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Abstract: The distributed capacitive coupling of high-valued resistors with ground planes modifies
their effective impedance and power spectral density of noise, especially at high frequency. This
effect is clearly visible in poly-silicon resistors inside integrated circuits. When such resistors
are used in the feedback network of Charge Sensitive Pre-amplifiers an excess noise arises with a
non-white noise spectral density. The effect is a worsening of the spectroscopic resolution. The
relevance of such effect with respect to the conventional noise sources is discussed in different
practical cases.
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1 Introduction

Charge-sensitive pre-amplifiers (CSP) for semiconductor radiation detectors require a feedback
discharge device to ensure proper functionality and avoid saturation. This can be a continuous-time
device, like a simple resistor or trans-conductor, or an active structure that provides pulsed reset [1, 2].
Traditionally in the field of gamma spectroscopy such device is a discrete resistor of high value (1 GΩ

or more) [3, 4]. This because the noise produced by this device is one of the key elements that concur
in defining the total equivalent input noise of the pre-amplifier. For the same reason this device can
be operated at liquid nitrogen temperature for noise minimization. The state-of-the-art spectroscopic
filtering techniques require also this device to be exceptionally linear in order to produce exponential-
shaped signals at the pre-amplifier output to ensure best energy resolution. Unfortunately such
surface-mount devices are realized on ceramic substrates that are not radio-pure and this can be an
issue if radio-purity is required, like in underground laboratories where rare-decay studies are carried
out [5]. Such devices are also bulky and may be an issue while pursuing maximum system integration
in high-channel-number applications. Since active trans-conductors generally have a higher noise
respect to passive resistors, integrated high-resistivity polysilicon resistors seem a viable solution
to combine integration, low noise and radio-purity. In fact, silicon dies are naturally radio-pure
due to their technological production process. One factor that should not be underestimated is the
capacitive coupling to bulk that characterize such integrated polysilicon resistors. Such capacitance
turn integrated polysilicon resistors into distributed-line devices. The interaction of the resistor
thermal noise with such distributed capacitance shapes the white power spectral density of noise
that such resistor produces when connected as feedback device of charge-sensitive pre-amplifier [6].
Interestingly, the net effect is the appearance of a current noise component with power spectral
density proportional to the square root of frequency. When conventional spectroscopy shaping
techniques are applied to the signals from charge-sensitive amplifiers equipped with such resistor,
an equivalent noise charge component arises that is proportional to the square root of the shaping
time [7]. Quantitative examples of realistic use-cases are given.
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2 Circuit description

Let’s consider the simplified spectroscopic chain of figure 1, where pre-amplifier and shaping
amplifier are condensed into a single block with transfer function 𝑆( 𝑓 ) defined as the ratio between
the output voltage and the input current. The voltage generators 𝑣2

white and 𝑣2
1/ 𝑓 describe the white

thermal noise and the 1/f noise of the pre-amplifier input transistor. On the other side, 𝑖2white takes
into account the shot noise of the input transistor and that of the detector. A second current generator
is outlined: 𝑖2RWDC. It describes both the white and non-white noise (the one whose power spectral
density is proportional to the square root of the frequency) introduced by the resistor with distributed
capacitance (RWDC). The capacitor𝐶TOT sums up the detector capacitance, the feedback capacitance,
the pre-amplifier input transistor capacitance and all the input node-referred stray capacitance.

The Equivalent Noise Charge (ENC) of the electronic spectroscopic chain is given by [7]:

𝐸𝑁𝐶2 = (𝑎 + 𝑎′ · 𝐾1) · Ω1 · 𝜏 + 𝑏 · Ω2 + 𝑐 ·
Ω3
𝜏

+ 𝑑 · 𝐾4 · Ω4 ·
√
𝜏, (2.1)

where 𝑎, 𝑎′, 𝑏, 𝑐 and 𝑑 are the noise coefficients associated to the above-mentioned noise sources
(see [7] for the mathematical expressions). Specifically, 𝑎 refers to the shot noise, while 𝑏 and 𝑐
describe the 1/f and the thermal noise of the input transistor device. On the other hand, 𝑎′ and 𝑑
refer to the white and non-white parallel noise introduced by the RWDC on the feedback network.
These last two terms are weighted by the 𝐾1 and 𝐾4 coefficients, which are functions of the ratio
𝜏/𝜏RWDC. We remind the reader that 𝜏 is the filter shaping time, while 𝜏RWDC is the noise corner
time, defined as:

𝜏RWDC = 𝑅RWDC · 𝐶RWDC/2, (2.2)

with 𝑅RWDC and 𝐶RWDC the total resistance and distributed capacitance of the RWDC. From the
physical point of view, if 𝜏 ≪ 𝜏RWDC the white parallel noise of the RWDC is negligible with respect
to the non-white noise. Conversely, if 𝜏 ≫ 𝜏RWDC the RWDC white parallel noise dominates over
the non-white one. Ω1, Ω2, Ω3 and Ω4 depend on the specific shaping amplifier used to improve the
CSP signal-to-noise ratio.

i
in

vout

i2
white i2

RWDC

V2
1/f

V2whiteC
TOT

S(f)

Figure 1. Simplified schematic pointing out the noise sources of a spectroscopic read-out chain.

Two commonly used shaping amplifier are considered: the trapezoidal shaping amplifier, with
rise-time equal to the flat-top length, and the Ortec-572 4TH order quasi-Gaussian amplifier [8]. The
Ω coefficients for these two filters are summarized in table 1. In the following sections we will
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Table 1. Noise coefficients summary table.

Filter Ω1 Ω2 Ω3 Ω4

trapezoidal 1.667 0.2200 0.05066 0.5559
4TH-order quasi-Gaussian 2.025 0.1700 0.02362 0.5365

discuss, starting from the coefficients mentioned above, the net contribution of the RWDC noise
both in case of integrated and discrete resistors.

3 The problem of the technological node

The choice of compact integrated solutions for the front-end electronics is mandatory for high-density
applications, like for the read-out of highly segmented silicon detectors [9–11]. The minimization of
the external discrete components required by the ASICs (Application-Specific Integrated Circuits)
may lead for the choice of integrated solutions for the high-valued feedback resistors. It is possible
to realize high-valued resistors using high-resistivity polysilicon layers offered by some ASIC
technologies like AMS C35 (see [12]). In order to minimize the ENC value it is common practice to
choose the highest possible value for the feedback resistor. But is this the right choice when dealing
with integrated solutions? In order to give an answer to this question, in figure 2 we compare the
ENC vs shaping time plots of the same pre-amplifier with different integrated feedback resistors
(20 MΩ, 100 MΩ, 1 GΩ) realized in the same technology with a 𝐶RWDC

𝑅RWDC
ratio of 0.1 pF/MΩ. The

difference in spectroscopic resolution between the three cases is counter-intuitively negligible for
shaping times under 10 µs, while it becomes appreciable only for very long, ultimately unrealistic,
shaping times.
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Figure 2. Comparison between the ENC of the same CSP with feedback resistors of 20 MΩ, 100 MΩ and
1 GΩ characterized by the same capacitive coefficient of 0.1 pF/MΩ. The 𝜏1/4 component is equivalent in all
the three cases. Trapezoidal shaping with 𝑡RISE = 𝑡Flattop, computer simulation.
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As a matter of fact, as described in [6] and [7], the RWDC power spectral density of noise at
high frequencies is proportional to

√︁
𝑓 · 𝐶RWDC/𝑅RWDC. Unfortunately such coefficient is ultimately

independent from the choice of the resistor value itself. Once the resistor width has been minimized
according to the chosen technology, the total capacitive coupling 𝐶RWDC will be proportional to
the resistor length, in turn proportional to the resistor value 𝑅RWDC. In other words, the 𝐸𝑁𝐶2

component due to the RWDC effect is constant and defined only by the specific ratio between total
resistance and total capacitance of the feedback device. It can be lowered only realizing narrower
resistors or thicker field oxides, that means essentially choosing a different ASIC technology, since
such parameters are not under the designer’s control.

4 Are discrete resistors immune to the RWDC issue?

Discrete resistors are generally mounted on insulating ceramic substrates. At the same time, care is
taken to avoid strong coupling to grounded metallic planes. For these reasons in first approximation
they may seem immune to the issues described so far. The RWDC effect in CSPs with discrete resistor,
if present, is submerged under the main conventional noise sources and cannot be experimentally
identified. It may be interesting however to estimate its theoretical contribution. The pre-amplifier
output node is a low-impedance voltage source. For practical reasons the feedback capacitor and the
feedback resistor are generally mounted one close to the other. If the output node is geometrically
coupled to the resistor body, it can take the role of a low-impedance voltage reference and produce
similar effects in terms of noise, even with very different effects in terms of signal shape. A deeper
insight on such phenomena will be topic of future works. A discrete through-hole 1 GΩ resistor
can easily be 2-3 mm wide and 7-8 mm long. A in-air capacitor of area 5 mm2 and plate distance of
2 mm has a total capacitance of 22 fF. In figure 3 the ENC contribution of a 1 GΩ resistor is plotted
against shaping time for different values of capacitive coupling, in the approximation of constant
coupling across the whole resistor body. The RWDC effect is very subtle: its excess noise adds up in
the region where normally the 1/f noise is the main contributor.

Figure 3. ENC comparison between 1 GΩ resistor with no distributed capacitance, 1 GΩ resistor with 10 fF
distributed capacitance and 1 GΩ resistor with 50 fF distributed capacitance. Simulations were performed
considering trapezoidal shaping with 𝑡RISE = 𝑡Flattop.
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5 Conclusions

Even if it may seem absolutely counter-intuitive, there is no practical difference in the ENC of an
integrated charge-sensitive pre-amplifier equipped with integrated polysilicon resistors with values
between 20 MΩ and 1 GΩ with coupling factor of 0.1 pF/MΩ. The only way to reduce further the
ENC is to act directly on the coupling factor itself which is not design dependent but technology
dependent. The estimation of the RWDC effect in large, discrete resistors is extremely subtle and
can be mostly submerged by the contribution of the series 1/f noise.
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