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Design and test results of a low-noise readout integrated circuit for
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Abstract A low-noise readout integrated circuit for high-energy particle detector is presented. The noise of charge

sensitive amplifier was suppressed by using single-side amplifier and resistors as source degeneration.

Continuous-time semi-Gaussian filter is chosen to avoid switch noise. The peaking time of pulse shaper and the gain

can be programmed to satisfy multi-application. The readout integrated circuit has been designed and fabricated using

a 0.35 pm double-poly triple-metal CMOS technology. Test results show the functions of the readout integrated circuit

are correct. The equivalent noise charge with no detector connected is 500-700 e in the typical mode, the gain is

tunable within 13—130 mV/fC and the peaking time varies from 0.7 to 1.6 pus, in which the average gain is about 20.5

mV/fC, and the linearity reaches 99.2%.
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1 Introduction

High-energy particle detectors are widely used in
elementary particle physics experiments, nuclear
physics, space applications and medicine!'). A readout
circuit converts charge signals of the detector into
voltage signals. As the detector array grows in size,
multi-channel Application-specified Integrated Circuit
(ASIC) becomes the mainstream implementation of
readout circuits.

The output of readout circuit is proportional to
the energy deposited in the detector by the impinging
particles, but this kind of signal is small, hence the
need of minimizing the noise of the readout circuit.
The solutions used to include the Bipolar Junction
Transistor (BJT) and Junction Field Effect Transistor
(JFET) circuits, due to their inherent low noise
performance. The CMOS integrated circuit has been
gaining attention because of its high density, low cost,

2 .
21 However, noise

and low power consumption
performance of an MOS transistor is much worse than
that of BJT and JFET, and it is a challenge to design

low-noise CMOS readout ASICE !,

In this paper, a low-noise CMOS readout ASIC
is developed. It consists of a charge sensitive amplifier
(CSA), a pulse shaper with adjustable peaking time
from 0.7 to 1.6 pus and an output buffer. Many low
noise techniques were adopted in designing each block
of the circuits to reduce the noise of this readout ASIC.
Seven modes with dynamic range and peaking time
were designed to meet the needs of applications.

2 Circuit structure

Topology of the readout ASIC is shown in Fig. 1. The
circuit contains two input connections at the CSAIN
point. The DET connects the detector with the readout
ASIC, while Vi is used for testing the ASIC. A pulse
voltage of Vi will be equivalent to a charge pulse
generated in the detector. The charges are integrated
on the feedback capacitor Cy, and the CSA output will
rise to a voltage related to Cr. The feedback resistor Ry
is used to discharge Cr against saturation of the CSA.
The pulse shaper, which is a CR—(RC)’ type filter,
shapes and filters the CSA output, so as to suppress the
noise and increase the signal-to-noise ratio (SNR). An
additional gain is provided by the shaper. One can
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make a choice of the 16 gains by using a four-bit code
under a certain peaking time. The buffer (BUF) was

designed for circuit test.
ci r====. "l

Vout

Fig.1 Topology of the readout ASIC.

2.1 Charge sensitive amplifier

Single-ended folded cascade amplifier is usually
selected for the CSA because of its higher gain and
broader bandwidth. A single-ended amplifier has fewer
transistors and causes less noise than a differential

amplifier. Fig. 2 shows schematics of the CSA with the

vddd
—IE

bias circuit.

Fig.2 Schematics of the charge sensitive amplifier.

The input charges are accumulated on the
feedback capacitor Cy. The CSA output, Visa, is given

by Eq. (1),
Vesa(s) = ~(On/Coll/(s+1/0)] = —0uw/Ce (1)

where, O, is the input charge and t = Ry C;. The
resistor Ry is used to discharge Cr for avoiding the
saturation of CSA and supplying a DC path to ground.
Without it, the output voltage is directly proportional
to input charge and in the inverse ratio of Cr.

The CSA is located at front of the circuit, so
the CSA has a great influence on the noise

Bl and reducing its noise is important.

performance
Noise analysis of this circuit indicates that much of
noise aroused by M1. A large transconductance of M1
would degrade the input-referred noise voltage . The
width, length and bias current of M1 should be
optimized. Besides, the noise of other transistors
cannot be totally neglected, especially that of the tail
circuit source, such as M3, which has lager bias
current than M1. We chose PMOS for M1, because
NMOS has much more flicker noise than PMOS in
CMOS technology. But M3 is NMOS with larger
current than M1, so both the flicker noise and thermal
noise of M3 are not negligible. To reduce the noise
brought by M3, a resistor is used as source
degeneration component'”’. In this way, the equivalent
transconductance of M3 is reduced, so is the input-
referred noise.

Without the resistor, the input-referred noise
voltage brought by M3 is given by Eq.(2), which
contains both flicker noise and thermal noise.

2
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where, gy and gy3 are transconductance of M1 and
M3 respectively, k=1.38x10J/K is the Boltzmann
constant, 7 is absolute temperature, W; and L; is
channel width and length of M3, K, is flick noise
coefficient, Cpy is gate oxide capacitance per unit area,
and f'is frequency.

With the resistor, the input-referred noise
voltage brought by M3 and its source resistor R can
be

2
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Flicker noise

where, gups is bulk transconductance of M3.

From Egs.(2) and (3), the flicker noise is
reduced by a factor of [1+(gm3 + gMb3)RS]2. The
thermal noise is reduced, too. A bigger R; would be
preferred for better noise performance, but it brings

larger voltage drop and takes larger area.
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2.2 Pulse shaper

Continuous-time filter is chosen to avoid noise

brought by switching on and off. Semi-Gaussian
shaper is widely used ! as a good compromise
among noise performance, counting rate and circuit
complexity. The CR—(RC)” filter reshapes the pulse
voltage into a semi-Gaussian shape, to suppress pileup
and facilitate pulse height recording, while it filters
high frequency and low frequency noise. Besides, the
shaper has influence on the noise performance.
Consulting from Fig.1, the transfer function of
the shaper from the CSA output to the shaper output is
given by
1+5sCyR, Ry,

HO=5r TR, +sCR % (1+sCShRSh)

2 @

There is Ry, and Cg, influencing the time
constant. R, and C, form a high pass filter to cancel
pole caused by Rrand Cp with R,C, = RiCr. Let
RyCy/(1+R,Rin) = RuCon, a peaking time nRuwCan is
achieved. The DC gain of the pulse shaper, which
affects the total gain, is expressed as
(Rsh/Rin)z/(HRpRin). So changing Ry, and Cgy can
change peaking time and DC gain. Fig. 3 shows the
first stage of the pulse shaper. To meet the need of
applications, the readout IC uses adjustable resistor
and capacitor to change the peaking time and DC gain.

3 Test results

The readout ASIC was designed in a 0.35 pm double-
poly-triple-metal (DPTM) CMOS and tested on the
Verigy 93000 platform. A photomicrograph of the
readout ASIC is shown in Fig. 4. A pulse voltage with

a repetition period of 20 ps was applied at Vi in Fig.
1 to simulate the charge pulse at CSAIN.

3.1 Appropriate discharge time

The input pulse voltage amplitude applied at Vi is set
as 0.1 V and the gate voltage V', of the feedback MOS
resistor Ryis adjusted to tune the decay time constant
of CSA. Fig. 5 shows the output waveform of CSA
with different V.. The decay time increases with
decreasing V., but the noise decreases with V.. As a
compromise between the discharge time and noise, we
chose V. = 2.25 V for the following test. With this
value a suitable leaking time can be achieved.
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Fig.3 The first stage of pulse shaper.
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Fig.4 Chip photomicrograph of the readout ASIC.
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5 Output of CSA with different V.
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3.2 Output of shaper

Output waveform of the shaper at V, = 2.25 V is
shown in Fig. 6. A peaking time of 1us and 0 dB gains

47

were provided by the pulse shaper. The average gain
of the ASIC is about 20.5 mV/fC. For this circuit is
designed to deal with current pulse signal flowing
from CASIN to ground, only the positive pulse is valid.
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Fig. 6 Output waveform of the pulse shaper.

3.3 Changing gain and peaking time

Changing the switch-control signal can change the
capacitor and resistor in the circuit. The dynamic range
is 0-90 fC in the typical mode, while in other modes it

Table 1 The gain and peaking time in different modes.

can be 0-15 fC and 0-150 fC with different gains. The
gain is adjustable from 13 to 130 mV/fC and the
peaking time varies from 0.7 to 1.6 ps. Table 1 shows

the results in seven different modes.

Modes 1 2 3 4 5 6 7

Vout Viest 10.43 16.92 7.75 6.25 15.23 25.32 64.17
Peaking time /ps 1.03 0.60 1.36 1.65 0.95 0.84 0.75
Linearity /% 99.3 99.10 99.20 99.70 99.00 96.70 92.30

3.4 Equivalent Noise Charge

Noise performance is described by equivalent noise
charge (ENC), which is the ratio of integrated rms
noise at output of the pulse shaper to the signal
amplitude due to one electron charge. For testing this
circuit, a pulse with 40 periods was injected into the
capacitor C,, where the period was 20 ps. In ideal case,
the output waveform has 40 equal peak voltages. The
output rms noise was calculated with the standard
deviation of a group of output voltage for the same
input signal. The ENC was 500-700 e in different
modes with no detector connected. It should be

pointed out that the ENC results included the noise
from the test equipment, as shown in Fig.7 which is a
two-sided power spectral density. Where the high
frequency noises are close to 80 MHz, which is the
sample frequency of the test equipment. For this
reason, only 40 cycles were recorded. With such a
small sampling number, the standard deviation would
be larger than the real one. Reducing the sampling
frequency at which the waveform is captured can
increase the number of cycles saved. However, this
will enlarge the sample space. Then, it is difficult to
get an exact peak of the shaper output.
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Fig. 7 Noise analysis of the CSA output (a) and the pulse shaper output (b).

3.5 Linearity

Applying different input voltage to obtain the peak
output voltages, the linearity can be calculated by[6]:

max(residual)

Li = (]—
inearity = swing (output)

)x100% (5)

where, residual is the difference between the measured
data and the linear fitting result, and swing is the
output voltage range. The linearity was 99.2% in the
typical mode. In other modes, the linearity ranged
from 99.1% to 99.7% by changing the capacitor only,
whereas by changing the resistor the linearity became
worse.

3.6 Performance summary

Performance of the readout ASIC is shown in Table 2.

Table 2 Performance of the readout ASIC.

Size /mm’ 1.7x0.7
Power supply voltage /V 5

Gain/ mV-fC"' 13t0 130
Peaking time /us 0.6-1.6
Equivalent noise charge /e 500-700
Linearity /% 99.2

4 Conclusion

Design techniques of a low-noise readout ASIC for
high-energy particle detectors is described in detail.

The charges released by the detector is converted

into a voltage, which is in direct proportion to the
input charges, amplified and filtered by following
circuits. Then, at the end of the circuit, the output is in
direct proportion to the energy the detector detected.
Many low noise techniques were used in the design of
this ASIC. The readout circuit has been designed in a
0.35 um DPTM CMOS technology and tested with
Verigy 93000. The test results verify the feasibility of
this circuit. The readout ASIC can be suitable for
many applications.
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