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ABSTRACT. Fast charge sensitive preamplifiers were built using coriaecurrent feedback op-
erational amplifiers for fast read out of charge pulses frggh@omultiplier tube. Current feedback
opamps prove to be particularly well suited for this apgl@awhere the charge from the detector
is large, of the order of one million electrons, and high tighresolution is required. A proper cir-
cuit arrangement allows very fast signals, with rise timewlto one nanosecond, while keeping
the amplifier stable. After a review of current feedback wirtopology and stability constraints,
we provide a "recipe” to build stable and very fast chargesigme preamplifiers from any current
feedback opamp by adding just a few external components.ndise performance of the circuit
topology has been evaluated and is reported in terms of @euivnoise charge.
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1 Introduction to current feedback opamps (CFOAS)

When dealing with high frequency applications requiringdbaidth above the hundred MHz range,
most voltage feedback operational amplifiers (VFOAS) cabeaised. This is simply because their
maximum bandwidth is often below this frequency range. Bhierfastest VFOAs which can reach
these frequencies at unity gain are not useful becausedb@ement of gain reduces the available
bandwidth due to the well-known "gain-bandwidth productideoff. Under compensated opamps
are another option, but the amplifier bandwidth and stailitn out to be highly dependent on the
detector capacitance. Thus it is difficult to use commeiEDAS in building fast charge sensitive
preamplifiers because both gain and high bandwidths ardlyisequired.

In recent years, current feedback operational amplifieFS)&s) have been introduced. This
opamp topology allows for a wide bandwidth, absence of sk limitation, and above all, es-
sentially the absence of a gain-bandwidth product limitisTdtcurs because the bandwidth of the
current feedback topology, in a first order analysis, is jreselent of gain and only depends on
the value of the feedback resistor. Thus CFOAs allow any #icgtion factor without the corre-
sponding bandwidth narrowing of a traditional VFOA. Thed&aff is that CFOAs have poor DC
precision and require more effort to achieve closed loopilgta For a broader introduction on
current feedback operational amplifiers, we referltef].

Figurel shows the simplified model of a CFOA. The non-inverting infpas high impedance,
as with VFOAs, and its voltage is buffered to the invertingut) forcing a zero voltage difference
between the two. The inverting input is thus a low impedaragen(unlike the inverting input of
a VFOA) whose impedance we denote Ry. The currenti, flowing out of the inverting input
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Figure 1. Simplified equivalent schematic of an ideal CFOA, with a dwant pole only.

is mirrored to an internal high impedance node, formed byptrallel network of resistoR; and
capacitorC., where it is converted to a voltage. A unity gain buffer wittoar output impedance
Rop brings this voltage to the output. By converting the outgatairrent at the inverting input to
a voltage at the output, this makes the CFOA a transimpedaedgee. In the frequency domain,
and by neglecting the small voltage drop duditg, we have

Re

Vout(s) = min

(8) = ZoL (5)in(9)- (1.1)
From a general point of view, in real CFOAg,can be mirrored by am: 1 ratio, i.e. with a
multiplicative factor. With this, a gain can be set at thepotitstage, which again we can indicate
by m; in any of these cases, the factarshould be included in equatidnl. However,Zo, can be
redefined to absorb it. To keep our model as simple as possiblevill consider in the following
that this is the case, even though it will mask the real vahié® andC. with new effective values
R. = mR,, C, = C./m, with Zo, containing these new values instead of the real ones. Typica
values are about 10@Xkfor R; and about 1 pF fo€,, varying between different CFOAs.
So far we have investigated the open loop configuration witHfeedback from the output
to the input. The open loop transimpedar®g is very high at DC, wherdk; dominates, and
rolls off with increasing frequency at a 20 dec because of the dominant pole at frequency
1/2nCcR;. This is exactly like the open loop gain of a VFOA, aside frdme fact that the units
are in impedance. In equatidnl, as well as irl, the additional high frequency poles 4§, have
been neglected. However, their contribution ultimatelted®mines the maximum bandwidth of the
CFOA and they can be accounted for by including a multipieafactor inZg, :

ZoL(s) = %G(Sﬁ (1.2)
where
11
G(s) = Trsnilisn (1.3)

andrt; are the time constants associated with the additional fiolés,_. The number of additional
poles is not a critical issue, since a single pole is usualbugh to allow a complete understanding
of the frequency response of a real CFOA. For an ideal CFQA; ale equal to zero an@ = 1.
The open loop transimpedangg, of a typical CFOA with a low frequency dominant pole and
high frequency additional poles is depicted in figdre
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Figure 3. The CFOA buffer: schematic.

The fact that the output has the same sign of the cuireat can be seen from equatibr,
allows application of negative feedback as is commonly doné/FOAs. By putting a resistor
from the output to the input, one obtains the closed loopctire depicted in figur&. In this
circuit the small resistancd®, and Ry, can be neglected, because they have very small values
and are in series witR¢. This circuit is a voltage follower, i.e. a buffer, and is tb@me as the
VFOA configuration. However, contrasting with the VFOA caiee output cannot be shorted
to the inverting input. For CFOASs to be stable, a minimum gabfi resistive feedback is always
required. If the value oRs in figure3 is less than a minimum value (usually around a few hundred
Ohms depending on the specific CFOA), the CFOA will oscilld@®understand why this happens,
a bit of insight on the exact behavior of the feedback stmecisinecessary and is the subject of the
next section.

2 Loop gain calculation in the current feedback topology

As common practice in the study of operational amplifierwiand feedback structures in gen-
eral, the loop gain plays a crucial role (see for instaie [



Figure 4. The CFOA buffer: loop gain calculation.

The loop gain is defined as the gain of a signal injected at ale rof the feedback loop
resulting from traveling all the way around the loop and bekhe starting node. In the case of
operational ampliers, the easiest way to calculate the d@apis to break the loop at the output of
the opamp and null the input sources, as depicted in figtwethe CFOA buffer. By injecting the
test signalr, we can calculate the voltay generated at the output of the opamp. The loop gain
is the ratioT = Vr/Vr. Since the circuit is linedr,T does not depend v . Ideally, the test signal
Vr should be injected befog,,. HereRy, andRy, are depicted for completeness, but their value is
very low, usually tens of Ohms, and they affect signal ang Igain expressions only marginally.
Their contribution can be neglected for the moment.

In the case of the CFOA buffer, the loop gain is

B ZOL (S) .

T =

2.1)

This is true even if the CFOA buffer is modified by adding astsiR, between the inverting input
and ground. In this case, it can be shown that the gain becémd®; /R,, the same as with a
VFOA, but the loop gain is still given bg.1 Thus for CFOAs, as long as the effectsRyf andRyp
can be neglected, the loop gain is decoupled from the sigrialand depends only on the value of
the feedback resistor.

Every CFOA is optimized for a specifig; value, which we denote biy;, to be found in the
datasheet. Sincgy has a dominant pole, which gives a -90 degrees phase shifthan additional
poles at higher frequency, which drive its phase to -180 eEgR; is simply the value large
enough to makéT | = 1 well beforeZo, reaches a -180 degrees phase shift, i.e. bea‘oBserl‘l.

At high frequency, whes > 171, the -180 degrees phase shift cancels the minus sigriiand

the negative gain of the feedback loop becomes positive.nitiie happens, ifT | > 1 the input is
forced to larger and larger values and leads to instabilityhé feedback loop. On the other side, if
|T| < 1 then stability is preserved. Conventionally, a feedbastkvork is considered stable if the
phase ofl in |T| = 1, called the "phase margin”, is larger than 45 degrees. i$lsisown in figureb,
where the magnitude afo;. andR; are plotted (so thgl | = 1 occurs at the crossing between the
curves) as well as the phaseTf from which the phase margin can be read. If a smaller value is

1Consider a circuit driven by a voltage souig. Let us denote its output Bysut(Vin). A circuit is called linear if
Vout(@Vin) = aVout(Vin), Wwherea s a real number.
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Figure 5. The CFOA buffer: loop gain Bode plot. Plotting the magnéuwsf Zo. andR; and phase ot
versus frequency helps to visualize feedback stabilityass

used forRs, the conditionT| = 1 is pushed to higher frequency which increases the banl\idt
leads to instability. This is because the phase margin besdess than 45 degrees. On the other
side, a higher value fdR; causes the loop gain to roll off earlier 6| = 1, trading bandwidth for

a larger phase margin. Instead of the constant "gain-battivproduct in VFOAs, one can think
of CFOAs as having a constant "feedback resistor-bandivjattbduct.

Despite the differences, it still holds for CFOASs that thétage at the inverting input follows
the non-inverting, and that current entering the opamptsminearly zero. Thus a CFOA can
be used in any VFOA configuration, with full bandwidth at ngaany gain, provided that the
additional constraints on the feedback path needed foilistadre met. A quick review of many
CFOA circuits can be found ir6]. From a general point of view, the feedback path can alstagon
inductors or capacitors. In this case, in the loop gain dafmns it is only necessary to replace
the feedback resistané& with the complex feedback impedange(s), to take into account the
inductive or capacitive contributionsZ; is defined as the conversion factor from the test voltage
Vr to the current entering the inverting node of the CFOAZ#s) = (—in(s)/Vr )%, which again
will not depend orVr. The Bode plot 0Zg, andZ; is a very useful tool to determine the phase
of T when|T| = 1. The case of capacitive feedback, required by chargetsengieamplifiers, is
addressed in the next section.

3 Capacitive feedback and CFOAs

When dealing with applications that require a capactom the feedback loop of a CFOA, such as
charge preamplifiers, particular care must be taken to Keepitcuit stable. The simplest opamp
based charge preamplifier (or current integrator) is degict figure6, where the feedback path is
the parallel network of a resistor and a capacitor. The dapantegrates the current at the negative
input, while the resistor (whose value is usually largethkiisges it slowly after each pulse for DC
restoration. The current generator models the charge frolsethe detector, whose capacitance is



Figure 6. The classic opamp-based charge sensitive preamplifeiritir

Cp. With a VFOA, the loop gain is

1+ sCiRs
1+s(Cp+Ct)R¢’

TV|: (S) = —A(S) (31)
whereA(s) is the open loop gain of the opamp. Here no stability problense as long as the
VFOA is unity gain stable, or at least stable at a gain equéCio+Cs)/Cs.
On the other side, if a CFOA is used in this configuration, doplgain is (again assumiriy,
andRgp, to be negligible)
ZoL (S) 1+ sR:Cs -

T(9)=- Zi(s) ~ZoL (9) R —sCZoL(9), (3.2)

where the last approximation is valid i is large. Thus for the CFOA the pole due@g in
equation3.1is missing. As a consequencg,does not roll off with the dominant pole iBo,,
since the zero due G+ cancels it out.T begins to roll off only when it reaches the second pole
in ZoL, given byt1;. But then other polest§, ...) occur beforgT| = 1, leading to oscillation.
The Bode plot for this case is shown in figufe as can be seen, there is no phase margin, thus
the system will be unstable. This is the reason why desigoften avoid capacitive feedback
with CFOA applications, and must circumvent the problemhaitiditional constraints or different
circuit configurations (see, for examplé, 8]).

4 The CFOA as a charge sensitive preamplifier

The known stability problem of the CFOA with capacitive feadk at first sight appears to be
daunting when considering the possibility of using a CFOBuid a charge sensitive preamplifier.
Fortunately there is a way to exploit the open loop charisttes of a CFOA and circumvent the
problem. It does not allow the same flexibility as the clas#iOA configuration, as will be
discussed, but it can be a very useful way to build a fast ehargamplifier when low power
dissipation, low noise and high gain are not mandatory. This be useful for instance when
evaluating the timing characteristics of photomultigigrithout a dedicated read out chain.

We should first notice that the open loop CFOA is a currentsirapedance integrator. When
the non-inverting input is grounded, the current enterimg inverting input is multiplied by the
open loop transimpedancéy, . If the incoming pulse of charg® from the detector at = 0
is given byli,(t) = Qd(t), or, in the complex frequency domail,(s) = Q, then the open loop
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CFOA gives an output signal

Re

Vout(S) = —ZoL(9)lin(s) = —Qm

G(s). 4.1)
PuttingG(s) = 1 as for an ideal CFOA, in the time domain, the preceding esgive becomes

Vout(t) = _Cg exp (—

RcCc> e(t), 4.2)
wheref(t) is the ideal step function, which equals @ i 0 and 1 otherwise. This signal is a pulse
with zero rise time, instantaneously peaking at a volta@e'Ce, then slowly discharging with time
constantR.C.. With typical values oR; = 100 K2, C. = 1 pF, the peak amplitude would be 160
mV/Me~ and the discharge time constant= 100 ns. Since the fall is exponential, the 90% to
10% fall time is given by 21, or 220 ns with the values above. Figehows the response
of a Texas Instruments OPA695 to a 1 Meharge injected at the inverting input. Note that the
measurement was taken at the far end of &36rminated cable, so the measured signal amplitude
is halved. The values estimated from fig@&are abouC. = 1 pF (from the peak amplitude) and
R. = 70 kQ (from the fall time). These values are in rough agreemerit thibse obtained directly
from the plot ofZo_ in the OPAG95 datasheet. It should be noted @Gaand R, suffer from the
inherent lack of precision of integrated resistors and cié@a, which can reach a process spread
of about 30%, whereas discrete passive components arataeaiith much higher precision.

This open loop configuration yields the maximum gain and #iktime achievable with a
particular CFOA in the configuration to be described in thikofang. A very large feedback
resistor can be used to achieve this condition while stabgithe DC working point. Incidentally,
the OPA695 was found to work even without any feedback m@sise. open loop at DC, but this
is an exception among CFOAs.

Gain and fall time of the open loop configuration can be madiifiéth the circuit shown in
figure9. As will be clear after the calculations, the purpose of grexiback resistdk; is to shorten
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Figure 9. The CFOA as a charge sensitive preamplifier.

the fall time with respect to the open loop value, and doesaffett gain nor stability as long as
Rt > R;. The purpose of the feedback capaci@ris to decrease gain if necessary. In order to
keep this configuration stable, the residigrwas put in series with the CFOA input.

First of all, let us consider the stability of this configuoat By calculating the loop gaifm
from figure 10, neglectingRj, andR,p,, we obtain

_ E B _ZOL(S) _ _ZQL(S) (l+S[CfRf —|—(CD +Cf)Rg]>
1+s(Cp +Ct)Ry

Vi Zi(9) Rg
The corresponding Bode plot is depicted in figlifie This expression makes clear the roleRgf
to guarantee stability, providing a zero 4 to compensate the pole at high frequency. As was
pointed out in the introduction, feedback is stable as Il a< 1 whenZg, reaches its higher

T(s)

(4.3)



Figure 10. The CFOA as a charge sensitive preamplifier: circuit diagi@r loop gain calculation.

order poles. Sinc&o. ~ R; at the frequency of the higher order poles, the stabilityddaon is
a constraint on the minimum value of the feedback impedahcat high frequency. In our case,
from equatiord.3 we have that at high frequency the value of the feedback diapee is

~ (Co +Ct)RgR¢
~ (Co+C)Ry+CiR¢’

(4.4)

which must be larger thaR; for stability. Since as we shall see all the other parametersisually
set by the application requirements, the stability conditbecomes a constraint on the minimum
value ofRy:
C Ri R} C
Ry > f f* = f Ry.
Co+CiRf—Rf Cp+Cs

(4.5)

whereRy is defined as the resistance value such that if is put in garaith a resistor of valu®y,
gives an equivalent resistang, i.e. R¢||Rt = R;. AssumingR; to be much larger thaR;, we
can approximat®, ~ R}, and equatiod.5becomes

Cs
> ——Ri, 4.6
ARgesrenl (40
regardless of the value &;.
Let us now calculate the gain expression. From figynee have the node equations
Vb

—Q+sGVp +Ct (Vo — Vout) + Ry =0 (4.7)

at the detector node, and v v v
2o, ot (4.8)

_|_

Rg Re ZOL(S)
at the CFOA input node, where equatibrl was used to turn the currentat the inverting node
into the last part of the sum. Solving the systemMgy gives
Rt||ZoL(s)

Vout(s) =
1+S(Cf (Rt|[ZoL(s)) + (Cp +Ct) Rg)

(4.9)
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Here Ry gives a negligible contribution, as long as its value is kapthe minimum allowed by
equatiord.6, i.e. if Ry = R;C¢ /(Cp +C¢). Then equatiod.9 becomes

Rt ||Z
Vou(s) = — tllZoL(9 (4.10)
1+sC <Rf||ZOL(S) + R?)
which, if Rt > R}, and substituting equatiah2 for Zp| (s), becomes
RiR.G(s
Vou(s) = RG(S) Q. (4.11)

 Rf +RG(s) + SRiR: (CtG(s) +Co)

Now if we assume thaR; > R¢, and thus leR; — o (otherwise the paralleR;||R. should be
considered in the following equations in placeRyfalone) we obtain

Ry

Vout(S) = — 1+ sRs (Ct +Cc/G(s))

Q. (4.12)

Finally, if we setG(s) = 1, neglecting the high frequency poles of the CFOA, we have

Ry
1+sR (Ct +C¢)

Vout(S) = Q, (4.13)

which in time domain becomes

___Q t

This expression is just like the open loop response of eguétl, but with a gain given b +Ce,
and a fall time which is determined i instead ofR..

NeglectingG(s), as in equatior#.13 means to assume that the CFOA is ideal, without any
bandwidth limitation. This leads to a zero rise time in etpra#. 14 When a first order contribution

—10 -



from G(s) is taken into account, so that one high frequency pole fronaton1.3is introduced in
equationd.12, then the frequency response becomes

Ry
1+ SRy (Ct +C¢) + ?RCeT1 Q

Vout(s) = (4.15)

The denominator now has two poles very far from each othee i©®approximately located at

, 1

- R (4.16)

p

as for the ideal case given in equatibri3 while the other is located at higher frequency:

Cf ‘|‘Cc
/! — . 4.17
p X (4.17)

The higher frequency pole gives the time constant assacveth the rise time of the output pulse,
which is basicallyr;. Equatiord.17suggests that the rise time could be lowered by incredsing
However, higher order polegy, ...) have been neglected in that calculation, as well asltdve
rate limitations of the CFOA, so the time constant can habélyess tharr; in any case. Since the
rise is exponential, the 10% to 90% rise time is given (812

The value ofr; can be estimated from the open loop transimpedance plaimrtiie maximum
bandwidth of the CFOA, both to be found in the datasheet. Apoitant fact should be pointed
out here: when manufacturers claim in a CFOA datasheethbdiandwidth exceeds 1 GHz, they
often mean that such a speed can be achieved in the buffegemtfon via a small phase margin,
i.e. via a controlled amount of peaking in the frequency eesp. The second pole of the CFOA
is often located one or two octaves lower, as can be seen frenpdsition of the higher order
poles in the plot of the open loop transimpedance. We obdéhig in many commercial CFOAS,
whose high order poles sit around 400 MHz, but can be usedfiarlzonfiguration up to 1 GHz
and above by reducing the phase margin to less than 30 dedfeks second pole is located at
f1 =400 MHz, thent; ~ 0.4 ns and so the rise time in response to the charge pulse turnis bat
about 1 ns.

So far we have neglected the output impedances of the inglbatput buffers, which we
denoted byRy, andRy, respectively. Their values are very small, however theyr@ae an impact
on stability. By equatiod.5, if Ct is not used, then there is no needRyr This is not true anymore
if the effect of Ry, is considered. If the detector capacita@gis large enough, then an additional
pole inT can occur at frequency/2mnR,Cp. This leads to additional phase shift and instability
in the feedback loop unles$?; is large enough to let this additional pole fall out of the thaidth
of the amplifier. A smalRy can compensate this pole: in this case the loop gain @jtk- 0 is
approximately given by
_ZOL(s) 1+ sGRy

Ri 1+sG(Rg+Rb)’
It is clear from this expression that even wi@nis zero a smalRy of about 25 to 5@ should be
used to assure the stability of the system.

A similar effect can be produced By, and the series combination ©f andCp by introduc-
ing a pole at the output with feedback taken Ria The calculations in this case, neglectiRg,

T(s) = (4.18)

—-11 -
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give the approximate result (féton < Ry, R¢)

_Zou(s)  1+S[CRf+ (Co+Cr)Ry
Ri 1+ S(Cp+Ct)Rg+ *CpCiRgRob

This expression shows an additional pole at high frequeheytoR,,, which can lead to instability.
This problem was observed both in the OPA695 from Tl and irLii&16702 from National, but
not in the AD8001 from Analog, which is slightly slower, s@atlihe pole fell out of the bandwidth
of the amplifier. To circumvent this problem, a small resifg should be put in series wil; to
decouple the capacitive load from the output of the CFOA afttlaazero to compensate the pole.
The loop gain, evaluated in the case whiggeR,p < Ry, Rt for conciseness, becomes

T(s) = (4.19)

_ ZoL(s) 1+S[CiRy + (Cp +Ct)Rg] + SCoCrRaRop
R¢ 1+S(CD+Cf)Rg+32CDCf(Rg+Rh)ROb .

Again a value of about 25 to 30 should be used fdR,,.

Figure 12 shows the response of an AD8001 800 MHz CFOA from Analog ipoese to 5
Me~ charge at the input. The detector capacitandgpis= 5 pF, and the feedback resistors are
Rt =50 kQ, Ry =470Q. Three values fo€+ were used: 0 pF, showing the effect@falone, then
Ct; = 1.8 pF andC; = 5 pF. From this measurement, a value of aliQut 2 pF can be extracted.
Here no resistoRy, in series withC; was necessary. The rise time was found to be as low as a few
nanoseconds, as allowed by the bandwidth of the AD8001.

Figure 13 shows the response of a LMH6702 1.7 GHz CFOA from Nationaksponse to
charge pulses of 300 kecoming from a detector of capacitance 0.5, 5 or 50 pF. Fesdigsistor
is Rf = 5 kQ, while Ry was set to 5@ to improve stability, even i€y is not present. From these

T(s) = (4.20)
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Figure 13. Voltage pulses from a LMH6702 from National with pulses 60%e™ charge at the input and
different values of detector capacitance.

measurements, a value @f of about 3 pF can be estimated. Note that the shape of thel $ggna
almost the same in all three cases; for the upper measuramitariow Cp, rise time is limited by
the rise time of the pulser that was used (2.5 ns). With irsingdCp, there is a low pass filter effect
due toCp andRy, limiting rise time to 22CpRy and chopping the peak of the pulse (thus giving
the illusion of a lower gain). However this measurement shtivat a wide range of detectors with
varying capacitances can be read out using this configaratising only minor changes in the
output signal characteristics. In contrast, with the usFaDA charge sensitive preamplifier, the
rise time is roughly proportional to the detector capacitaand it would change by a factor of 100
over this range.

5 The “recipe”

Let us now summarize the steps to be taken when using our agpto build a charge sensitive
preamplifier with a commercial CFOA. To begin, one must knbe/¢haracteristics of the detector
to be read out: the chardgit yields and its capacitancgy. Note that, as will be calculated in the
next section, only charge pulses which exceed about 10@#&e be read out with this approach.

5.1 Choosing the CFOA

The position of the poles iBo. can be estimated from the plot 86, given in the datasheet of any
CFOA. As an example, we include in this paper Zag Bode plot (magnitude and phase) from the
datasheet of the Texas Instruments OPA695 CFOA, shown irefigi From the frequencyy of
the dominant pole, whergp, starts to decrease, and from the DC valu&gf, which isR;, one
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Figure 14. Open loop transimpedance of the OPA695 from TI, taken fioadiatasheet.

can estimate the value of the internal capacitabcas
1

CC - 27Tf0RC'
In the example of the OPAG9R. is a bit more than 90 d8, or 40 kQ. The frequency of the
first pole is located at about 4 MHz, so the valueGgfcan be estimated to be about 1 pF. The
other important piece of information to find in the datashsehe value of the optimal feedback
resistancd;, which is 500Q for the OPA695. The value af, related to the position of the higher
order poles, can be estimated by looking at the frequéneyhere the slope afp (s) doubles, or
more easily by looking at the frequency whére, | = R;, which happens at

(5.1)

1
fi=—— 5.2
1 ZHR?CC’ ( )
then obtaining the time constant as
1
=—. 5.3
g 27Tf1 ( )

The 10% to 90% rise time of the output pulse is givenRy= 2.21; (unless limited by the charge
collection time in the detector). For the OPAB95, the fremyef; where|Zo | = 500Q is found
to be about 500 MHzz; is 300 ps andise ~ 700 ps.

5.2 Gain
Without Cs, the peak value of the output voltage from equadaidis given by

Vpeak = (5 . 4)

Ce
That is about 160 mV/Me for the OPA695 withC; ~ 1 pF. If a higher gain is required, then one
should find a CFOA with a smallél,, or try a different configuration. For CFOAs commercially
available at the time of this writing;. can range from about 0.5 pF to 3 pF. If the gairbid fits
the application, the@; is not necessary. However, relying ©palone makes the gain and fall time
suffer because of the large production spread of integredpdcitors. A small externél; can be
used to make the gain and fall time more predictable at tloe fia gain reduction. The use of an
external feedback capacitGr decreases the height of the voltage peak to

Q

Vpeak: m (5-5)
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5.3 Falltime

The time constant of the exponential discharge is giveri@y+ Ce) (R¢||Rc). The 90% to 10%
fall time of the output pulse is thus given Iy = 2.2(Ct +C¢)(R¢||Rc). If Re is large enough,
then the fall time is determined b alone, which can be chosen to give the required fall time:

tall

STt (5.6)

Ry
The value forR¢ should in any case be bigger thRh, to guarantee stability, and smaller than
If Rt is larger thanR;, then the fall time is set biR. and the only purpose dRs is to stabilize
the DC working point. This should in any case guarantee eméwwgpdom: in the example of the
OPAG95, withC; = 1 pF,R; = 40 kQ, Rf = 500Q, assumindC¢ = 0, R can range from about 1
kQ, which yields a 3 ns fall time, to infinity, which yields abdl@0 ns fall time since in this case
the discharge is oR; alone, as in the open loop case.

5.4 Stability

After settingCs andRy, one should choosig from equation4.6to guarantee stability:

Ct
-——— R 5.7
Rg CD +Cf X9 ( )
whereCp is the detector capacitance and
~ RiRy cg
=R R (5.8)

Even if Ct is not used, a smaRRy of about 25 to 502 should be used, at least with the fastest
CFOAs, to compensate the pole given@y with the input buffer output resistané®,. Also a
small R, of about the same value should be put in series Witho compensate the pole due to
direct capacitive load at the output of the CFOA.

6 Noise performance and equivalent noise charge

Let us now suppose there is a shaping filter after the prefierpla common practice in detector
read out to improve the noise performance of the read ouhchiie shaper makes it necessary
in our calculations to convert the noise sources of the ppdifiar, which are expressed in terms
of power spectra, to the so-called "equivalent noise cHaiigRC). ENC is the amount of charge
from the detector for which the signal equals the noise amalberhich no charge pulse can be
detected 9, 10].

For the sake of simplicity, let us assume the shaping filtdretaf the simple CR-RC type,

with time constant, thus giving a transfer function
ST

F(s)=—, 6.1

(s) (150 (6.1)

wheret has to be smaller than the preamplifier discharge cong@nt C;)(R¢||R:), and larger
than the higher order zero @ at frequency 127mR,(Cp +C¢). These conditions guarantee that
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Figure 15. The CFOA charge sensitive preamplifier: full read out chaith preamplifier and shaper,
including noise sources of the preamplifier.

at frequencies near/2mt the charge sensitive preamplifier behaves like an ideagiater. In
all following calculations we will consider the CFOA to beeml, and since the shaper filters all
frequencies far from 27T, we can approximate equatidnl3as

Rs 1
Vout(S) = — ~ 6.2
which in time domain becomes a step:
Voull) = — =2 9(1). (6.3)
Cf +Cc
The output voltage pulse of the whole chain in response t@agel®@ int =0 is
Q T Q
Vout(S) = ——————F(s) = — , 6.4
which in time domain becomes
___Q tos(t
Vout(t) - Ci+CeT eXp( T) B(t)~ (6-5)

The read out chain comprised of the preamplifier and the slegber is depicted in figuil,
which shows also the main noise sources in the preamplifierCFOA itself, with its voltage and
current contribution®,(s) andia(s), and the thermal contributions of resist®gandR¢, modeled
as current generatoig(s) andi¢(s). Since we are dealing with high frequency applications, we
assume all the low frequency (flicker) noise contributianbe negligible, and all noise generators
to have a constant power spectral density.

In the first place, let us calculate the voltage at the outpiet td the noise sources, one at a
time. From the node equations, and with the same approxingatinZo, that led to equatiod.13
it can be shown that the noise dueRggives at the output of preamplifier

o S(Co+CHRRr . Cp+Cy
Ig( )_ 1+S(Cf +CC)RfIg( )— Cf +CC Rglg(3)7

while noise fromRs gives

(6.6)

(14s(Cp +C¢)Ry)Rs . 1

RS o T RS

if(s). (6.7)
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Current noise from the amplifier has the same transfer fonetsi (s), so it is given by

1

s(Cs +Cc) (9 (6.8)

Via(s) =

and finally for the voltage noise of the amplifier

1+s(Co+Ct)(Rg+Rs) . Cp+Cs

~ 6.9
(Ct +Cc)R¢ Ci+Cc 6.9)

Ve, (s) =

It is clear thate, andRyig = g5 share the same transfer functioRy gives a voltage or "series”
noise contribution, like,, while Rt gives a current or "parallel” noise contribution, like

The noise at the output of the full chain due to each coniohut given by the above expres-
sions multiplied by the shaper transfer functie(s):

Cp+C
VseriedS) = CI? —I—C; F (S)eseriedS) (6.10)
for the series noise contributions, and
F(s)

Vparallel(S) = S) (6.11)

m parallel(

for the parallel noise contributions. To obtain the squanexds. output noise, one must @i iw
in the above expressions, take the mean squared amplitndéntagrate over frequency. For the
series noise,

2 o
Vseried” = @12) |eg|2%/0 dw|F(iw)|?, (6.12)
and since
/ dw|F(iw)| = / = i (6.13)
2m (1+ w2r2) 8T
the series output noise becomes
2152

Voo = (2t ) (614

giving thus a contribution which is inversely proportiomed the shaping time. On the other side,
for the parallel noise,

2

|Vpara||e||2 = (Cf Jerc> I a‘zzzt_[/ dw'%(j)) , (6.15)
and since L e E (i) > 2 . i
ZT/O dw‘T :ZT/O do o5 (6.16)
the parallel output noise becomes
|Vpara||e||2 = <Cf —T—Cc> 2 T‘Iglz, (6.17)
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Figure 16. A basic CFOA circuit: current noise from Q1 can be modelealasitage noise in series with the
base of Q1 (as common practice), i.e. at the non-invertipgtirwhile current noise from the polarization
transistor Q2 is a current source at the inverting inpute®tioise sources from transistors inside the CFOA
were neglected.

giving a contribution which is directly proportional to tebaping time. All the contributions must
be added together in quadrature to give a total output noise

2 2
Na? = Need® + Nt = (5 ) (5 (+ ) + 2 (s + ) ).
(6.18)
We can now calculate the equivalent noise charge by divitlregoutput noise voltage by the
gain from input to output. The gain for a char@eat the output of the preamplifier is given by
equation6.5, whose peak value ®/e(Cs +C;), wheree ~ 2.72 is Euler's number. The ENC is
thus given by

2
ENC= e(C +Cc) [Viot| = 2—%\/ T ([Tl +1i¢[2) + @ (l&al” + lel?). (6.19)
This quantity must be compared with the cha@fom the detector, and should be at least a factor
of 10 or 20 belowQ for a decent signal to noise ratio.

If the integrator time constant cannot be considered muggdrithan the filter time constant,
i.e. if T ~ (C; +C¢)(R¢||Re), the calculations are a bit more complicated, and the eifesitmilar
to that of a CR-RC shaping filter. If this is the case, the coefficients inagigun 6.19 should be
modified accordingly, leading to a slightly higher noisergea

Let us now evaluate the ENC for a typical configuration with = Cr = 3 pF, Rr = 20
kQ, Ry =500 Q, for a OPAG95 from Texas Instruments. The parallel nois®pfs given by
|if |2 = 4ksT /Rt ~ 1 pA/+/Hz (Wherekg is the Boltzmann constant, affdis temperature, which
we assume to be 300 K). The series nois&gpfs given by|ey|* = 4kg TRy ~ 3 nV/y/Hz . From
the OPA695 datasheet we find the series noise of the opamp [®|be 1.7 nV/\/Hz and its
current noise at the inverting input to pg| ~ 22 pA/+/Hz The overall noise is largely dominated
by this last contribution. With a short shaping timemf 5 ns, to minimize the weight of the
current noise and to exploit the wide bandwidth of the CFO, ¢quivalent noise charge given
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by equation6.19is about 6 ke r.m.s., dominated bji,|. This yields a f.w.h.m. noise of about 15
ke~. On the other side, the contribution of the series noisesis fean 1 ke r.m.s., always quite
negligible when compared to the parallel part, unless thectier has a very large capacitance. A
longer shaping time worsens things a bit, since the panaédiglof the ENC is proportional tQ'T,
and would possibly make the use of a CFOA not preferable coedp@a the slower but less noisy
VFOA-based configuration.

Even if the exact values depend on the specific CFOA model,owed all CFOAs to have
about the same current noise at the inverting input, abop2Q/Hz This is the main limit on the
noise performances of this configuration, and makes it uisefead out charges of only about 100
ke~ or more. The reason for this lies in the fact that the negatipat of the CFOA is canonically
connected to the emitter or source of the transistors ofrtpatistage. Figurd6 shows a basic
CFOA circuit: it can be seen that the input signal at the itiwgmode has to be directly compared
to the shot noise from the current source for the input teoisi This current can be as high as 1 mA
for high frequency operation, giving,| ~ 20 pA/+/Hz of shot noise. Thus, this configuration will
provide an adequate signal to noise ratio only in case oféngingy radiation or in case the detector
is some sort of photomultiplier (where a charge of the orddrie is expected). Unfortunately,
it will not fit the noise requirements of other kinds of det@stwhich yield smaller charge signals.
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