current and this presents
an error that is not compensated for.

The input voltage of ADC is the output voltage of the
peak detector with the voltage range from 1.5 V to 3 V.
The corresponding input current of the integrator after voltage
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Fig. 6. Layout of the designed ASIC in 0.5 um CMOS technology.

to current conversion ranges from 150 nA to 5 pA. The
integration capacitor is chosen to be 1 pF and the integration
voltage range is 2 V. A capacitor charged by a constant current
is used as the timer to generate integration time period T =
200 us.

III. SIMULATION RESULTS

The readout circuit that directly interfaces semiconductor
scintillator includes the two stage CSA, the pulse shaper with
baseline holder, the peak detector and the A/D converter and
was simulated using Cadence SpectreS simulator. The epitaxial
photodiode is modeled with a 50 pF load capacitor, a 10 pA
sensor leakage current source and a current pulse generator.
The power supply voltage is 3.3 V. The CSA is designed for
the range of the input charge from 3,000 electrons to 100,000
electrons. This range corresponds to the predicted input charge
in the proposed radiation detection application. The layout
of the chip designed in 0.5um CMOS technology with three
channels of the proposed readout system is shown in Figure
6. The area that the single CSA and pulse shaper occupy is
0.42 mm?2, while the area of ADC is 0.25 mm?Z. The chip is
submitted for fabrication.

The output signal of the pulse shaper for different values
of the input charge is shown in Figure 7. By extracting the
peak value of each pulse, the linearity of the output signal as a
function of the input charge is shown in Figure 8. The charge
gain of the readout system is 86.5 mV/fC. Figure 9 shows the
simulated ENC for different values of the input capacitance.
When the input capacitance is 50 pF, the simulated ENC is
172 electrons, as predicted by the optimization procedure.

An 8-bit ADC with input range from 1.5 V to 3 V is
simulated, and the integral nonlinearity(INL) of the ADC after
the digital compensation for the comparator delay is shown in
Figure 10.



Output Voltage(V)

100 150 200 250
time (us)
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Fig. 8. Linearity of the output signal of the pulse shaper for different input

charge.

IV. CONCLUSION

A charge amplification interface circuit followed by a clock-
less A/D converter is proposed as a readout system for a large-
area epitaxial photodiode. By optimizing the size of the charge
amplifier input transistor as well as the time constant of the
pulse shaper, the simulated ENC of the readout IC is reduced
to 172 electrons with a 50 pF input load capacitance. The 8-
bit time-based ADC converts the output of the peak detector
proportional to the input charge to digital value while mini-
mizing interference on the low-noise CSA. To experimentally
verify the performance of the circuit, a prototype chip has been
fabricated in the 0.5um CMOS technology.
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