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Abstract—In this work both a theoretical study and experi-
mental measurements are shown to describe the ENC (Equivalent
Noise Charge) contribution of the parallel \/f noise of a charge-
sensitive pre-amplifier in a nuclear spectroscopic chain. Previous
works have demonstrated that this noise is produced by the
distributed capacitive coupling to bulk of the preamplifiers’ high-
valued feedback resistors, which give rise to a R-C structure
known in literature as ''diffusive line''. The introduced noise is
particularly evident when such devices are integrated in a chip
using a polysilicon layer that has intrinsically high distributed
capacitance to the chip’s bulk. Different shaping amplifiers
are taken into consideration (analog quasi-Gaussian, digital
trapezoidal/triangular, CR-RC") and closed-form expressions of
noise coefficients are given whenever possible.

Keywords—Diffusive Lines, Distributed Capacitance, Elec-
tronic Noise, Nuclear Spectroscopy

I. INTRODUCTION

In nuclear spectroscopy with solid state detectors (silicon
[1], [2], High-Purity Germanium - HPGe [3]), the energy
deposited by the radiation is converted into free charge carriers
that must be collected and measured. This is done by the CSP
(Charge-Sensitive Pre-amplifier) that is connected, directly or
through a decoupling capacitor, to the detector’s electrodes.
The concept of spectroscopic resolution is directly connected
to the ability of measuring the collected charge with the
highest possible precision. All the noise sources in the circuit
contribute to different extents to the overall noise of the energy
measurement. Being the energy measurement ultimately a
charge measurement, the associated error can be expressed
in electrons rms or Coulomb rms and is generally referred
to with the expression "Equivalent Noise Charge" (ENC). The
signal from the pre-amplifiers is then processed with dedicated
shaping amplifiers, analog or digital, that have the aim to
maximize the signal-to-noise ratio. An extensive literature
[4] [5] describes the techniques to minimize the ENC given
different kinds of shaping amplifiers, but the typical noise
sources that are taken into account don’t include the parallel
V/f noise.

Previous works [6] demonstrate, both theoretically [7] and
experimentally [8], that this noise is produced by the feedback
resistor when this component is coupled with a distributed
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capacitance to a ground plane or other conductor. The physical
source of this noise is still the resistor thermal excitation
but the non-white spectral density is due to the distributed
impedance of the device. In nuclear spectroscopy the value of
such component is chosen to be as high as possible in order
to minimize the associated parallel white noise and commonly
a 1 or 2GQ discrete resistor is used. The study of a solution
to integrate such a device on an ASIC (Application-Specific
Integrated Circuit) leads naturally to evaluate the performance
of on-chip polysilicon resistors, intrinsically radio-pure and
suitable for low radiation background applications. Although
expensive in terms of area, these resistors can be realized with
reasonable dimensions thanks to high-resistance polysilicon
modules offered by many foundry technologies like AMS.
Considering the technology AMS C35, a 350nm CMOS
process well suited for analog, low-noise [9] [10] low-power
[11] [12] applications, a 100 MQ resistor is coupled to bulk
or to the underlying n-wells with roughly 10 pF of distributed
capacitance. As explained and experimentally confirmed in
[6], the device, connected as a feedback resistor in a charge-
sensitive pre-amplifier, is a current noise source whose Power
Spectral Density (PSD) is:
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where R is the total resistance and C is the total stray
capacitance of the Resistance With Distributed Capacitance
(RWDC). We will refer to this capacitance from now on
with the acronym Cgwpc. The power spectrum in (1) can be
simplified as the sum of two uncorrelated components: a white
one (PSD,, i) and a colored one (PSD ﬁ):
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Throughout this document the PSD expressions are bilateral
and should be integrated from —co to +oo to obtain the
variance of the variable they are referred to. We can define,
as explained in [6], a noise corner frequency as the frequency
where PSD,,i;. and PSD JF become equal:
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In the following sections we will calculate the ENC contri-
butions of the +/f parallel noise source using trapezoidal,
triangular, quasi-Gaussian and CR-RC”" shaping amplifiers.

II. DEFINITION OF THE SYSTEM UNDER STUDY

We will focus on a simplified spectroscopic chain repre-
sented in Fig. 1. The pre-amplifier and the shaping amplifier
are modeled by a single block with transfer function S(f).
S (f) is the product of the transfer function of the pre-amplifier
and that of the shaping amplifier, which is indicated as H (f) in
Fig. 1. The white series noise of the pre-amplifier input stage is
represented by thn . and the series 1/f noise is represented by
vl /f The l%vhlt . Noise generator is the sum of the shot noise of
the detector, zvhw, and the shot noise of the input transistor gate
current, i. The i,y noise generator represents the white
(2) and non-white (3) components of the RWDC noise: this
is the noise source this work is focused on. The capacitor
Cror represents the sum of all the capacitances of the system:
detector capacitance, feedback capacitance, input transistor
capacitance and all the other stray capacitances referred to the
input node. The expression of the equivalent input-referred
power spectral density of current noise is:

PSDiy (f) =a+b-|f|+c- f24+PSDrwpc(f), (5

where
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The following formulas represent the explicit definitions of the
coefficients a, a’, b, ¢ and d in (5) and (6).
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In these formulas g, is the electron charge, g, is the input
transistor trans-conductance and 7 is the channel thermal noise
coefficient for the input device. In this way all the noise
sources of the circuit are written as noise current generators
referred to the input of a trans-impedance block with transfer
function S(f) and zero input impedance. S(f) is the Fourier
transform of the spectroscopic chain impulse response s (z).
The equivalent noise charge of the spectroscopic chain, ex-
pressed in [C]?, is calculated with the following equation,
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Fig. 1. Upper figure: Schematic diagram of a charge-sensitive preamplifier

with its noise sources. The feedback resistance is a noisy RWDC. The
preamp is followed by a generic shaping amplifier with transfer function
H (). Center figure: Simplified schematic reporting the typical noise sources
in a spectroscopic chain. The pre-amplifier and the shaping amplifier are
condensed into a single two-port block with zero input impedance and trans-
impedance S(w). The detector is represented as a current generator that
produces delta-like current signals.

Bottom Figure: all the noise sources are turned into their Norton equivalent.

which can be rewritten, taking into account that the integrand
is an even function, as:
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In (11) and (12) Ap is the amplitude of s(¢), introduced
to normalize the transfer function S(f). To correctly eval-
uate the noise contribution of the resistor with distributed
capacitance, we considered its power spectral density white
for f € (0, fcorver) and colored for f € (fcorner,+0), as
described in (2) and (3) respectively. Due to the nature of the

integral, it is possible to express (12) in this form:
ENC?=(d -Ki+a) T-Qi+b-Q+

Q 13)
‘f‘C'TB’-f—d'\/%-l(4~.Q.47

where the coefficients Q are reported in table III. Specifically,
the expressions for 4, which is the coefficient related to the



noise component discussed in this work, will be mathemati-
cally derived for different shaping amplifiers in the following
paragraphs. K; and K4 are weighting coefficients that are
functions of 7/Tgwpc, i.e. the ratio between the shaping time
of the filter used and the corner time between the white and
colored noise of the resistor. The expressions come from the
following equations:

+/coRNER S 2 +oo S 2
/ df a-'/if) =Kj- df-a-‘lgf) (14)
0 0 0 0
and
+o0 S(F) 2
/ df~d~\/|f|"jf) -
JcorRNER (15)

Yoo 2
:K4'/0 df.d.\/m. S(f)

The physical meaning of K; and K; is the following: if
fcornERr 1s extremely low with respect to the typical fre-
quencies of a shaping amplifier, the white noise component
from the RWDC can be neglected and the +/f is dominant.
Conversely, if fcoryer is much higher than the typical fre-
quencies of a shaping amplifier, the 1/f component is to be
neglected in favour of the white one. In all the intermediate
cases the K1 and K4 coefficients mix the two effects in the
correct proportion.

In the following sections the exact calculations of the
integrals described will be carried out for the most common
shaping amplifier types. We define ENC(% as the value of
ENC? in (13) when the first four components of PSDyy(f)
are neglected (a =d = b =c = 0), so that only the d \/m
component is considered, and assuming K4 = 1.

III. TRAPEZOIDAL AND TRIANGULAR SHAPING

The spectroscopic chain made of CSP followed by a trape-
zoidal filter considered in this section will generate a signal
with unitary flat-top height (or tip, in case of triangular shape)
in response to a unitary delta-like current signal at the input.
We define 7, the filter risetime and 7, the length of the flat-
top. Such a function s(¢) is equivalent to the convolution
(represented here with the symbol “x” ) of two rectangular
functions with proper normalization:
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where aT, = T, + 74. Obviously the case with o =1 corre-
sponds to a triangular shaping. We can re-write (12) excluding

all the noise components of PSD;y except d - /| f| and writing
the transforms of §; and S, obtaining:
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We can apply the substitution x = @7,,/2 and, given that the
function to be integrated is even, evaluate the integral only
between 0 and +-oo.
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The value of ENCﬁ is:
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The value of the expression in square brackets goes from
roughly 1.65 for ¢ =1 to 3.27 for a = 2. This means that
for 0 < 7; < T, We can write

d\/Tp-0.28... < ENC3 < d+\/T,,-0.56... (22)

IV. QUASI-GAUSSIAN SHAPING

Commercial Quasi-Gaussian shaping amplifiers are gener-
ally constituted by a fourth-order filter section with additional
baseline-restoring circuits [13]. We will not consider the latter
and only take into account the frequency response function,
reported in (23).

B
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The constant f is the normalization factor, still to be calcu-
lated, that ensures that the filter impulse-response function has
unitary amplitude. We will keep B = 1 at the moment. The
impulse-response function of Spg(®), sgG(t) can be easily
calculated with residue theorem. Its expression is:

% cos (37) — g sin (57)] u()  (24)

where u(t) is the Heaviside step function. The maximum am-
plitude of this pulse can be calculated evaluating the function
in (24) in the point where the first derivative is zero. This is
equivalent to solving the equation

Soc(®) = (23)
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Due to the oscillatory nature of the function, there are in-
finite solutions including, obviously, the point t = 0. The
solution we are interested in is for x ~ 1.6375..., that means
for /7 =2.0469... ~ 2. At this point we can calculate the
non-normalized filter impulse-response amplitude substituting
t/T =2 in (24).

max [hog(1)] = T°-0.0717... =

< 27



The normalizing factor f reported in (23) is thus equivalent
to:
1

b=

We can now re-write (12) excluding all the noise components

except d-+/|f]|.
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We can simplify this expression evaluating the modulus,
putting x = w7 and acknowledging the symmetry of the
integral:
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The coefficient Q4 is given by:
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V. CR-RC"” SHAPING

A CR-RC” shaper is a cascade of a single-pole high-pass
filter followed by n single-pole low-pass stages. By definition
this filter is applied to the output of an ideal integrating stage.
In reality, being the CSP a non-ideal integrator, the first stage
is realized with other circuit solutions like pole-zero networks.
The transfer function of such a spectroscopic chain is the
following:

1 jo-t 1
o 1+iot (1+iot)"
The time-domain impulse-response scg—gcen(f) can be calcu-
lated with the residue theorem and is equal to:
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with the normalizing factor € =n!/(n"-e~"). Substituting the
result of (34) in (12) and considering only the d+/|f]| term of
PSD;y we obtain:
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Substituting x = w7 and acknowledging that the function to
be integrated is even, we can write:

ENCd—def\ﬁ/erdx VX
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The final expression of the equivalent noise charge is thus:

ENC[%—d-(n!)z(Z)znz\j%-nn (38)
with e 1
Qu(n) = (n1)? (%) VR (39)

The parameter 1, varies according to the number of filter
stages following the relation below:

_ T (4K = 3)
" 4np)
The first five values for 7, are summarized in table I.

(40)

TABLE I
VALUES OF THE COEFFICIENT 7),, FOR DIFFERENT VALUES OF n.

n 1 2 3 4 5
T 5 15 195 663
3 3 128 2048 38192

The reader may notice that, within this formalism, the value
of ENC‘% seems to rise with the number of RC stages, which
is counter-intuitive. This is due to the fact that keeping 7
constant and increasing # the filter response function broadens.
The peaking time is in fact equal to nt. We can use a better
definition of the shaping time T, considering the interval from
the intercept with the time axis of the tangent at the inflection
point of s(¢) to its peak:

T,=02vn—1)-1 41)

Re-writing (38) we obtain:
ENC —a-u2 ()" — Y5 @
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We can conclude that ENC[% =d./7T, -k, where the values of
k,, are reported in table II.

TABLE I
VALUES OF THE COEFFICIENT k, FOR DIFFERENT VALUES OF n.

n 1 2 3 4 5
ko 05211 0.4449 0.4196 0.4063 0.3979

VI. CONSIDERATIONS ON THE COEFFICIENTS AND
COMPARISON WITH OTHER ALREADY-KNOWN TERMS

Now that we have calculated the ENC coefficients for the
parallel \/f noise, we can evaluate its contribution in some
typical cases. For sake of completeness, table III summarizes
both in approximate and closed-form all the known noise
coefficients.

Figures 2, 3 and 4 show the values of the weighting
coefficients K; and Kj reported in (13) for the white and
colored noise components due to the resistor with distributed
capacitance. Specifically, K; and Ky are reported for different
values of the ratio 7/Tgwpc, where 7 is the filter shaping time
and Tgwpc is defined in (3). More specifically, Fig. 2 shows the
values of K| and K4 for the trapezoidal shaping amplifier, Fig.
3 for the commercial Quasi-Gaussian shaping amplifier and
Fig. 4 for the CR-RC" shaping amplifier. The plotted functions
are obtained integrating the expressions in (14) and (15) by
means of numerical approximations.



TABLE III

K ' ' K NOISE COEFFICIENTS SUMMARY TABLE. IT IS POSSIBLE TO CALCULATE
0 4 1 THE EQUIVALENT NOISE CHARGE OF A SPECTROSCOPIC CHAIN USING
10 (13). THE FUNCTION fj (@) CAN BE CALCULATED IN CLOSED FORM AND
CAN BE FOUND IN LITERATURE [14].
2
S
% Filter type Q Q, Q3 Q4
g 1 1
% 10" ¢ ] Triangular/Trapez a3 fi(a) el frla)
8 Filter Shape A
a=1 '.| (a=1) (0.667) (0.1405) (0.05066) (0.2813)
---a=15 o
- a=2 K H
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T/ Trwoc
. o o ) . ) 4-or QG /\ 2.025 0.1700 0.02362 0.5365
Fig. 2. Weighting coefficients K; and Ky for a trapezoidal shaping amplifier
with o=1 (triangular shaping), 1.5 and 2. 5 R 5 R
e e e e
CR-RC /\ 4 (27)? 4(2m)? 8T
Kl (1.847) (0.1872) (0.04679) (0.5211)
10°
3¢ & et 5¢*
" CR.RC? /\ 64 8(2m)? 642m)2 2567
c
2 (2559)  (0.1729)  (0.02161)  (0.6016)
c
=]
E 10 5¢8 40 e® 5¢8
210 | ¢
= 3 648 243(2m)? 648(2m)? 1728/n
: CR-RC /\ (27) (2m) VT
© (3.113) (0.1682) (0.01577) (0.6586)
31568 9¢8 4568 1755¢8
CRRC* /\ 18 22(27)2 2B8(27)? 22/
-2 1 1 LY
10007 ppee 10° ot (3582) (016599  (0.01296)  (0.7037)
T/ Trwoc
56710 24210 6310 59670
58 9 2 8. 2 8
Fig. 3. Weighting coefficients K| and K, for a commercial 4"*-order Quasi- CR-RC? /\ 8- 5 (2m) 5%-8(2m) 1%V
Gaussian shaping amplifier. (3.996)  (0.1645)  (0.01125)  (0.7415)

K, K,

10°

10?

Coefficient functions

10 107 10° 10t

Fig. 4. Weighting coefficients K; and K4 for a CR-RC” shaping amplifier
with n=1,2,3,4,5.

fila) = ﬁ [(0—1)%-log(a— 1)+ (a+1)*-log(o+1) — 202 log(x)]
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VII. EXPERIMENTAL VERIFICATION

To verify the theoretical results obtained in the previous
paragraphs, a 100 M, 6 pF poly-silicon RWDC was used as
feedback resistor of an integrated CSP (Charge Sensitive Pre-
Amplifier) [12] with the fast-reset feature de-activated [15],
[16], [17]. This pre-amplifier has been previously characterized
[18] and shows a sufficiently low noise to allow for the
measurement.

The first step was to connect only a discrete-type 100 MQ
feedback resistor to the CSP and perform the ENC measure-
ment with no additional capacitance added to the input node. A
pulse-generator was used to inject signals to the pre-amplifier
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Fig. 5. Experimental values of ENC? obtained with the CSP equipped with
integrated RWDC. On each of the black dots, representing the experimental
data, labels are appended reporting the equivalent number of electrons r.m.s.
The straight lines represent the ENC? different noise components, as obtained
with the fitting algorithm.

and a Ortec 572 Spectroscopy Amplifier [13] was connected
to its output. This first step allowed the measurement of the
ratio & of the series white noise to the series 1/f noise. As a
second step, the feedback discrete resistor was removed and
the integrated 100 MQ RWDC was connected to the same pre-
amplifier. No other modifications on the set-up were made. The
integrated RWDC is realized on an ASIC separated from the
pre-amplifier and is packaged in a JLCC68 chip carrier. The
connection of the RWDC in feedback to the pre-amplifier adds
some capacitance to the input node of the CSP, which cannot
be easily measured. The new ENC data were thus collected.
Thanks to the previous measurement, the & ratio was inserted
in the fitting algorithm in order to have a more accurate
estimation of the series noise contribution. It appears that the
connection of the RWDC adds a total of 1.5pF to the input
node, which is reasonable. The experimental ENC with the
feedback RWDC in Fig. 5 shows a trend for long shaping times
that clearly emphasizes the v/f contribution. The contribution
of the parallel white noise is not visible for the following
two reasons. First, without a detector and using a p-MOS
input transistor, both Ipgr and Irgr of (7) are not present.
Second, since the ratio t/Tgwpc is close to 1073 in our case,
K1 = 1073. On the other hand, the V/f noise, that gives a
ENC? contribution that is proportional to the square root of
the shaping time, is clearly visible, since K4 ~ 1. The value
of Tgwpc was obtained by fitting the time-domain impulse-
response function of the CSP, according to [6]. In order to
give a statistical significance of the matching between the
experimental data and the supposed /7 contribution, we can
consider this as a counting measurement, where the number
of electrons r.m.s. is accompanied by an error equal to the
square root of such number. The x? test made with 2 degrees
of freedom (6 experimental data and 4 fitting parameters) gives
a probability P(x* > x3) = 86%, that strongly confirms the
hypothesis.

VIII. CONCLUSIONS

This paper calculates the ENC contribution of a feedback
resistor with a high distributed capacitive coupling to a ground
plane when used as feedback discharge device in a charge-
sensitive pre-amplifier. Noise coefficients have been given
as it is traditionally done in literature for standard noise
components (series white, series 1/f, parallel white). It has
been demonstrated that, since the RWDC noise is white for

f < fcorner and proportional to /f for f > fcorner, the
total ENC contribution is a mixture of the one of a totally

white noise and the one of a /f noise. The coefficients of this
mixing depend on the ratio between 1/(2% fcoryer) and the
filter shaping time. Experimental measurements of the ENC
of a RWDC-equipped charge-sensitive pre-amplifier strongly
confirm the theoretical model. Future works may address the
interesting consequences of the Boella effect [19] on the
RWDC noise, ultimately limiting the increase of its PSD at
high frequency.
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