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Noise measurements versus filter time constant constitute a very powerful method to investigate series, parallel
and 1/f noise contributions in front end electronics. Usually performed with a set of fi'ters and a multichannel
analyser, they are tedious and often limited to values greater th n 100 ns. We describe here a very low noise bipolar
filter whose time constant can be selected via GPIB bus from 10ns to 10 us in 10 steps. The data are transferred
from a digital scope to a computer which generates a baseline histogram and determines the overall gain. The ENC
is then calculated for each time constant and a fit to the results determines the various noise parameters.

1. INTRODUCTION

Noise measurements have always been a
major occupation for front end designers, as
noise is often a crucial specification of the
electronic performance. As most detectors
used in particle physics deliver a charge for a
given energy, it is interesting to refer the
electronic noise to a charge on the input,
widely known as the Equivalent Noise
Charge (ENC). It can be shown f 1] that for a
charge preamplifier followed by a time
invariant shaping amplifier (or filter) :

ENC2 = A2. + B2T + C 2 (D

where A, B, C are respectively the series,
parallel and 1/f noise terms and x is the time
constant of the shaping amplifier.

A = e n C t
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= enC t
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where en is the white series noise density (in
V/VHZ), usually the channel noise of the
input transistor ; C1 is the total capacitance
seen at the preamp input ; H(s) is the transfer
function of the shaping amplifier ; h(t) is the
corresponding step response in the time
domain and hmax its maximum value.
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where injsjhe parallel noise spectral density
(in A/VHz)
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where Af is the 1/f coefficient (in V2).

For rime invariant shaping amplifiers, the
three integrals are constant, depending only
on the filter design. They are referred to as
noise integrals and often noted Ia, I^ and Iç.

By measuring ENC for various time
constants T, one can extract the three
coefficients A, B and C, and knowing the
noise integrals, deduce the noise generators en

and in This procedure has been widely used
for decades and many shaping amplifiers are
commercially available for that purpose.
Unfortunately, their span is often limited to
two decades, with few of them going faster
than 100 ns. This in many cases impedes a
proper extraction of the noise parameters,
especially when there are l/f" components [2]
or more complicated shapes in the noise
spectrum, as can appear after irradiation tests.
Besides, all the filters that we are aware of are
manually selectable, which is not practical for
use in high radiation areas or for performing
regular measurements throughout an
irradiation process.

Thus, many measurements are now
carried out in the frequency domain [3], but
these are very time consuming and the spectra
are less easily interpreted for the physicist
than an ENC figure. Besides, they seldom
extend to the shaping frequency expected in
the next high luminosity hadron colliders
(10 MHz).

As an alternative, we now describe a
computer controlled system that automatically
performs ENC measurements from 10 ns to
K) [is, primarily designed for irradiation tests
for LHC-SSC front ends [4].

2. GENERAL DESCRIPTION

The system is built around a remote
selectable shaping amplifier (that will be
described in § 3) and a digital oscilloscope
such as Lecroy 9450 (cf. fig. 1).

SHAPING
AMPLIFIER

GPIBBUS

CPIB
CONTROLLER

DIGITAL
OSaLLO

FERSONNAL
COMPUTER

Fig. 1 : block diagram of the system

Both instruments are controlled by a
personal computer through the GPIB bus
(IEEE 488). The charge preamp under test is
directly connected to the filter whose high
gain renders the oscilloscope noise negligible.
In all the cases so far encountered, the filter
noise was low enough so that it was not
necessary to substract it quadratically, even
with preamps with relatively low gain.

The filter is the central element of this
apparatus. As it was intended for LHC-SSC
front end evaluation, bipolar response was
chosen to avoid baseline shifts due to the high
rate of incoming events [5]. To simplify the
design and the analytical expressions giving
the noise integrals, multiple real poles were
chosen (as opposed to filters with poles in the
complex plane [61). These filters consist of 2
differentiations and n integrations, often
called CR2RC". Their transfer function is :

(l+TS)n + 2
(5)



from which we can calculate the step
response :

h(t)= (6)

In the present system n = 2, to avoid
dealing with too small time-constants, and
therefore too small capacitors or resistors in
the fastest 10 and 20 ns peaking time
positions.

Here, a few words may not be super-
fluous to try to clarify a little the widespread
confusion between shaping time, peaking
time, time constant, measurement time ... The
time constant is the only "true" electronic
quantity : it is the location of the poles of the
transfer function in terms of x = R.C
products, and stems directly from the
component values. From (1) it is apparent that
ENC figures can be exploitable (compared
with others or extrapolated to the region of
interest) only if they mention the time constant
x at which they were measured. However, the
strong dependence of the noise integrals on
the filter structure (especially the number of
poles) makes it necessary to specify it in
detail, which tends to be a little lengthy and
confusing for non specialists. A timing
specification that would yield an approximate
expression of ENC which is filter-
independent and can be easily measured from
the output waveform would be a useful
simplification. A commonly used variable is
the time to the peak of the shaped output
signal : tmax when a current impulse is applied

to the charge preamp. A better definition of
the peaking time tp is the time between 5 %
and the peak, as it is a better invariant and is
easier to measure. However, it should be kept
in mind, that this is only a convenient
approximation giving an estimate of the noise
at ± 10 %.

Table 1 summarizes the relation between
peaking time and time constant for various
filters.

In the chosen configuration of CR2RC2,
these peaking times are close to the time
constant t , which renders the confusion
between them relatively unimportant. Ten
values were chosen : 10, 20, 50, 100, 200,
500 ns, 1, 2, 5, 10 ^s. To accomodate the
fast time constants, it was found practical to
build 10 independent CR 2 RC 2 CeIIs ,
individually selectable on a common output
bus (Cf. § 3).

ENC measurements are performed in two
steps :

1 - For each time constant, the rms noise
voltage is measured by histogramming the
baseline on the scope. Here, the digital scope
is a very powerful instrument for obtaining a
fast and accurate measurement with a very
large bandwidth. In effect, it acquires 50,000
points in a sweep, with an acquisition time of
2.5 ns per point and 8 bit accuracy. The time
interval between two samples is determined
by the time per division setting, ranging from
2.5 ns to 200 ms. This time interval should be
chosen longer than the filter time constant, to
avoid correlation between samples. The
vertical sensitivity is adjusted by the computer

n

1
?

3
4
5
6

h max

0.23058
0.13060
0.09022
0.06856
0.05511
0.04598

l max / T

0.586
1.268
2.000
2.764
3.550
4.354

t p / T
(5-100%)

0.574
1.144
1.653
2.111
2.530
2.919

Ia

1.328
0.957
0.848
0.789
0.750
0.721

Ib

0.767
0.957
0.095
1.206
1.299
1.380

Ic

2.168
2.210
2.263
2.306
2.343
2.373

Table I : amplitude and lime parameters for CR2RC" fillers (as defined in § 1 & 2)



to cover a comfortable number of ADC bins.
These 50,000 points representing instan-

taneous values of the baseline are sent via
GPIB bus to the computer where they are
histogrammed. The standard deviation of this
distribution is by definition the rms noise.
The histogram is displayed on the screen so
that the gaussian nature of the curve can be
visually verified. Points beyond 5 standard
deviations are signaled to help track down
spurious noise. To smooth out the dents in
the gaussian due to the high Flash ADC
differential non linearity, the sliding scale
technique [8] is easily applied by changing the
vertical offset on the scope (adjusted by
an internal DAC) by a few counts. Practically,
it takes five seconds to make a complete
measurement on 200000 points, including
histogram display.

2 - A known charge is injected in the
preamp and the signal at the output is
measured for each time constant thus
calibrating the gain of the chain. As the filter
gain is nearly indépendant of the time
constant, this is mainly to correct for the
ballistic deficit due to the preamp rise time at
short shaping times. This is a first order
correction, as the preamp input pole also
modifies the overall peaking time and
therefore, the noise integrals. A precise
measurement of the gain is done by averaging
the output signal to enhance the signal to
noise ratio and determine the extremum. The
baseline is determined by further averaging a
certain number of points before the signal
(usually half a graduation). For short time
constants (from 10 ns to 100 ns) the number
of points per division is increased by using
the interleaved sampling technique on the
scope [9].

Lastly the ENC vs T curves are obtained
by simply dividing the rms noise by the signal
voltage and multiplying the result by the
injected charge, which is easily accomplished
by the computer. The result is usually
displayed on log scales so that the series,
parallel and 1/f noise become straight lines. A
least square fit is also easily performed to
extract the noise coefficients A, B & C with

good accuracy owing to the three decades
span of the filter time constants. Knowing the
noise integrals, the noise spectrcil densities en
and in are calculated.

3. FILTER DESIGN

The filter design was based on the
availability of fast switchable operational
amplifiers such as CLC410 from Comlinear
Corporation.
The main features of this circuit are :
- current feedback [10]
-200MHz bandwidth, approximately inde-
pendent of the gain
- low noise : en = 2.4 nV/VHz
- switchable output : a high level on the
enable input turns the output into a high
impedance.

This makes it possible to build ten
independent CR2RC2 cells, all driven in
parallel, with the outputs connected together
on an analog bus. Only the selected cell is
enabled, the others remaining in a high
impedance state and thus contributing nothing
to the output signal. (In fact the only signal
induced by the disabled cells is the one that
flows directly through the feedback networks
Cf. § 3.2). In order to synthesize CR2RC2,
two identical CRRC stages are cascaded. On
the circuit diagram shown in fig. 7, the
component values correspond to a time
constant
T = tR/ 1.28 where tp = 10ns -» 10 us
(for historical reasons, tp was chosen as the
time to the peak Cf. § 2).

A block diagram of the "filter is shown in
fig. 2.

- A very low noise input amplifier gives
a comfortable gain (50) to get rid of any
second stage noise in the filter cells. Besides,
an overall gain of 100 was found necessary to
put the noise of the best preamps above the
oscilloscope noise floor ; additional gain is
provided by the filtering stages.

- The fast cells (10 ns -»100 ns) are
taken directly from the input amplifier and are
made up of Sallen-Key cells built around the
CLC41()(Cf. § 3.2).
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Fig. 2 : block diagram of the CR2RC2 filter

- A pole-zero compensation precedes the
slower cells, compensating for a zero in the
charge preamp tunable from 8 (as to infinity.
This pole-zero stage introduces a differen-
tiation at 4 (is which in turn requires fixed
compensation in the slower cells.

- The slower cells (200 ns —> 10 (is) are
more conventional, based on classical Op
Amps. The second CRRC stage is still a
Sallen-Key cell to use the switchable
Op Amps at the output.

3.1 - Low noise input amplifier
The circuit diagram can be seen in

fig. 7. A common base configuration is used
to achieve low input impedance and high
speed. The input transistor was chosen with a
very small base spreading resistance
(r^b1 ~ 4 Q) [11] and operated at a relatively
high current (5 mA) to insure a small series
noise. A resistor in series with the emitter
raises the input impedance to 50 Q and
improves the linearity at the expense of
becoming the dominant noise source.
Notwithstanding, the total noise density
referred to the input wa^ measured
en = 1 nV/VHz (Cf. § 4) whi, :i is already
very good for a shaping amplifier. The
dominant pole is classically determined by the
resistance and capacitance at the collector and
corresponds to a -3dB frequency of
160 MHz (measured) for a gain of = 10.
Two emitter followers buffer the signal into

an additional gain stage of 5, built around a
CLC 410.

3.2 - Fast cells
The first cells corresponding to 10 to 100

ns are taken directly after the input amplifier
to avoid additional poles in the pole-zero
network. The undershoot for an incoming
signal with a zero at 8 us is less than 1 % for
the 100 ns cell (it varies as t/Td for t « td) -

Each CRRC stage is a Sallen-Key cell as
shown in fig. 3. This configuration is com-
pulsory with current feedback Op Amps as
they are unstable with more than a few pF in
the feedback loop. A gain of = 5 was chosen
to compensate for the 1/e attenuation of the
CRRC configuration and provides the addi-
tional gain necessary to reach 200 (100 into
50Q).

Fig. 3 : circuit diagram of the Sallen-Key cell

The transfer function of this cell is :

H(s) = - G s R2C2
(7)

+ a s +

with :

a = +Ri+R2

By setting Ci = C2 and R3/R1 = G-I
formula can be simplified in :

the



H(S) = -
(G-l)sR2C

S2JG-RiR2C
2 + 2s -G- RiC + 1

G-I G-I

(7A)
H(s) =

To synthesize the transfer function of
CRRC : H(s) = xs/(l+xs)2- implies that :

G-I C

(8)

The overall gain is then equal to G - 1 .
It should be noted that the calculated

values apply when the subsequent poles in the
Op Amp or the preamplifier stage introduce
only second order corrections. This is actually
the case for X > 100 ns. For x < 50 ns, the
capacitors Cj have to be reduced to
compensate empirically for the presence of
these poles, and maintain the desired peaking
time (Cf. § 4).

3.3 • Pole-zero compensation
There is often need to compensate for a

slow differentiation in the charge preamp,
usually caused by a resistor Rf in the feedback
network to discharge the integrating capacitor
Cf-

The signal at the preamp output is then :

V =_ i SR(Cf
s Cf 1+s (9)

This differentiation causes a tripolar
response at the filter output, and has to be
compensated for to maintain a waveform
independent of the time constant. The very
classical remedy to that is called the pole-zero
compensation as the pole RfCf is cancelled by
a zero at the same location. The circuit
diagram is shown in fig. 4. The transfer
function of this ensemble is :

Fig. 4 : circuit diagram of the pole-zero compensation
network

by tuning the potentiometric divider X , the
numerator of (10) cancels the denominator of
(9).

It follows that :

RfCf

substitution in (9) and (10) yields the voltage
at the pole-zero stage output :

- l R3 *ds

sCf Ri 1+X(js

where
RI+R2

(12)

(13)

Thus, we have changed this preamp-
dependent differentiation into a known time
constant. In our case xd = 4 us and the poles
that can be compensated for range from
R2C = 8 us to infinity (ideal integrator). A
fast Op Amp (OPA621) must be used here as
a short rise time has to be conserved.

3.4 - Cells 200ns to 10ns
The topology of these cells is different

from that of the fast ones, as the diffe-
rentiation at Xd = 4 ^s from the pole-zero



stage must also be compensated for, but this
time without requiring any tuning as it is a
fixed pole. Besides, these cells must be
inverting, as the pole-zero network introduced
a previous inversion. The slower time
constants now allow the use of more classical
architecture, v/ith traditional Op Amps, to
synthesize the CRRC structure. The topology
retained is shown in fig. 5.

Ro

-VWV-

C2

HI—

Fig. 5 : circuit diagram of the slow CRRC sections

The transfer function is :

1 + SRQCI \H(s) = R 2
RQ+RI 1 + s(Ro//Rl)Ci 1 + SR2C2

(14)

By choosing R2C2 = x ;
(R0 // Rj) C1 = T ; RoC1 = t d cancelling the
preceding pole, the overall transfer function
becomes :

(15)

which corresponds to a function CRRC of
time constant X.

In this case, uie gain of this stage is
G = R2/R l t which, as before, is chosen
greater than 1 to compensate for the atte-
nuation and realize the desired gain.

Practically, R2 and C2 are chosen first
with the constraint R2C2 = X. The gain was
set approximately to 2, yielding Rj. Then
R0 = R1 (xd/x-l)' and C1 = 1/R1(IZx-l/xd).
C1 does not fit exactly in the E12 series and
must be realized by paralleling two capacitors.

The second CRRC stage uses the same
architecture than the fast cells (fig. 3) to use

the switchable Op Amps. However, to limit
the signal feedthrough on disabled channels,
it was found necessary to disable also the first
CRRC stages. The first possibility is to have
a resistor in series with the output and a
transistor to ground ; the second, that we
chose, is to remove the positive supply of the
Op Amp, which usually assures the internal
polarization.

The 5(is cell is a little different as it needs
one less differentiation since an appropriate
differentiation already exists in the pole-zero
stage (X(J had been chosen for that purpose).
Thus RQ = O.

The 10 Us cell is also different as the
pole XJ is now too short. This can be com-
pensated for by inserting a zero in the
feedback network that cancels the pole at xd.
The circuit diagram can be seen in fig. 6. A
high resistor (1 MCi) was inserted in the
feedback loop to provide a DC path. The Op
Amp is chosen with a FET input to have a
negligible offset due to the bias current. The
transfer function is :

H(s)-
C2 1 +

(16)

By setting R2C2 = xd and R1Cj = x, the
numerator cancels the pole at xd.

A simple low pass stage is added to
provide the missing pole to synthesize CRRC
and again the second CRRC stage is realized
with a Sallen-Key cell.

R2 C2

C,

-WW-

Fig. 6 : circuit diagram of the 10 us cell

3.5 - Output stage
By design, the CLC 410 outputs can be
connected together in an analog bus, but two
effects impeded this solution. The first is the
transmission line aspect of this bus, that could
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Rg. 7 : General schematic of the filter



not be kept short to avoid some ringing in the
Op Amps, thus slightly rumpling the signal.
The second is that the heavy load of all the
feedback networks on the bus was clipping
the output waveform at .8V (on 50 Cl) which
was found slightly low. To overcome this,
the outputs go into a sommator that buffers
the output (Cf. fig. 7). Thus all the channels
are connected through a potentiometer into a
summing node of the output amplifier ; the
potentiometers allow to uniformize the gain.
The output amplifier has to be very fast not to
slacken the fastest cells ; the price paid is an
increase of the noise floor, from 0.15 mV
rms to 0.23 mV rtns (Cf.§ 4).

3.6 - GPIB decoder
The different cells are selected by the

enable lines, coming from a GPIB board. We
shall not go into details concerning this card,
as it is a simple digital interface f 12|.

The GPIB controller addresses the board
as listener. Then the board reads on the 8 bits
bus a word, that is the binary number of the
channel to be selected. The board is then
unaddressed. Push buttons on the front panel
allow manual operation of the filter, and are
disabled during GPIB operation.

Two EPROMs decode the channel
selected into a 4 digits display of the peaking
time. The filter fits in a 2 units NIM drawer.

4 - PERFORMANCES

A typical output waveform is shown in
fig. 8. It corresponds to the 50 ns position. It
fits nicely the theoretical curve, with a zero
crossing at 3x and a minimum of - 0.44. The
longer time constants exhibit identical
waveforms. For the 20 ns (respectively
10ns) position, the curve is a little more
symmetrical with a zero crossing at 2.8 x
(resp. 2.72 x ) and a minimum of - 0,5
(resp. - 0,6). However, the change in the
noise integrals can be neglected.

The filter noise floor is plotted in fig. 9.
It is the quadratic sum of the input amplifier
white noise varying as 1/VTand a constant
term due to the broadband noise introduced

by the output sommator. The white noise
spectral density can be extracted from this
curve, and equals InV ̂ fHz corresponding to
60 Q noise resistance.The scope noise floor
is shown on the second curve, a little below
the filter noise floor.

2
50 nE/div
0.5U/div

/

/

\

\

SS=S *»0M

Fig. 8 : 50 ns output waveform
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Fig. 9 : noise floor of the Filter

To conclude, a typical measurement is
shown after an irradiation test (at room
temperature). The preamp analysed is a
hybrid using Si JFETs developed by Interfet
C0 and Brookhaven Lab. for liquid Argon
calorimeters. C1 is typically around 50OpF



(40OpF for the detector and 10OpF for the
preamp) ; Q = 33pF ; Rf = 3OkQ ;
Qn ~ 0,5nVVHz In fig. 10a, the bottom
curve represents the equivalent noise charge
before irradiation, and is very close to the
theoretical curve. After irradiation, the upper
noise curve displays a sharp increase at long
time constant, typical of generation recom-
bination noise with single lifetime traps at
- 5 us [13]. The series noise is also largely
increased, presumably due to a reduction of
channel mobility.

Fig. 10b, shows the same measurements
at liquid Argon temperature (87K). It can be
seen that the two above effects are
considerably reduced, and especially the
series noise is now nearly unchanged which
is an important result for LHC - SSC front
end electronics.
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5 - CONCLUSION

We have built and operated an automated
ENC measurement system based on a remote
controlled bipolar CR2RC2 filter, covering the
10 ns to 10 ]xs range. This provided easy
and reliable measurements during irradiation
tests and allowed improved noise parameters
extraction from charge preamplifiers.
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