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ABSTRACT--- In this paper, the study of the noise optimization of the charge sensitive preamplifier (CSP) for silicon
strip, Si(Li), CdZnTe and Csl detectors is presented. The power limitation in such systems is available while a good
noise performance and a fast signal processing time are required. This paper describes the CSP noise for CMOS
technology with a chosen detector capacitance 3pF and transistor gate length ranging from 0.13 gm to 2um. In this
paper the designed CSP, followed by a fast pulse shaper (PS) stage, the equivalent noise charge (ENC) obtained is
dominated by the thermal noise of an input MOS transistor. Noise behavior is evaluated with the input transistor
works in a moderate inversion region. These analyses are made using a simplified EKV (Enz, Krummenacher, Vittoz)
model and MATLAB simulations using BSIM3v3 models. We show several novel aspects of the noise optimization of
the CSP regarding the optimum transistor width and the optimum of the drain current, and the sensitivity of the ENC
between this width and the drain current.
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1. INTRODUCTION

Charge sensitive preamplifiers (CSPs) are the most commonly used amplifiers for signals delivered by light,
radiation and particle detectors. Some examples of these detectors are photodiodes, X-ray detectors and detectors for
nuclear and particle physics. The CSPs are mainly used in applied research (X-ray spectroscopy in medicine, biology)
and in basic research (high energy physics, nuclear physics, astrophysics). When connected to a detector, the CSP gives
an output voltage pulse with the maximum amplitude proportional to amount of the charge delivered by the detector. The
precision in the measurement of the electric charge depends on the output noise level of the detector-amplifier system.
This means the transducer (system) must be fast in order to accurately determine the time of interaction and with low
noise in order to measure the energy deposited by the interacting photon. In spite of the fact that a CSP is inherently a
less noisy amplifying configuration, great efforts have been made to reduce the noise level even further [1].

The relevant signal of a radiation detection device is in most cases the total free charged generated by the
particle entering the device.The electronics attached to the device is supposed to measure this charge. In addition the
device should be able to measure particles with a high rate. The current development of semiconductor sensors is focused
on building fast highly segmented detectors, which have good efficiency together with good energy resolution. This
requires the multichannel readout Application Specific Integrated Circuits (ASIC) with a very good noise performance
and a short processing time. A typical signal processing for a single channel is shown in Fig. 1. A current signal
generated in a pixel or strip of a semiconductor detector is integrated on the feedback capacitance Crq of the CSP. At the
output of the CSP a voltage step signal is formed with an amplitude proportional to the total charge deposited in the
detector. This signal is fed to a shaper amplifier which provides the required pulse shaping and noise filtration to
maximize the signal to noise ratio. Further processing can be done in the analogue or digital processing blocks depending
on the application requirements.

The CMOS technology is very attractive for designing of multichannel CSP due to its high level of integration
and high impedance of MOSFET devices [1, 5]. However the requirements of low power dissipation together with the
properties of submicron technologies introduce new factors which must be taken into account during the noise
optimization of the CSP. These aspects are discussed in detail in this paper. The paper is arranged as follows. The
existing methodology for a low noise amplifier design is discussed at first, pointing to its limitation for submicron CMOS
processes. Then the simplified EKV model is presented and applied to the CSP noise optimization. The used of the EKV
model analytical calculations with MATLAB simulations using BSIM3v3 models is done for different aspects of the
CMOS technology. The results of the CSP noise optimization for technologies are presented. The choice of the optimal
transistor width and of the drain current transistors as input devices are also discussed.
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Figure 1: block diagram of detector readout system
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2. CHARGE SENSITIVE AMPLIFIER AND NOISE SOURCES

The simplified noise model of a CSP is shown in Fig. 2. The noise performance of this system can be analyzed
using the equivalent input voltage noise source and input current noise source.

In the well-designed CSP the voltage noise is dominated by the noise of the input transistor. In this transistor
thermal noise occurs always, if the movement of a charge generates a voltage drop. This is the case in ohmic resistors as
described, but also for instance in the conducting channel of a field effect transistor (FET). In this case the thermal noise
generated in the channel corresponds to the variance of an equivalent noise voltage at the gate input.

v = o @

where K is Boltzmann’s constant, T iS room temperature, gm=0lurin/0 Vgare denotes the forward transconductance of the
FET, y is gamma factor, n is the subthreshold slope factor.

In complex system often additional noise, with a 1/f spectrum is observed, which is called flicker noise. It has
different physical origins such as

2 __ 1 Kf
Vijr = BT 2

The parallel noise current in figure 2 can come from various sources like the shot noise of the detector bias
current, the thermal noise of bias resistor, a feedback resistor connected parallel to Csq and a noise current source from
the input FET of the amplifier.  The shot noise evaluates numerically to:

iGec = 291, A3)

and the noise due to any resistor Ryiss connected parallel to Cieq to:

i123ias = 4KT - (4)

Rpias

Typical sensor bias resistors are of order 2MQ per channel, the parallele noise from the bias resistor can thus be
safely neglected. Typical feedback resistors Rq needed to discharge Cy.qare even larger.

Equivalent noise current density of the FET, in general, is the induced noise current density in the gate due to
the capacitive coupling of the channel to the gate can be expressed as [6]

. 32 (@rfWLCox)?
igic = 5 KTy === Q)
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Figure 2. Noise model for a charge sensitive preamplifier coupled to a detector.

The noise generated by the input FET of the amplifier is represented by fluctuation of V;,. All subsecquent steps
of the signal amplification generate of course also noise. However, due to the amplification the signal becomes larger and
the noise to signal ratio smaller. Thus, in normal circumstances, the noise of the amplification chain with the exception of
the input FET can be neglected as well. Now let’s calculate the expected size of the noise due to V;, and lp,s as observed
at the output of the amplifier:

Any voltage Vi, will cause the differential amplifier to regulate its output by charging up C; until an equilbrium
is reached. The integrator amplifies the input current spectrum injected at V;, according to the equation:

_ Vs—csp _ gm — Rred
H(s) = g Am +5gmCrea+s?Cout(Caet+CredtCg) - s?RreqCout(Caer*Crea*Cy) ©)
Rfeq g 1+SRreqCreqt

gm

This equation describes in frequency domain, how the signal current and parallel noise is amplified in the
integrator. We can see that overall equivalent noise voltage Vs.csa at the output of the amplifier equals

Vi csp = Vs csporh + Vécsp—cic + VSZ—l/f + V& e (7
with

4KT 1
V& csp—th = Wyn((cfed + Caer + Cy)*(2mf)? + R%m) |H(s)|? (8)

32 WLCox)?
Vi csp-gic = EKTVTOX (2mf)*|H(s)I? 9)
W1y = Lo ((Crea + Cae + G2 (21f) + =) IHGS)P (10)

S-1/f f WLCCZ)X fe et g R%ed

V& ger = 2qlo|H(s)I? (11)

The chosen shaper (filter RC-(CR)*) amplifies the Vs.cpa further by Vout(s) = G(s).Vs.csa(s). Although, G(s) is a
complex function in general, variances obey the simple rule:

< Vg (w) >=[G(iw)|* < Vsz—csp > (12)
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Adding these four contributions in quadrature and using (12) we end up with the variance of the total noise
spectral density at the output V,,« of the amplifier:

d<vZ,>

ar

4KT K 1 1 32 (WLCox)? ,
((ﬁ + %Wchx) ((Cfed + Caer + Cg)* (2mf)? + R?e) + 55 KTy — 2= (2nf)? + 2q10> IH() 121G (iw)?
(13)

To get the total noise at the output, this equation needs to be integrated over the full frequency range. It is
conveniant to express the integrated noise fluctuation relative to the pulse height generated by a real signal of a given
charge (calibration signal). The ratio between the square root of the variance of the noise fluctuations and the output
calibration signal height per unit charge is called equivalent noise charge (ENC); it is usually given in units of electrons.

In order to find the ENC of a detector system one needs to calculate the noise rms value at the shaper output.
Knowing the charge gain of the system the equivalent noise charge can be expressed as [7, 8]

_ ’ Vé_ps _ Qi A_s(§)3
ENC = Vs—ps—peakl? ' VS—PS—Peak - Crea 3! \e (14)

then

6 kT 1 2

ENC}, = 550 (3(Crea + Cace + C5)" +5Ca) (15)

2 _ ¢° KTy Wicop?

ENClic = o ameor, (16)
1 e% Kf 1 2

ENG} = S ((Crea + Caee +Cy)" +3CR4) (17)
5 e®

ENC} = ST, (18)

ENCZ, = ENCZ, + ENCZ, + ENC? + ENC2 (19)

where Cy is the gate capacitance of the input transistor, Cq the feedback capacitance and Cye the detector capacitance. T,
is the peaking time, i.e. the time at which the signal at the shaper output reaches the maximum.

The contribution of the shot noise of the detector decreases with the shortening peaking time, while the thermal noise
and the induced noise current density in the gate contribution of the input transistor increase with the decreasing peaking
time. The contribution of the input voltage flicker noise to the ENC is independent of the peaking time.

For MOS transistor in the saturation, gy, is the transistor transconductance and y ranges from 1/2 to 2/3 depending on
the channel inversion [9, 10]. The formula (19) could be modified by the excess noise factor connected with short
channel effects like carrier heating, velocity saturation or mobility reduction. These effects are strongly technology
dependent and can be effectively estimated only by systematic measurements. For this reason they are not taken into
account in our analysis. However in the case of constant multiplicative excess noise factor, performed below analyses are
still valid. Depending on a bias current of the CSP the input transistor can operate in a strong, moderate or weak
inversion region.

3. DISCUSSION FOR NOISE OPTIMIZATION OF CSP

In readout front end systems the standard noise optimization in the strong inversion is not very useful since, as it
was mentioned, the input transistor works usually in the moderate inversion region. For the moderate inversion region no
simple formula describes the optimum noise behavior. In this case one of two approaches may be considered. The first
one is to perform the MATLAB simulations for different drain current values and different transistor dimensions to find
transistor transconductance and capacitance and use them to find the minimum ENC from formula (19). The second
approach is to apply a simplified analytical EKV model [11, 13] in order to understand whether some general
conclusions about the noise optimization of the CSP may be drawn. We have performed the analyses in both ways using
the simplified EKV model for analytical calculations and using the results with MATLAB simulations performed with
BSIM3v3 transistor model.

3.1 EKV model parameters

The EKV MOSFET model is a scalable and compact simulation model built on the fundamental physical
properties of the MOS structure [9]. The EKV model was found to be quite successful in the moderate inversion region
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[11, 13]. In particular, it was shown that the transistor transconductance calculated from EKV model agrees well with
measurements. In its simplified version the basic parameters gm, Cys, Cqy, y for MOSFET transistor working in saturation,
may be calculated as shown below:

— Transconductance

Im =7 f (i) 20)
where

flip) =—, ir =2 (21)

if+%\[;+1 s
n is the subthreshold slope factor, Uy = kT/q is the thermal voltage.
— Total gate capacitance is a sum of gate-source capacitance, gate-bulk capacitance and overlap capacitance

Cy = Cys + Cyp +2C, W (22)
where C,, is the overlap gate-diffusion capacitance per channel width while
-1

— 3 1
Cys = Cox WL (2 + > f(if)) (23)

_ n-1( . ief(if)
Cop = Cox WL— (1 —1+§iff (if)> (24)
— Gamma factor

1.1k

V=537%% i+l (25)

As seen from the above equations apart from the model parameters one needs two additional technological
parameters C,, and n. While C,, may be taken from the technology specifications, some assumptions should be made on
the slope parameter n.

In moderate inversion region, the MOSFET has a two decade current transition from the weak to strong inversion.
The right factor to determine the actual inversion level of a MOS transistor working in saturation is its normalized
forward current if [10, 11]

v (26)

l IO
™ 2nucoxw/L)uz

Tablel: Technology specifications of CMOS transistors

Symbole Définition NMOS PMOS
K Boltzmann constant (J/K) 1.38.10% 1.38.107
T absolute temperature (K) 298.15 298.15
q Elementary charge (C) 1.6.10%° 1.6.10"°
Cox gate oxide capacitance (F.m™) 4.48.10° 4.48.10°
K flicker noise coefficient (C°.m™) 8.5.10% 8.5.10%
K, transconductance Parameter (LA.V?) 181.10° 58.10°
n Slope factor 1.22 1.17

3.2 Optimum input transistor width and gate length

We performed simulations for a set of input parameters covering the most frequently used range in the
applications with the use of multichannel CSP, i.e. for
— Drain current between 0 up to 5mA,

— PMOS and NMOS transistor type (see table 1)

The simulations have been performed for a CMOS technologies size. Examples of the ENC plots vs. channel

width and drain current of the MOS transistor for detector capacitance of 3pF are shown in Fig. 3. We have chosen gate
length 2um and the feedback capacitance Cyq = 100fF. To show the value of ENC we have assumed the shaper amplifier
of CR-(RC)® type with the peaking time Tp = 50ns. From these Fig. 3 we conclude:
— The contribution of thermal noise decreases with the larger size technology and lower values of drain current, while the
GIC noise contribution of the input transistor increases with the larger size technology and lower value of drain current.
The contribution of the input voltage flicker noise to the ENC is slightly dependent of drain current but decreases with
the larger size technology, while the shot noise of detector contribution is independent. For a fast signal processing
considered in this paper (short peaking time Tp = 50ns) the ENC is dominated by the thermal noise of the input transistor.
— The minimum ENC is more visible for larger size technology and lower input capacitance, while it flattens for larger
size technologies; the flat region extends to very large values of the transistor width and drain current.

We have also performed the simulation for three different gate lengths: 2um, 0.35um, 0.13um and the results
are plotted in Fig. 3 (), Fig. 4 and Fig. 5. One can see that:
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— The minimum ENC is between the higher and lower gate lengths we have chosen; ENC is a nonlinear function of gate
length.

— The wide range of choice of transistor width and drain current is very useful in the design of CSP since, the chosen
width and drain current affects not only the total noise but some other important aspects like: the GBW of the amplifier.
— The wide flat ENC range around some values of the W and I, gives the designer a large margin for the choice of the
input transistor width and drain current.

— However for any gate length one can find a transistor width, which gives almost minimum ENC value for the whole
current range.

(a) ENC of thermal noise
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(b) ENC of gic noise
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(d) ENC of shot noise detector
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Figure 3 ENC vs. MOS transistor width (W) and drain current I,: (2) ENCth, (b) ENCgic, (c) ENCH, (d) ENCd, (e) ENCtot
for gate length (L) 2um.
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ENC of total equivalent noise charge
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Figure 4 ENC vs. MOS transistor width (W) and drain current I4; ENCtot for gate length (L) 0.35um.
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Figure 5 ENC vs. MOS transistor width (W) and drain current I4; ENCtot for gate length (L) 0.13um.
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4. CONCLUSIONS

In the well-designed CSP, the power limitations with a good noise performance and a fast signal processing time
are required. Since the input MOS transistor of CSP often works in moderate inversion. The noise estimation in this
region requires proper noise modeling. A design strategy is described and simulated into MATLAB programming
language. We implement analog block such as first transistor of Opamp into performance estimator. While calculating
design parameters of the circuits, the analytical design equations of the EKV transistor model are used. From the
performed simulations we confirm that the equivalent noise charge (ENC) is dominated by the thermal noise of an input
MOS transistor and conclude that the designer has a wide choice of the input transistor width since the ENC dependence
on width and drain current is very weak. Performance response graphs, which give ideas of circuit tradeoffs to the
designers, were obtained. The future work will proceed in several directions. One of the directions is the incorporation of
more subblocks and more circuits into the estimator.

5. ACKNOWLEDGMENTS

A part of this work has been carried in the Institute of Modern Physics (IMP), Chinese Academy of Sciences
(CAS), which is supported in part by the Third World Academy of Sciences (TWAS), in part by IMP, CAS, and in part
by the National Natural Science Foundation of China NSFC (10675 153). We also thank the Director of Electronic
Laboratory, Pr. SU Hong and the staff for the logistic and hospitality.

6. REFERENCES

1- E. T. Wembe, H. Su, Y. Peng et al, A low noise charge sensitive preamplifier with switch control feedback
resistance. Nuclear Sciences and Techniques, vol. 19, no.1, pp. 39-44, February 2008.

2- A F. Levinzon, Noise of Piezoelectric Accelerometer with Integral FET Amplifier, IEEE sensor Journal, Vols
(5) No.6, December 2005.

3- Tae-Hoon Lee, Gyuseong Cho, HeeJoon Kim et al, Analysis of 1/f Noise in CMQOS Preamplifier with CDS
Circuit, VOL. 49, No. 4, August 2002

4- M. Manghisoni, L. Ratti, V. Re, and V. Speziali, “Submicron CMOS technologies for low-noise analog front-
end circuits.” IEEE Transactions on Nuclear Science, vol. 49, no. 4, pp. 1783-1790, 2002.

5- P. O’Connor and G. De Geronimo, “Prospects for charge sensitive amplifiers in scaled CMOS.” Nuclear
Instruments and Methods, vol. A480, pp. 713-725, 2002.

6- Sansen, W.M.C. et Chang, Z.Y., "Limits of low noise performance of detector readout front ends in CMOS
technology." Circuits and Systems, IEEE Transactions. vol.37, no.11, pp.1375-1382, 1990.

7- E. Gatti and P.F. Manfredi, “Processing the signal from solid-state detectors in elementary particle physics.” La
Revista del Nuovo Cimento, vol. 9, no. 1, 1986.

8- Z.Y. Chang and W. Sansen, “Effect of 1/f noise on resolution of CMOS analog readout systems for microstrip
and pixel detectors.”Nuclear Instruments and Method, vol. A305, pp. 553-560, 1991

9- G. Anelli, Design and characterization of radiation tolerant integrated circuits in deep submicron CMOS
technologies for the LHC experiments. Grenaoble: Institut National Polytechnique de Grenoble, 2000.

10- Enz, C. C., Krummenacher, F. et Vittoz, E. A., "An analytical MOS transistor model valid in all regions of
operation and dedicated to low-voltage and low-current applications." Analog Integrated Circuits and Signal
Processing. Vol. 8, pp. 83-114, 1995.

11- S.C. Terry et al., “Comparison of BSIM3v3 and EKV MOSFET model for a 0.5 um CMOS process and
implications for analog circuit design.” IEEE Transactions on Nuclear Science, vol. 50, no. 4, pp. 915-920,
2003.

12- P. Grybos, “Design for a low noise of multichannel integrated circuits on example on RX64 chip.” Electronics
and Telecommunication Quarterly, Polish Scientific Publishers PWN, Poland, vol. 50, no. 3, pp. 441-470, 2004.

13- P. O’Connor, J.-F. Pratte, and G. De Geronimo, “Low noise charge amplifier in submicron CMOS.” Vth
International Workshop on Front End Electronics (FEE 2003) Snowmass, USA, July 2, 2003.

Asian Online Journals (www.ajouronline.com) 761




