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Abstract

We present a new CMOS preamplifier and shaper, optimized for charge measurements with detectors of 0.1-1 pF
capacitance. A self-adaptive biasing scheme with nonlinear pole-zero cancellation allows us to use an MOS device
operated in the triode region as the DC feedback element while eliminating nonlinearity and sensitivity to supply,
temperature, and process variations and accepting up to several uA leakage current. The circuit is continuously sensitive
and requires no external adjustments to set the feedback resistance. Secondary sources of noise are minimized subject to
a power dissipation constraint.

Implemented in a 1.2 pm CMOS process, the preamplifier achieves an ENC of 35¢~ + 58 ¢ 7 /pF at 23 ps shaping time
at a power consumption of about 3.2 mW. The integrated preamp/shaper has 50 ns shaping time and the ENCis 120e™.

It has 0.3% nonlinearity over an input dynamic range of 0-5 fC.

1. Introduction

Low-capacitance silicon detectors are finding applica-
tions for particle position sensing, X-ray spectroscopy,
and X-ray imaging. In particular, silicon drift detectors
(SDD) [ 1] offer a remarkable combination of large sensi-
tive area with extremely small anode size, leading to
capacitances on the order of 0.1 pF. To take full advant-
age of the low capacitance of these devices, the readout
electronics must meet several criteria:

1. Can be directly wirebonded to the detector anodes.
2. Input transistor is properly capacitance-matched to
the detector.

3. Able to accept the detector leakage current without
generating excess parallel noise.

If condition (1) or (2) is not met, the series noise will be
excessive. Failure to meet condition (3) means the parallel
noise will be dominated by the feedback resistance of the
amplifier rather than the detector leakage current.

* Corresponding author.
! This work supported by U.S. DOE Contract No. DE-AC02-
67CHO0016.

For fabricating this type of readout circuit, CMOS
technology offers the advantages of being inexpen-
sive and readily available for full custom designs. The
input transistor dimensions, and the physical arrange-
ment of the circuit and bond pads, can be optimized
to meet criteria (1) and (2) above. However, there
are several compensating disadvantages of CMOS
for low-noise charge-sensitive preamplifiers. First, its
1/f noise is high in comparison to other technolo-
gies. Second, it dissipates more power to achieve the
same noise. Finally, as in all IC technologies there
is no simple way to create the high-value feed-
back resistor that is required to satisfy condition (3)
above.

The CMOS circuit that we describe here addresses
these problems, in particular by using novel circuit
techniques to create a stable, linear feedback resist-
ance.

Although this circuit was developed as a general-pur-
pose amplifier for low-capacitance detectors with fast
shaping, the design of the prototype was geared towards
the requirements of a vertex tracking detector in a heavy-
ion collider experiment [2]. This experiment will use
multi-anode SDDs to reconstruct particle tracks with
a position resolution of less than 25 pm. The require-
ments are shown in Table 1.
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Table 1
SDD preamplifier requirements

Noise 250e” r.m.s.

Dynamic range 50fC

Gain 30 mV/fC

Pulse shape Unipolar semiGaussian
Pulse peaking time 50 ns

Power dissipation <5mW

Leakage current 0.01-100 nA

Input capacitance 0.5~ 08 pF

2. Circuit design

2.1. Preamplifier

2.1.1. Folded cascode stage

This stage (Fig. 1) is a charge-sensitive preamplifier
based on single-ended folded cascode. We expected the
noise to be dominated by the series thermal noise of the
input transistor, so we chose an NMOS device which
provides higher transconductance than the complemen-
tary PMOS at the same drain current. To optimize the
noise for a constant drain current, we selected the input
transistor’s width to give a gate capacitance about % of
that of the detector plus parasitics [3]. This device is
biased at a drain current of about 0.4 mA to give a trans-
conductance of 3.5 mS.

The most important secondary noise sources in the
preamp are the current sources M4 and M6, whose noise
contribution can be minimized by source degeneration.
We used an analytic procedure to design these degene-
rated current sources for lowest possible noise under the
constraint of constant power dissipation.

The open-loop voltage gain of the preamplifier is

A(s) = gmRo R, (1)
(1 + st)(1 + 573)(Ro1 + Ricas)

and the two poles are given by
11 = RoCo, (2)
T, = RicasCI

where g, is the transconductance of M1, R, is the
output resistance of M1 in parallel with the output resist-
ance of M4, R, and C, are the effective resistance and
capacitance seen from node DM6 to ground, and C, is
the effective capacitance at node DM1, R,,,, the input
resistance of the cascode transistor MCAS, is inversely
proportional to gp,.... This stage has a gain of about 700,
a gain-bandwidth product of 275 MHz, and dissipates
about 3.1 mW. The feedback capacitor Cr is 0.1 pF.
With an input capacitance of 0.8 pF representing the
detector plus parasitics, the rise time to a charge impulse
1s 12 ns.

Fig. 1. Folded cascode preamplifier.

2.1.2. Feedback resistance

The choice of the feedback resistance is a tradeoff
between low parallel noise (large R) and low DC voltage
drop due to leakage current (smaller R):

AVpe = RIL A3)
4kT/R < 2q1, @)

With leakage current I = 0-200 nA and AVpc <2V,
this sets R in the range

250kQ < R < 10 MQ. (3)

R does not have to be precisely defined, but it must
stay in this range over worst-case process variations.
Higher values of R are favored from the standpoint of
noise.

In all monolithic technologies it is difficult to inte-
grate a high-value resistor, so charge amplifiers need
to use either a reset switch or a circuit block that be-
haves like a large resistance. Such a block can be
transconductor or a MOSFET operating in the so-
called linear, triode, or non-saturated region (Vps <
Vgs — V). We concentrate on the non-saturated MOS
resistor. In the absence of leakage current, its resistance is
given by

1

R= , 6
UCo (W /L) (Vs — V1) ©

where p is the inversion layer mobility, C,, is the
gate capacitance per unit area, (W/L) is the FET width/
length ratio, and (Vgs — V1) is the gate bia§ voltage
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at equilibrium. Its sensitivity to control voltage fluctu-
ations is

|~ O W IR 0V 0, g
Here dVigr = (dVg + dVs + dVr) represents the total
variation in the control voltage of the MOS resistor. In
conventional triode-mode feedback schemes [4] Vg is
derived from a supply voltage, which can have + 2%
variation even in well-regulated systems. The other two
terms in dVyor are set by MOSFET threshold voltages,
which can vary about 150 mV from run to run. Using
values of hole mobility p, =200cm?/Vs and gate
capacitance C,, = 1.7 fF/um?, and assuming that the

overall supply and threshold variation totals 250 mV, we
find

|dR/R| ~43(W/L) (&)

for a target value of R = 5 MQ. To keep R reasonably
stable, say to + 20%, we must make W/L < 0.005. This
extreme aspect ratio leads to a device whose active area is
at least 200 W2, In this technology such a device would
have a gate capacitance of 200C,, W2, = 1.1 pF. Since
such a high capacitance would severely degrade the noise
and gain linearity, it is not acceptable. To solve this we
developed an adaptive gate bias circuit to stabilize the
resistance against threshold and power supply variations.
The circuit is illustrated in Fig. 2.
The goal of the bias circuit is to keep

VGZ — V52 — VTZ = const. (9)

even when Vgs, — Vi, is only a few times kT/q, as is
necessary for large R with moderate W/L. Note that Vs,
is determined mainly by the threshold of NMOS device
M1, whose fluctuations are uncorrelated with Vi, of
PMOS M2. The third term in Eq. (9), V34, is influenced
by the body effect and by the narrow-channel effect [5]:

Vrz = Vi2(Ves2. Wa). (10)

We set the gate voltage Vg, to compensate for variations
in Vr; and Vr; as follows. First, a diode-connected rep-
lica M1’ of M1 is biased at the same current density so
that the voltage at node A tracks the NMOS thres-
hold (V- = Vi1). Next, we generate the required gate-
to-source voltage of the feedback device by passing a
current I,. through diode M2'. M2’ is a scaled copy
of M2:

(W/L);» = n(W/L), (11)
created by laying out n parallel copies of M2. Since

M2’ has the same Vs and width as M2, it experiences
the same body and narrow-channel effects. Now

BIAS CIRCUIT MAIN CIRCUIT

Fig. 2. Bias circuit for the Feedback FET.

Vas2 = Vgs2- and we can write

21,

—_— 12
wConwiDy, 12

Vasz — Vi = Vgsz — Vi =
Substituting Eq. (12) into Eq. (6) and (7) gives for the
resistance

n
= _ 13
R ZIZ’HCOX(” /L)Z’ ( )

and for its sensitivity

dR  1fdl,  d(uCy)
R - 2 12’ (:uCox) )

To first order, this resistance is independent of threshold
and power supply variation. Controlling the current I, in
the bias circuit to + 10% is straightforward, and the
technological parameter (¢ C,,) is routinely controlled in
our process to + 2%. What is more important, the
resistance variation is now independent of the resistance
value, 0 we can now create a compact, high-value resis-
tor with very low parasitic capacitance.

Our circuit uses n = 500, I,- = 30 pA, and (W/L), =
%5. Substitution in Eq. (10) gives a resistance of about
1.5 MQ. Due to space constraints we implemented M2’
as 50 copies of a W/L = 3 device instead of 500 copies of
a W/L =% device. This produces a narrow- channel
change in Vi, which increases the resistance M2 to
about 5 MQ.

In the actual bias circuit, all currents and device widths
are scaled down to reduce the power consumption.

When detector leakage current is present, the output
node (right-hand side of M2 in Fig. 2) moves positive and

(14)
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becomes M2’s effective source. As noted in Ref. [4], this
has the desirable effect of reducing the effective resistance.
This fact allows us to target a higher resistance value,
since on those channels with high leakage current the
feedback resistance will automatically adjust itself to
a lower value. Thus, decreased Ry will accommodate the
current without pushing the preamp output into satura-
tion, while the noise remains dominated by the leakage
current shot noise as long as the voltage drop across RF
exceeds SO0 mV.

From Eq. (13) we see that the resistance is propor-

tional to \/m, where n is the number of parallel copies
of the feedback device in the bias circuit and I, is the
drain current of M2'. The maximum resistance is dictated
by the practical considerations of controlling small bias
currents and layout area of large numbers of copies of
M2. Assuming I,- > 10 n4 and n < 2000, the achievable
resistance is limited to about 10° Q. It is possible to
produce higher resistance values by careful adjustment of
the gate voltage of the feedback transistor, but the MOS
source and drain diode leakage currents limit R,,,, to
about 101°Q at 300°K.

2.2. Nonlinear pole-zero cancellation

The linearity of the non-saturated MOSFET resistor is
poor for drain-source voltages more than about 50 mV.
The preamplifier output may swing up to 1 V in response
to either a large input signal or high detector leakage
current. When this happens, the feedback MOSFET’s
equivalent resistance decreases. This moves the preamp
feedback pole to higher frequencies. In the case of large
signal charge, there will be a non-exponential decay of
the preamp pulse.

CF

N C1

We use a variation of the classical pole-zero cancella-
tion technique [6] to accurately cancel the preamp pole
including is nonlinearity. The principle is illustrated in
Fig. 3. Transistor M3 is a scaled copy of feedback device
M2:

QRGE
L /5 L /,Ck

and its gate is biased to the same potential as M2. (The
input of the shaping stage is at the same DC potential as
the preamp input). For low leakage current and very
small signals, the two transistors behave as resistors
according to Eq. (6) and the M3-C1-R1 network cancels
the M2-CF pole as in the classical circuit.

Consider now the case when there is a large signal
swing on the output node, or large leakage currents.
Note that the gates and sources of M2 and M3 are
tied together, and that their drains are both at virtual
ground. Thus, when the preamp output rises in re-
sponse to a pulse of charge, the two transistors’
bias conditions track each other exactly. That is, Vpgy =
Vbs2, Vass = Vesa. So the zero of the compensation
network adjusts dynamically to cancel the changing
pole from M2/Cg. This allows us to build a conven-
tional shaping circuit with good overall linearity
over a wide dynamic range and insensitivity to leakage
current.

2.3. Shaper

The shaper stage, also shown in Fig. 3, is built around
the same folded cascode amplifier used in the preamp.
The bridged-T feedback network generates two poles

|
I g

SHPR OUT

—10

SHAPER

Fig. 3. Shaper and pole-zero cancellation.
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and one zero:

1 —s/w,

Afs)=A ,
) °1 + 5/Qwo + s%/wE

(16)

where

T, = — I/wz = RTC3/29

7o = — l/wo = R1/C, (5,

and

Q=4 C3/Cy/2.

In this circuit the zero cancels the pole from the preced-
ing pole-zero stage and the complex poles have
7o = 34 ns and Q = 0.707, giving a good semi-Gaussian
shape with a peaking time of about 50 ns. The shaper
dissipates 2.9 mW of power.

3. Experimental details

We fabricated the IC in a 1.2 pm, double metal n-well
CMOS process with an analog capacitor option. The
capacitors are MOS type, with a heavily implanted bot-
tom plate. We used polysilicon resistors except in the
feedback and pole-zero cancelling circuit.

The test chip included six circuit variations to allow us
to investigate the circuit blocks in detail. We included
preamplifier-shapers as described in Section 2, and pre-
amplifiers without shapers but with source followers for
driving an off-chip load. For each type of circuit, we
included versions with and without ESD protection net-
works. These networks (field oxide transistors and gate-
source shorted FETS to each supply) were estimated to
add 0.2-0.4 pF to the input capacitance. Each channel
also had a 50 fF capacitor for injecting charge into the
input. A microphotograph of the IC is shown in Fig. 4.

For studying the behavior of the feedback device, we
brought out node DM1’ (Fig. 2) to a pad. This allowed
us to force the gate voltage to a level other than the
natural condition established by the bias circuit.

The unpackaged die were wirebonded directly to
a small FR-4 test board, which provided access to the test
inputs, bias control, and output. The preamplifier inputs
could be wirebonded to a small Si photodiode
(capacitance about 1 pF) for studying the circuit with
detector signals from radioactive sources. On this carrier
we also placed a precisely measured injection capacitor
for calibration and a 1 MQ chip resistor for simulating
leakage current. We could select either the diode, capaci-
tor, or resistor by wirebonding.

The circuit, with minor modifications, was also fab-
ricated in a 2.0 um double-metal, double-poly process.

In the next section, results refer to the 1.2 um fabrica-
tion unless otherwise stated.

"1
"
.

Fig. 4. Microphotograph of the IC.

4. Results
4.1. MOS feedback resistor

By measuring the decay time of the preamplifier, we
get an estimate of the resistance of the MOS feedback
resistor:

Iso-10
Rg=——, 17
9 22Ck a7)

where tog_ 10 1s the 90-10% falltime and Ck is the feed-
back capacitance. The measured values of the resistance
for the 2.0 and 1.2 um designs were 1.8 and 6.2 MQ,
respectively. The 2.0 um design was fabricated twice in
separate runs, and the mean resistance value was the
same. These measured values are about 20-30% higher
than the simulated ones. We also measured the temper-
ature dependence of the feedback resistance. Fig. 5 shows
the preamp’s decay as the temperature is varied from
— 75°C to + 25°C. This measurement demonstrates the
effectiveness of the adaptive bias scheme. The resistance
remains constant to 10% while the MOSFET threshold
voltages vary by more than 200 mV over this range.
Fig. 6 shows the preamplifier output as the leakage cur-
rent is varied from O to 200 nA. The change in the
effective feedback resistance can be seen by the decrease
in falltime and the decrease in the DC level shift as the
leakage current rises.

Fig. 7 shows the preamplifier output with increasing
injected charge from 25 to 100 fC. Although the feedback
resistance changes for high injected charge over this
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Fig. 5. Preamplifier waveform at — 75°C, — 50°C, — 25°C and
+ 25°C.

Fig. 6. Preamplifier output for 0, 50, 100, 150, and 200 nA leak-
age current (2.0 um fabrication).

Fig. 7. Preamplifier output for input charge of 25, 50, 75, and
100 fC.

)

Fig. 8. Control of the feedback PMOS FET resistance by forc-
ing its gate voltage. Numbers in the figure refer to the difference
VG.orcea — Ve.seli -biase NOte time scales: (a) 400 ns/div, (b)
500 ps/div.

dynamic range, the gain is still linear to better than 1%.
By forcing the gate voltage of the feedback PMOS FET
to more positive values, we could increase its effective
resistance as shown in Figs. 8(a) and (b). The useful
resistance range of this device extends over 4 orders of
magnitude, from 2.7 x 10® to 2.2 x 10'° Q.

4.2. Preamplifier noise

We first measured the preamplifier’s noise using an
external, variable pulse shaper. Fig. 9 shows the equiva-
lent input noise charge (ENC) as a function of shaping
time for two bias conditions. For the self-biased condi-
tion, the series white-, 1/f~, and parallel-noise dominated
regimes can be recognized by their t; /2, 2, and 12
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Fig. 9. Preamplifier ENC as a function of shaping time for two bias conditions.

behavior, respectively [7]. When the feedback is biased
into a higher-resistance condition, the parallel noise
vanishes and we observe the noise floor due to the 1/
noise of the input NMOS transistor of about 35¢™ r.m.s.
[8]. Also shown in Fig. 9 is the noise of a preampli-
fier with input ESD protection network. The protection
network capacitance raises the series noise by about
10e”.

The noise versus shaping time measurement was re-
peated on an ESD-protected part with feedback MOS-
FET pinched-off at — 25°C and — 75°C. Although the
series white noise showed the expected decrease (to about
58 ¢~ at 50 ns), the 1/f noise floor was unchanged. This is
consistent with others’ measurements of a temperature-
independent 1/f noise in NMOS [9].

4.3. Integrated preamp/shaper

Fig. 10 shows the output waveform of the integrated
preamp/shaper (lower trace) as the bias condition of the
feedback (M2) and pole-zero canceling (M3) devices are
varied together. The preamp output is also shown for
comparison (upper trace).

Note that regardless of the decay time of the preampli-
fier, the shaper output waveform is practically invariant.
The gain of the integrated preamp/shaper is 16.5 mV/fC.
It is linear to 0.3% over a dynamic range of 50 fC, again
confirming the effectiveness of the nonlinear cancellation
technique.

We also studied the integrated preamp/shaper as leak-
age current and temperature were varied. The results are
shown in Figs. 11 and 12. In Fig. 11, the gain increases

Fig. 10. Preamp and preamp/shaper output waveforms at self-
bias and several forced gate voltages on the feedback and pole-
zero devices.

about 10% for currents from 0 to 600 nA while the shape
is unaffected. In Fig. 12, we see that when the temper-
ature is reduced to — 75°C, the shaping time decreases
by 6 ns while the gain is stable to within 3% of its room
temperature value.

The noise of the integrated preamp/shaper is shown in
Table 2, where we compare protected and unprotected
circuits with their feedback and pole-zero canceling devi-
ces in the self-biased and pinched-off conditions. By com-
paring these results with Fig. 9, we see that the integrated
shaper adds 25-35 ¢~ noise. This is mainly due to the
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Fig. 11. Preamp/shaper waveform with leakage current from
0 to 600 nA. Waveforms have been set to the same DC baseline.

Fig. 12. Preamp/shaper output waveform for — 75°C, — 50°C,
— 25°C, 0°C and 25°C.

Table 2
Preamp/shaper noise at zero input capacitance

Self-bias Pinched
Protected 130e” 120~
Unprotected 120e” 105¢~

second stage resistor R1 (see Fig. 3), whose noise contri-
bution is non-negligible.

4.4. Measurements with silicon detector

We measured the spectra of radioactive sources with
a small Si diode detector (C ~1pF, I <0.1nA)
wirebonded to the preamplifier. This allowed us to make
an independent measurement of gain and noise.

Fig. 13. 2*!Am spectrum taken with preamplifier and external
1 ps shaper. Feedback device pinched off. T = 25°C.

241

Fig. 14. Spectrum of Am?*! with integrated preamp/shaper: (a)
seli-biased condition, room temperature; (b) feedback device
pinched off, T = — 75°C.

Fig. 13 shows a spectrum of **'!Am taken with an
ESD-protected preamplifier with M2 pinched off. An
external shaper with 1 ps peaking time was used. Peaks
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Fig. 15. Ionizing event from 2*'Am with integrated pre-
amp/shaper in self-biased condition at + 15°C.

at 7.8, 11.73, 13.94, 17.44, 20.8, 26.2, and 59.5 keV are
clearly seen. From the FWHM we find a noise of 148
r.m.s.e”. Allowing for an estimated 0.3 pF capacitance
due to 2 bond wires and ~ 1 cm PC board traces and
1.36 pF for the detector gives a noise slope of 58 ¢ ~/pF
for the preamplifier.

Fig. 14(a) shows the spectrum of the same source taken
with the integrated preamp/shaper in its self-biased
condition. The noise is now 255 rm.s.e”. Compared to
Fig. 13, there is a substantial increase in white series
noise at the shorter shaping time (50 ns) of the integrated
shaper. With the feedback device pinched and at a tem-
perature of — 75°C, the spectrum of Fig. 14(b) is ob-
tained, which has 180 e~ noise.

In Fig. 15 we show the waveform of an ionizing event
from a 59.5 keV photon as amplified by the integrated
preamp/shaper with M2 pinched at T = + 15°C.

5. Discussion
5.1. Noise parameters

We analyzed the preamplifier noise data of Section 4.2
to extract the key parameters for each of the 3 noise
sources. The knowledge of these parameters allows us to
predict the preamplifier behavior in other conditions and
guides new design efforts.

5.1.1. Series thermal noise
The ENC due to all white series noise sources is

—
ENC,, = /¢4kTR,C}/tm, (18)

where R; is the equivalent series thermal noise resistance,
Cr is the total capacitance at the input, 7, is the peaking

time, and ¢ is a form factor which for CR-RC2 shaping
equals 0.85. From the data of Fig. 9 for20 ns < 7, < 1 s
we find R, =400Q. For an ideal preamplifier with
gm = 3.5mS, R, =2/3¢g,=190Q. R, is increased by
excess noise in the input transistor and by the secondary
noise sources mentioned in Section 2.

5.1.2. 1/)f noise
From Ref. [7],

ENC; = /4K /C,Cr, (19)

where K; is the flicker noise coefficient as defined in
Ref. [10]. We isolate the 1/f noise in the long-t,, region
where series thermal noise is negligible and with the
feedback FET pinched off to eliminate parallel noise.
From the data of Fig. 9 we find K; = 6.9 x 10724 J. This
is close to the median value reported in the literature for
NMOS [3,4,9, 11].

5.1.2. Parallel noise

In Fig. 9 this noise clearly dominates when the feed-
back FET is in its self-biased state and 1., is long. We
analyze this region using

ENC, = /x 2kT1/R,, (20)

where k =0.64 for CR-RC? shaping, to find
R, =63 MQ.

On preamplifiers fabricated in the 2.0 pm process, we
checked for consistency of effective Ry determined from
falltime and parallel noise measurements. From Eq. (6),
we expect 1/Rg to be proportional to (Vgs — V) of the
feedback FET. Therefore, we plotted 1/Rg as the feed-
back FET’s Vs was forced over a range of values. The
results are shown in Fig. 16. The plot is a straight line
when M2 is in the strong inversion region. From the
slope and intercept, we can find the hole mobility and

bt
o I I
—— 1RF(FALLTIME) A
/-A
< = 1RF(NOISE) / .
& 4
- N
o /
7]
o / :"
o
0 100 200 300 400 500 600
Vg (mV)

Fig. 16. Effective resistance of the feedback FET determined
from measurements of falltime (triangles) and noise (squares).
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threshold voltage of the feedback device. We find
tp=150cm?/Vs and Vi, = —147V. The noise
measurements (squares) yielded R, values that were con-
sistent with the falltime results.

6. Conclusions

A CMOS preamplifier and shaper circuit, capacitance-
matched to detectors in the sub-1pF range, has been
developed. Its key features include
e low noise,

e high linearity,

e continuously sensitive,

e no digital signals on chip,

e no external components or critical adjustments
needed.

The performance of the preamp/shaper is summarized
in Table 3.

A 16-channel version of the chip will be used with
silicon drift detectors for particle tracking at fixed-target
and collider experiments. Circuit techniques developed
will be useful in designing preamplifiers for other low-
capacitance detectors.

Table 3
Performance summary of low-capacitance preamplifier/shaper

Technology 1.2 ym n-well CMOS
Gain 165 mV/AC

Shaping 50 ns unipolar

Noise 1204 1077 /pF
Effective feedback R 6.3 MQ

Maximum detector leakage 1.5 pA

Linearity < 0.5% to 50 fC Qin

Power dissipation 6.1 mW/channel
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