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Abstract

The basics of an integrated circuit are described with special emphasis placed on a charge-measurement
system. Starting with an outline of a fine CMOS technology, the discussion moves to a practical imple-

mentation of circuits.
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6 Signal-to-noise ratio of the charge-measurement system
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The signal-processing circuit converts a sharp
charge impulse from a radiation detector to a
band-limited and smooth waveform so as to ease
the action of the peak-hold circuit, and ,at the
same time, amplifies the very small signal so as
to be compatible with the dynamic range of an
A-to-D converter. The A-to-D converters have a
variety of Wilkison type, successive approxima-
tion type, flash type, and so forth.

The purpose of limiting the frequency band-
width is not solely for the convenience of the
peak-hold circuit, but to improve the signal-to-
noise ratio.
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6.1 Shot noise
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The signals generated by a radiation detector are
very small so as to easily compete with the circuit
noise. The circuit noise can be subdivided into
an electric noise and an electronic noise.

The former noise could be reduced/eliminated by
an adaptive approach, but the latter noise is very
difficult to reduce without applying a low-noise
technique on the circuit design from the first.

The signal-processing system is so designed as to
attenuate higher/lower frequency components as
long as maintaining the performance of radiation
detectors.

The electronic noise is further subdivided into
three parts according to the generation mecha-
nisms: the shot noise, the thermal noise, and the
flicker noise.

The shot noise associates the leakage current of
the radiation detector, such as the reverse bias
current of semi-conductor detectors.

The shot noise comes from the nature of the car-
rier flow, which has no correlation with the time-
domain behavior.

The noise generator can be located in parallel
with the electronic device which delivers a leak-
age current. The power of the noise generator is
presented as

i2 =2qI, A?/Hz,
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6.2 Thermal noise
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where q is the electronic charge, and I, is the
leakage current. In the case of an avalanche
photo-diode, Mg is employed in place of ¢, be-
cause M carriers are generated by a common
seed to have a strong correlation, and, hence, the
noise from the avalanche photo-diode is in gen-
eral larger than that of ordinary photo-diodes.
Since signals for the avalanche photo-diode are
multiplied by M, the signal-to-noise ratio is im-
proved by a factor of 1/v/M.

The thermal noise comes form carrier-phonon
scattering in a solid state medium.

The noise generator can be located in series to
resistor R. The power of the noise generator is
presented as

v2 =4kTR V?/Hz.
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6.3 Flicker noise
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As an equivalent option, the noise generator can
be located in parallel with the resistor R. The
noise power is presented as

7 AQ/Hz.

The flicker noise, which is alternatively called the
1/f noise, is generated when electronic devices
include some carrier traps along the carrier pas-
sage. MOSFET’s contain carrier traps on the
interface between the silicon dioxide and the con-
duction channel, which generates a noise voltage
series to the gate electrode. The noise power of
the 1/f noise for the MOSFET’s is given as

VZ/Hz,

where £y is the flicker-noise coefficient and ay
is the flicker-noise exponent. The 1/f-noise is a
drain-current fluctuation to be converted into the
gate voltage through the transconductance. The
noise power of the 1/f-noise can be reduced by
taking a larger area for the MOS gate electrode,
and, hence, we need to make a compromise with
the capacitance-matching condition and the cir-
cuit density.

The 1/f noise for the JFET and the BJT are in
general smaller than that of the MOSFET. The
conduction channels for the BJT and the JFET
are located deep in a bulk where the density of
the defect, which is related to the 1/f noise, is
considered to be smaller than the surface. As
for the MOSFET, the pMOSFET shows less 1/f
noise than the nMOSFET, because the conduc-
tion channel for the pMOSFET is deeper than
that of the nMOSFET and is less influenced by
surface traps. Therefore, the JFET has been fre-
quently employed as an input FET of a preampli-
fier for radiation measurements. The BJT shares
an advantage with the JFET, but its large base
current bounds its application as an input tran-
sistor of the preamplifier.



6.4 Response of the charge-measurement system to the noise
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It is not generally adequate to clearly separate
the noise into two parts: the detector-noise and
the circuit-noise, because the electronic noise is
manifested as a result of an interaction between
the two.

In the following, we discuss typical noise sources
and their behavior.

In order to move the carriers generated in the
detector medium, it is required to apply a bias
voltage on the detector electrodes, which is fed
into the electrode via a large resistance Rp, as
shown in Fig. 1. The thermal noise generated by
resistance Rp is presented in terms of an equiv-
alent current generator, as follows:

4kT
?:2 = R—B 142/]{257

which shows that the larger resistance is pre-
ferred to achieve a lower noise performance. A
large resistance is employed for another require-
ment, which is to protect a detector from an over
current.

Figure 1: Parallel noise generator.
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On the other hand, the larger Rp might degrade
the performance of the radiation detector due to
the voltage drop caused by the leakage current
and/or the signals’ charge flow, and, hence, the
value for Rp is subject to compromise with other
items of electronic performance. Integrated by
capacitance C1, the noise power at the output of
the preamplifier is written as

4kT
RBC%W2 ’

and, hence, the noise power diverges at the low-
frequency end.
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In order to refrain from divergence in the low-
frequency region, we employ a resistor R; in par-
allel with capacitor C1, as shown in Fig. 2. The
noise power at the output of the preamplifier is
then

, A4kT  R?

(%
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Rp=5MQ,R =20 MQOO000/02|0—0 =
113 uV/VHz0000
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which does not show any further divergence in
the low-frequency region, and takes a finite value
4kTR?
. If we take Rp = 5 MQ,
Rp
and Ry =20 MQ, /v2|w=0 is 1.13 uV/VHz.
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Figure 2: Another parallel noise source.
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We should here be aware that Ry, itself, is a noise

4kT

source. The noise generator, i2 = R could

n

1
be located in parallel with Ry, and , hence, the
noise power at the output of the preamplifier is

4kT Ry

T 11 IR
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000000000 v2]w—o = 0.566 uV/VHz
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which is equivalent to the noise output with a
noise generator,

o AKT

=
located in parallel with the input signal source,
igre. Provided Ry = 20 MS), the additional
noise power at the output of the preamplifier is
V2| =0 = 0.566 V/VHz in the low-frequency
region.



Figure 3: Parallel noise generator.
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Integrating the above-mentioned v over the fre-
; o which is
known as the kT'/C noise. It is frequently quoted
in a discussion concerning such circuits as CCD’s
and switched-capacitor circuits where capacitors
are charged/discharged via resistive devices.

oo
quency, we obtain / Uidf =

The reverse-biased diode located in parallel with
the input current source generates shot noise due
to the leakage current, I;,. The corresponding
noise generator can be put in parallel with the
diode, and, hence, in parallel with the input cur-
rent source. The noise power can be presented
as i2 = 2qly,, which yields \/v2 = 1.79 uV/VHz
for a leakage current of I, = 25 nA.

The noise generators so far discussed have no fre-
quency dependence, which are called ”the white
noise”. Each noise generator contributes to the
total noise as a part of the quadratic sum, as
follows:

4KT  4ET

i2 =2l + — + —

00000001, = 25 nAORg = 5 MQO
00 R, = 20 MQ O0ODOODODODO2 =
0.11pA/vV/H000OODOODOOOOOODOOOO
000000000

Rp Ry’

Provided Iy, = 25 nA, Rg = 5 MQ and Ry =
20 MQ, we obtain \/i2 = 0.11 pA/vHz. In
this example, the noise coming from the leakage
current dominates over the thermal noise coming
from resistors Rg and R;.
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The noise power at the output of the preamplifier
is then 2.2 puV/ Vv Hz in the low-frequency region,
and is attenuated in the high-frequency region
by the low-pass characteristic of the preamplifier.
The frequency bandwidth (—6 dB) of the noise

power spectrum is Hz, which is identi-

2w C 1 R1
cal to the signal’s frequency band-width (-3 dB).
On the other hand, you should be aware that the
frequency band-width for the series noise, which
is discussed in the next paragraph, does not equal
to the signal’s frequency band-width. In order to
improve the signal-to-noise ratio, we can elim-
inate the low-frequency part of the power spec-
trum by employing a high-pass filter, because the
low-frequency component included in the signal
is in general useless for a signal’s measurement.

Figure 4: Series noise generator.
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The Rg located in series to the input of the
preamplifier accompanies a voltage noise source
in series to the resistor, which is converted into a
current noise by a detector capacitance Cp, and,
hence, the equivalent noise power generator in
terms of the current source is

i? = 4kTRgCHw?.
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Concerning the MOSFET, we can write Rg =
2

39m
On the other hand, the noise power at the output
of the preamplifier is

2 4kTRcC}w?R}
1+ C?Rw? 7
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which tends to zero at the low-frequency limit,
however, is flattened with a finite value in the
high-frequency region. It is said that the pream-
plifier works as a noise-whitening filter for the
Rg-related thermal noise.

We understand that the noise power integrated
over the frequency cannot be kept finite solely
by the capability of the preamplifier. Provided
Cp = 200 pF, Cy = 0.5 pF, and Rg = 333 Q,
the noise power at the high-frequency region is
v@g:92%§159z092mq¢ﬁ;

1
The 1/f-noise is handled in a similar way as the
voltage generator coming from a resistor. The
equivalent noise power can be written in terms
of a current noise generator as

27 KfC%w,
wh W 1 y Ky 1 f kf gf Th
ere we emplo 1 place o . (6}
p f 1% COIIV[

noise power at the output of the preamplifier is

2 QWKfC%R%w

n —
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which shows a divergence, as in the case of the
thermal noise come from Rg, when we integrate
over the frequency region. The rate of the diver-
gence is much slower than the case of the thermal
noise, i.e. bound to be a logarithmic divergence.

According to the discussion described so far, a
low-noise circuit should reduce the gain in the
low /high-frequency region, which is out of the
signal’s frequency range. The suppression of the
high-frequency noise component is specifically a
mandatory part for a low-noise circuit.

In a radiation-measurement system, the noise
spectrum in the low-frequency region is atten-
uated by a pole/zero cancellation circuit, while
the noise spectrum in the high frequency region
is suppressed by a low-pass filter. If we take the
damping time constant C7R; as to tend to in-
finite, the pole/zero cancellation circuit more or
less matches the differentiation circuit, which is

described as , and, hence, combined with

s+ 8o

the low-pass filter, i.e. an integrator , the
50

5
entire circuit is called a CR-RC pulse-shaping cir-
cuit. The integrator circuit is mandatory for the
purpose of obtaining a finite power integration
for the noise coming form Rg or Ky/f.
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Include File

Fig. 5 shows a noise filtering circuit together with
noise sources. Fig. 5 is nothing but a circuit
discussed in the previous chapter, except that
the peak-hold circuit is eliminated and the noise
sources are explicitly depicted.

AC Sweep
.ac
Noise Analysis
.noise
o

imulation nesults .
print

O

?

|
prout pY

RS |
¢ R4 RO

Figure 5: Circuit for noise evaluation.
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* SPICE netlist for Fig.5
.SUBCKT opl minus out plus
el out 0 plus minus 10000
.ENDS

* Main circuit

INC diode.md

.noise v(iload) isrc

.ac DEC 5 1K 100Meg
CD N1 0 200p

C1 N1 prout 0.5pF

C2 prout N4 500p

C7 N7 shout 100p

D1 N5 N1 diode

isrc N1 0 0.0 AC 1.0 0.0
XOP1 N3 prout 0 opl
XOP2 N6 pzout N4 opl
XOP3 N7 shout 0 opl
.probe

R1 N1 prout 20Meg

R2 prout N4 20k

R3 0 N4 5k

R4 0 N6 5k

R5 N6 pzout 20k

The following is a SPICE netlist corresponding
to the schematic shown in Fig. 5. The leakage
current of the diode Dy is implicit, which is set
as 25 nA in the diode-model file diode.md:

OP7/ =




R6 pzout N7 1k

R7 N7 shout 20k
iload shout 0 0

RB 0 N1 5Meg

RG N1 N3 333

CG N30 1p
v20N51

* End of main circuit
.END
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000000000 (ee)000000OOOOOO
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The noise analysis is conducted as a part of the
AC analysis; it is required to assign the AC anal-
ysis control card ”.ac”. At the same time, the
observation node (prout, pzout, shout, and so
forth) and the reference noise generator are as-
signed in such a way as ”.noise v(iload) isrc”.
The zero-current current source iload is located
between the observation node and the ground,
being employed solely for the purpose of desig-
nating the observation node. The current source
isrc, located in parallel with the detector, is to
represent the total noise as a single noise gener-
ator.

The following describes the SPICE outputs con-
cerning the input equivalent noise in terms of
the current source, and the voltage noises at the
output of the preamplifier, at the output of the
non-inverting amplifier preceded by the pole/zero
cancellation, and at the output of the low-pass
filter circuit.

Fig. 6 shows an input equivalent noise power
spectrum. The horizontal axis shows the fre-
quency on the logarithmic scale, which covers
from 1 kHz to 100 M Hz. The unit for the ver-
tical axis is A/ V' Hz. While the input equivalent
noise power takes a value of 0.11 pA/v/Hz at the
low-frequency region, it begins to increase from
10 kHz to reach 300 pA/\/E at 100 M Hz.

Fig. 7 A) shows the noise power in terms of the
voltage at the output of the preamplifier. The
noise voltage is 2.2 uV/ V/Hz in the low-frequency
region, and tends to 0.93 uV/v/Hz in the high-
frequency region.

Fig. 7 B) shows the voltage noise at the output of
the non-inverting amplifier. The noise power in
the low-frequency region is 2.2 pV/v/Hz, which
is the same as that at the preamplifier output.
In the higher frequency region it levels the noise
power at a higher value of 4.6 uV/v/Hz, which
comes from the sort of differentiating activity of
the pole/zero cancellation circuit, strengthening
the higher frequency component relative to the
lower frequency component.

10
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Figure 6: Input equivalent noise power.

Fig. 7 C) shows the noise power at the out-
put of the shaping amplifier, which is located
at the final stage. It shows a more or less flat
shape at the low-frequency region with a noise
power of 44.0 MV/\/Hiz, takes a peak value of
51.4 uV/v/Hz at around 62.4 kHz, and tends to
zero for the higher frequency region. The peak
location of the noise power moves to a higher fre-
quency for a larger value of Cp.
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6.5 Equivalent noise charge

The equivalent noise charge is defined as the
number of input electrons which yield the same
amount of amplitude as the voltage noise at the
output of the shaping amplifier.

The noise power at the output of the shaping
amplifier is
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Vi = (i + v, Chw?) [ H (w) [,

n

2

where, considering the discussions so far, i2, v2,

Dobobboobboooooooono and H(w) are defined as follows:

) 11

2 = oqlp +4kT(— + —
Z’ﬂ qL+ (RB+R1)’
K
T 4kTRG+7f,
T
Hw) = T

(iw + 1/Th )2
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Figure 7: Output noise power.
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H(w) is so normalized as H(w)e™ gf =

1, which means that the outo}.;ut amplitude at
the shaping amplifier should be ¢ volt when ¢
coulomb of charge is injected to the preamplifier.
In this normalization, the output voltage ampli-
tude can be directly interpreted as the number of
electrons, except for the coefficient corresponding
to the electronic charge.

In practice we can obtain the equivalent noise
charge as follows:

1//Ooovgdf.

For the purpose of convenience, the discussions
are separated into three parts, depending on the
w dependence of the integrand.

The first part is a shot-noise-like component.
The integrand is an even function in terms of
w; the region for integration can be extended as
(—00,0), which makes the integration straight
forward, which yields
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You should be aware that the integral for the
shot-noise like component is proportional to the
peaking time, T;.

The second component is related with Rg, which
yields:

4kT R C%W? | H (w) 2 df

e’ 4kTRgCh
T

You should also be aware that the integral is in-
versely proportional to the peaking time, Th;.
The third component is related to the 1/f noise.
The integration region cannot be extended to
negative infinity, because the integrand is an odd
function. The integration executed in (0, 00)
yields

21K ;Chw|H (w)[*df
2.
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You should be aware that the integral does not
depend on the peaking time, Th;.

6.6 Optimization of the peaking time

oobooooboTyooooooooooooo
obooooooooboobooooobooooon
ooooboooo
gbooobooooobooooooboooon
oooooooo Iyooooo

We have learned that the noise amplitude con-
sists of three parts; one part is proportional to
Ty, one inversely proportional to T, and one
independent of Th;; hence, there should exist an
optimum T, which is described as

4kTRGC?

Tar = .
M x/mﬂi—%4kT/RB—+4kT/R1

ubooobobooooobooooooboo

At the same time, we obtain the minimum for
the noise charge, which is described as

2 2
%CD VAKT R (2qI;, + 4kT/Rp + 4kT/Ry) + %Kfc,%.
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6.7 Capacitance matching
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The first term is proportional to C'p, while the
second term is proportional to C%; hence, the
1/f-noise has a chance to dominate over the first
term for a large-capacitance detector.

The above-described optimized noise charge is
proportional to v/Rq, and, hence, could be fur-
ther lowered if Rg were made smaller. In order
to obtain a smaller value for Rg, we may employ
a larger drain current or assign a larger value for

W/L.

Bounded by a design rule, we have usually no
choice to take a smaller value for L, and, hence,
we enlarge W as well as employ a larger drain
current in proportion to the gate width. We

can then increase g,, = in proportion to

3R¢

\/2Ipk,W/L < W. On the other hand, the ca-

pacitance Cg associated with the gate electrode
is proportional to the gate area, W L, and, hence,
gm < Cg. The gate capacitance, Cg, is effec-
tively incorporated into the detector capacitance,
Cp. Then, putting Cg + Cp in place of Cp, we
obtain for the above-described v2, as

8kT
g(CD +Cg)?
(Cp + Cg)?

Ca ’
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which takes a minimum value when the condition
Cg = Cp is met; the condition is called ”capaci-
tance matching”. You should understand that a
large g,, does not necessarily improve the signal-
to-noise ratio, and even sometimes results in an
unexpectedly deteriorated performance.

Since we know Ky o< , we can go through a

Cq
similar discussion to reach the conclusion that ca-
pacitance matching also works for the 1/f noise.

A Observing electronic noise with a SPICE simulation

0000000oooooogooooon SPICE
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o0 Is0000b0o0o0o0obooooooooo
0o0oodoooooooooooooooogon
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The attached file includes a SPICE netlist which
is shown in the text. Try to examine the in-
put/output noise behavior as a function of Cp
and/or the leakage current, I, of the diode. Cp
can be directly modified by editing the SPICE
netlist. Ig can be modified by editing another
file, diode.md. The location for observing the
output noise can be moved from one place to an-
other by modifying XXX in the line "iload XXX
0 0” as prout, pzout or shout.
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