
? CERN 82-09 
S Experimental Physics 
z Facilities Division 
§ 24 September 1982 
u 

ORGANISATION EUROPÉENNE POUR LA RECHERCHE NUCLÉAIRE 

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

A FAST CHARGE-INTEGRATING SAMPLE-AND-HOLD CIRCUIT 
FOR FAST DECISION-MAKING WITH CALORIMETER ARRAYS 

G. Schuler 

G E N E V A 

1982 



© Copyright CERN, Genève, 1982 

Propriété littéraire et scientifique réservée pour 
tous les pays du monde. Ce document ne peut 
être reproduit ou traduit en tout ou en partie 
sans l'autorisation écrite du Directeur général 
du CERN, titulaire du droit d'auteur. Dans 
les cas appropriés, et s'il s'agit d'utiliser le 
document à des fins non commerciales, cette 
autorisation sera volontiers accordée. 
Le CERN ne revendique pas la propriété des 
inventions brevetables et dessins ou modèles 
susceptibles de dépôt qui pourraient être décrits 
dans le présent document; ceux-ci peuvent être 
librement utilisés par les instituts de recherche, 
les industriels et autres intéressés. Cependant, 
le CERN se réserve le droit de s'opposer à 
toute revendication qu'un usager pourrait faire 
de la propriété scientifique ou industrielle de 
toute invention et tout dessin ou modèle dé
crits dans le présent document. 

Literary and scientific copyrights reserved in 
all countries of the world. This report, or 
any part of it, may not be reprinted or trans
lated without written permission of the 
copyright holder, the Director-General of 
CERN. However, permission will be freely 
granted for appropriate non-commercial use. 
If any patentable invention or registrable 
design is described in the report, CERN makes 
no claim to property rights in it but offers it 
for the free use of research institutions, manu
facturers and others. CERN, however, may 
oppose any attempt by a user to claim any 
proprietary or patent rights in such inventions 
or designs as may be described in the present 
document. 

CERN - Service d'information scientifique - RD/561 - 1200 - septembre 1982 



- ill -

ABSTRACT 

This paper describes a fast charge-integrating sample-and-hold circuit, par
ticularly suited to the fast trigger electronics used with large arrays of photo-
multipliers in total-energy measurements of high-energy particle interactions. 
During a gate logic pulse, the circuit charges a capacitor with the current fed 
into the signal input. The output voltage is equal to the voltage developed 
across the capacitor, which is held until a fast clear discharges the capacitor. 

The main characteristics of the fast charge-integrating sample-and-hold 
circuit are: i) a conversion factor of 1 V/220 pC; ii) a droop rate of 4 mV/ys 
for a 50 Q load; and iii) a 1 ys fast-clear time. 
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1. INTRODUCTION 
The fast charge-integrating sample-and-hold (ISH) circuit described in this report has 

many applications in detectors with an analog response. Since the sample and hold functions 
depend on two independent gate pulses, great flexibility in handling analog signals can be 
achieved. In particular, there is no timing problem in the further treatment of the analog 
signals such as summation, comparison, or digitization. 

The use of the ISH circuit in fast-decision logic for calorimeter arrays is described 
in this Introduction. Such logic must be capable of solving one or more of the problems in 
the following, non-exhaustive list: 

i) that of adding the photomultiplier pulses (two in general) associated with each cell of 
the calorimeter array; 

ii) that of adding signals from adjacent cells in order to form clusters corresponding to 
the showers produced by the particles; 

iii) that of comparing the cluster amplitudes with the required reference thresholds. 

These three problems can be dealt with in a digital manner as shown in Fig. la: the 
output voltage of a charge-integrating amplifier is digitized by a 6- to 8-bit Flash Analog-
to-Digital Converter (FADC); cluster amplitudes can then be digitally calculated through 
"trees" of binary adders which, in turn, address a memory that has been previously loaded to 
give the required logic response (look-up table). This digital solution is quite flexible, 
since extra look-up tables (memories!) may be used to correct for the individual drift and 
the non-linearity of the calorimeter cells (calorimeter geometry, photomultiplier, charge-
integrating front end, etc.). However, the logic is expensive and its wiring requires 6 to 
8 times more connections than the analog solution proposed below. 

The analog alternative shown in Fig. lb is at least two times cheaper with the only 
drawback that long-term drift of the calorimeter cells must be corrected for by external 
means, for example, variation of the photomultiplier high voltages. In this solution the 
charge-integrating front end is the ISH circuit described in the second part of this report. 
This circuit adds onto its virtual ground input the two photomultiplier current pulses 
associated with each cell of the calorimeter. The integrated charge is then internally held 
for several microseconds and the corresponding output voltage can be used to drive resistor 
networks to weight and add signals, thus creating the required clusters. The cluster ampli
tudes are finally compared with the reference thresholds using current comparators (compa
rators with virtual ground inputs), thus giving the final trigger signal. 

The proposed ISH circuit may also be used as a front end for semi-fast FADCs, thus 
leading to cheaper digital electronics. 

The ISH circuit is described in the next section; the other sections give information 
on the packaging and the performance of the circuit as designed for the UA2 experiment at 
the CERN pp collider. 

2. ISH CIRCUIT DESCRIPTION 

The ISH circuit can be split into three parts: the charge integrator, the linear gate, 
and the fast-clear and hold circuit. 
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Fig. 1 The digital addition of phototube pulse heights to form clusters as shown in (a) 
requires six times more connections than the analog solution (b) 

2.1 The charge integrator 

The schematic of the charge integrator is shown in Fig. 2. The charge is integrated 
into the capacitor Cj, which is the output load of a common-base transistor circuit Tj. The 
low input impedance of the emitter of T (re = 26 mV/I , where I = bias current in mA 
through the emitter of Tj) can be utilized to add the input currents flowing through Rj N 

and Rj N , thus providing the weighted addition of the two photomultiplier pulses (PM1 and 
PM2). The biasing of T x is achieved by means of two current sources, I„ and al 0, such that 
there is no net current flowing into Cj. 

The voltage v0 across the integrating capacitor CT is 

T 
i r i V i V z 1 , 

where 
T = integration time 
a = current gain of T x (* 1) 

v 1,v 2 = input voltages 
r x = (r e/R I N a)(Ri N l + RIN 2) 

r 2 = (re/RiN^CRlNj+RlN.,) 
with r = 26 mV/I e o 
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Fig. 2 The charge-integrating front end (schematic) 

The resistors rj and r 2 result from the existence of r g and they contribute to the input 
impedances of the circuit. 

2.2 The linear gate 

The linear gate is based on a balanced modulator/demodulator as shown in Fig. 3. The 
circuit includes: 

i) a balanced pair of common-base transistors T t and T{, T t being the above-mentioned 
charge-integrator transistor; 

ii) two "long-tail" pairs of transistors operating as two inverting switches, shown in 
the figure as SW1 and SW2; 

iii) two identical current sources I 0. 

aln '' 

Fig. 3 The linear gate (schematic) 



- 4 -

The switches SWl and SW2 are controlled by the gate: when in position 1, al 0 flows into the 
left arm of the circuit and a(I0 + i t + i2) into the right arm; when in position 2, the 
currents are interchanged between the two arms. The current a(ij + i2) is thus flowing through 
the capacitor Cj for the duration of the gate signal. 

2.3 The fast-clear and hold circuit 

It is readily seen that any mismatch between the two bias currents at the integrating 
capacitor terminal will change the potential at this point. In order to stabilize this 
potential, it is necessary to control one of the current sources. 

Figure 4 shows a schematic of the fast-clear circuit: the voltage v 0 across the capa
citor Cj is amplified to v s by a differential amplifier A, thus adjusting the current source 
and zeroing the error voltage v Q. The capacitor Cj is therefore grounded as long as the feed
back loop is active. 

The hold function can then easily be achieved as shown in Fig. 5 by i) storing the 
voltage v in a "hold" capacitor Cu, and ii) disconnecting the amplifier output. 

B 
HI—If 
vo 

t 
Fig. 4 Stabilization of the voltage 
on the integrating capacitor 

To linear gate 

hv SW3 

O 1(1 O , 's 
L^ Clear 1 C^ v s 

~ 

Il h 
II I1 

vo 
Fig. 5 Schematic of the hold circuit 

To linear gate 

The timing diagram in Fig. 6 shows a complete clear-gate-hold-clear sequence. It can 
be seen that SW3 is opened just before the beginning of the gate pulse and that it is reset 
by the fast clear. 

Unlike in other sample-and-hold circuits, SW3 is not directly connected to the inte
grating capacitor and therefore need not be of a high-quality type. Moreover, the use of 
bipolar components from the input to the integrating capacitor Cj allows for narrow gate 
pulses. 
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Fig. 6 Detailed timing diagram of the clear-gate-hold-clear sequence 

2.4 Stability of the fast-clear loop 
As explained in the previous section, SW3 is normally closed. Under this condition the 

equivalent circuit diagram is shown in Fig. 7a and, in a more conventional way, in Fig. 7b. 

Rj is the equivalent resistor of a closed SW3 and R 3 the resistor that defines the 
current i 0 = -vs/R3 of the source. It is also assumed that the amplifier A has a high cut-off 
frequency. 

Let v A denote the error voltage at the input of the amplifier; the open-loop gain is 
then 

v 0 

;r- = A0(P) = R 3 C l P 1 + R ^ p • 

A Bode plot of A 0 is given in Fig. 8. It is clear that the circuit may be unstable if |A0| 
is greater than one for a frequency f = 1/27TRC,. 

In order to optimize the fast-clear response, a detailed study of the closed-loop gain 
follows. The variables in Fig. 7b are related to those in Fig. 7a as follows: 

B(P) = 1 

F ( p ) = _ T ^ 1 + T J P ' 

where 
Ti = ^I^H ' T3 = R3 CI ' 
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Fig. 7 Equivalent circuits for the study of the clear loop response, a) Main components 
b) Conventional diagram. 

Frequency 
(MHz) 

Fig. 8 Bode plot of the open-loop gain 

The closed-loop gain is then 

AçCp) -AF(P) 
l-AF(p)BCp) 1+(T 3 /A)p+(T 3 T 1 /A)p 2 

Here A~(p) i s a second-order low-pass transfer function, which can be writ ten: 

1 AcCp) 
1 + 2ÇT„p + Tgp 2 

where 
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Fig. 9 Stability and damping of the closed-loop circuit 

It can be shown that the critical damping (for 4.31 overshoot) is reached for (see Fig. 9): 

Ç = 
fl 

or 

A ill IÎÎÏI 
2 T t 2 RjC^ " 

In practice, one cannot always fulfil the above condition since: 

i) the value of C T is defined by the required charge-to-voltage transfer ratio; 

ii) the value of C, must be high enough to allow for long hold times; 

iii) the value of A must be much greater than one to minimize the d.c. offset generated by 

the active components in the feedback circuitry. 

A positive phase shift can easily be introduced by the addition of a resistor R 2 in 

series with £,. The open-loop gain A Q is then changed to that of Fig. 10 and the closed-loop 

gain becomes: 

VP) 
1 +T,p 

where 

or 

1 + [T 2 + (T3/A)]p+(T1T3/A)p
2 

T, = (R 1 +R 2)(^, T 2 = R 2 C H , T 3 = R 3 C I 

A^p) 
1 + T 2p 

l + 2ÇT0p + T^p
2 

with 

To = 
T ! T 3 

and Ç = 
1 AT 2+T 3 

2 ^Wh 
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Fig. 10 Bode plot of the open-loop gain 
with positive phase-shift stabilization 

Table 1 gives the percentage of overshoot as a function of Ç. 

Once C,, C,, and A have been chosen, R 2 can be given a value that optimizes the fast-

clear response. 

Table 1 

I 1 1.5 2 2.5 3 3.5 

% overshoot 13.53 7.56 4.78 3.27 2.37 1.80 

2.5 The design 

Figure 11 is the detailed diagram of the ISH circuit as designed for the UA2 experiment 

at the CERN pp collider1). 

The various parts of the circuit, as described in Sections 2.1, 2.2, and 2.3, can easily 

be recognized. The bias current through Tl (5 mA) is defined by R 7, Dj, and Rg. The inputs 

are a.c. coupled through C and C . Cj is connected via a Darlington pair of transistors 

Tj.T,, to i) the feedback loop and ii) the output load (100 £2). 

The linear gate, the input transistor, and the emitter current sink are part of an 

MC 1496 2) balanced modulator/demodulator. A 400 mV swing on the GATE and GATE inputs 

(-8 V d.c. biased) turns on/off the T 2/T 2 transistors, thus allowing for integration of the 

input current into the capacitor C-r. However, it is necessary to have exactly the same col

lector current through T 2 and T 2 so that the output voltage of the circuit is pedestal free. 

The trimmer P t is used for this purpose and it is easily adjusted by using a wide gate when 

testing the circuit. 

The fast-clear and hold feedback loop can be seen at the top of the circuit diagram. 

It consists of: i) the wide-band differential amplifier A, an MC 1733 2 ) ; ii) the switch SW3, 

a DMOS transistor (SD211) 3 ) ; iii) the hold capacitor C H together with the positive phase-



- s -

d*24¥ 

aim 

MPS 3563 
• V 10k 

#6V 
|56a|jWa 1 n F 

'nmT"" 

2N390S 

H*D 
SO 211 X r3x8C214] 

K*fl| 1.2 pT 6 V 

•6V 
s 1 | ™ M ^ 1 > « « « W 

(MP5 —L, 
13583 ~ 

R«j j ,M~|j_j|, ||560fî 

-6V 

D 2 x , 5 Q 0 " 
CLEAR CLEAR 

•il 

J 1.2kû|j 
X K T 3 ,.6VM 

•—•OUT 

€MB 

•*ÔATE 

2xai|iF 2x31801% 

Fig, 11 Detailed diagram of the ISH eircttif 
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shift stabilising resistor R a; and iv) the high-input impedance current soiree (Tj, T 6, R $, 

and Tj) that balances the collector sink currant of T 2. 

The MC 1733 is used in a gain 5 configuration and its output has a 2.7 V d.c. level, 

which is raised to ̂* 19 ¥ via T T and T s/T t. The open-loop ça in is therefore 10 and the output 

offset voltage is Mostly produced by the input stage of the MC 1733, This offset can be 

corrected for by the addition of a resistor R Î S (or U{ 0) in one of the emitters of the "long-

tail" pair of transistors at the input stage of the MC 1733. This is done when testing the 

circuits by sorting thai Into 10 at¥ bins and mounting the corresponding R n (or Rjdl resistor 

whose value is given by the graph of Fig. 12, The temperature ami long-term drift of the 

transistors from I, to T s are equivalent to one base-emitter junction; moreover, since the 

MC 1755 and the ÎC I486 are both symétrie devices» the long-term stability of the IStl circuit 

is therefore guaranteed and drift will never exceed 10 mV. 

Input ——————•• 

Gate — — — — — — 

Fast c l e a r — » 

Output ————*. 

Fig. 13 Oscillograph picture of the ISH circuit response 
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Another two compensating components have been added. They are: i) the capacitor CL, 
which is used to cancel the CLEAR feedthrough on the hold capacitor C, (Cj, ̂ 1.2 pF) ; and 
ii) the resistor RX1 which compensates for the negative phase shift of the MC 1733 at high 
frequencies. 

The oscillograph picture in Fig. 13 shows the ISH circuit response to the gate and fast-
clear pulses as applied to the module described in Section 4. One should note that the 
theoretical calculations of Section 2.4 do not apply to the first part of the "return to zero" 
since the amplifier is saturated. They do, however, become relevant as soon as the output 
voltage reaches ^ -400 mV, and the calculations perfectly match the experimental results. 

GATE AND CLEAR CONTROL CIRCUITS 
The GATE and CLEAR inputs to the ISH circuit have a high input impedance. Up to twenty 

ISH circuits can therefore be controlled by the circuit shown in Fig. 14. The GATE and 
FAST CLEAR inputs accept single-ended NIM pulses (-800 mV/50 £2, negative logic). 

The GATE pulse resets the CLEAR bistable and, after a 20 ns delay, drives the GATE and 
GATE inputs of the ISH circuits. The integrated charge is then held until a FAST CLEAR resets 
the CLEAR bistable. 

The logic uses ECL 10,000 circuits; a timing diagram together with the voltage levels 
of each signal is given in Fig. 15. 

PACKAGING 
All the electronic components in Fig. 11 have been laid out on a 24 mm x 75 mm double-

sided printed-circuit board. The minimum thickness is limited to 12 mm by the bead-type 
tantalum decoupling capacitors (see Fig. 16). A 16-pin elbow connector is used to plug the 
circuit into sockets soldered on a mother board. A total of 10 to 30 ISH circuits can thus 
be housed in a double-width CAMAC module. The module designed for the UA2 experiment at 
CERN is shown in Fig. 17: it includes 20 phototube amplifiers (only one in position), 
10 ISH circuits, and the GATE and CLEAR control circuits as described in the previous section. 

The capacitors C, and Cj must have low loss (< II); for example, polystyrene dielectric 
ones are used. The connection between C,, the base of T£, and the DMOS source must be pro
tected from any external influence since a 1 mV loss on C^ induces a 4 mV/us droop at the 
output of the circuit. 

The total manufacturing cost for 400 ISH circuits, neither adjusted nor tested, is of 
the order of 30 Swiss Francs each. The most expensive components are the trimmer Pj and 
the EMOS transistor. 

MAIN CHARACTERISTICS 
The following performance figures have been obtained with C, = 300 pF, C^ = 2700 pF, 

R j N = R ™ = 31.6 n, and a 50 U output load. 
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F1g. 16 Photograph of one ISH circuit as designed for Che UA2 experiment at OEM 

Fig. 1? Photograph of 10 1S1 circoit» housed in a double-width CÀMâC aodnlej the remaining 
space is noraally filled with 20 amplifiers (one is in position). 
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Fig. 18 L i n e a r i t y and d i spe r s ion curves as measured over 100 c i r c u i t s 

Transfer r a t io 
Gate width 
Maximum output voltage 
Linearity 
Pedestal 
Hold time 
Droop 
Fast-clear time 

1 V/220 pC 
10 ns to 1 us 
3 V 
Better than 1% of full scale 
Less than 10 mV 
5 us 
Less than 5 mV/us 
Less than 1 us for a full-scale pulse. 

The ISH circuits of the UA2 experiment are connected to the trigger and digitizing scheme 
(8 bits) described in Ref. 1. The combined diagram in Fig. 18 reflects the overall disper
sion of the system when used as an absolute charge-measuring device. It can be seen that 
all the circuits are within ±41 of the mean charge value and that the standard deviation is 
better than 1.51. 

CONCLUSIONS 
The charge-integrating sample-and-hold circuit described in this report, although it 

was designed in a limited period of time, fulfils most of the mandatory requirements of the 
trigger electronics for calorimeter arrays. The maximum hold time and the pedestal could 
however be improved: i) by replacing the Darlington pairs of transistors by MOS field-
effect transistors; and ii) by using differential pairs in the feedback loop. 

The ISH circuit is also a cheap and reliable alternative to the now often-used FADC 
solution to the problem of calculating cluster amplitudes. 
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