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directly to a liquid argon calorimeter. Here we describe an 
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I. INTRODUCTION 

In order to maximize the signal-to-noise ratio, it has been 
conventional wisdom to use very short connections between 
radiation detectors and their preamplifiers so as to minimize 
the total input capacitance. In a previous paper [l], it was 
shown that, under certain circumstances, as good, or even 
slightly better signal-to-noise ratios could be achieved with a 
transmission line connecting the detector to the preamplifier. 
This can be true, provided that: 

1. pile-up considerations impose a shaping time that is of the 

order of, or shorter than the transmission line propagation 

time; 

2. the reactance of the detector capacitance is of the order of 

the transmission line characteristic impedance at the center 

frequency of the shaping filter; 

3. the input time constant, determined by the detector capaci- 

tance and the transmission line impedance is not long com- 

pared to the shaping time. 

To prevent multiple reflections, the transmission line must 
be terminated in its characteristic impedance at the preampli- 
fier. A physical resistance should not be used as it would nor- 
mally be the dominant noise source. Conventionally [2], an 
“electronically cooled” termination is used, created by an 
operational amplifier with capacitive feedback, whose input 
resistance is, approximately: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n 

where C, is the dominant pole capacitance of the operational 

amplifier, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACf is the feedback capacitance and g, is the input 

element transconductance. 

This solution works well, provided that the input signal 
amplitude is not large enough to produce significant changes 
in the input amplifier transconductance. In the case of liquid 
argon calorimeters on high energy accelerators, this may not 
be the case, since signal currents may approach 10 mA or 
more and the corresponding voltage signal at the preamplifier 
input can substantially change the transconductance. 

The preamplifier configuration presented in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 11, and repro- 
duced here as figure 1, is better adapted to these high dynamic 

range applications. Here, the equivalent “cooled” input resis- 
tance is: 

where R, is the collector load resistance, R1 and R2 are the 
feedback resistances and g, is the transconductance of the 

input transistor. The input transistor current is chosen to be 

high (about 4 mA) for low noise and to render the first term in 

expression 2, which varies with signal amplitude, small 

compared to the second term. 

Although this circuit works relatively well, it has a few 
drawbacks: 

1. in the case of low impedance transmission lines (25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ), a 

very large input current would be necessary to make the 

first term in expression 2 small enough to achieve 1% 

non-linearity ; 

2. a high power supply voltage is required to prevent the 

input transistors from saturating with a large signal current, 
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particularly if the dc current is also large. This leads to 

high power dissipation, limits the choice of input transis- 

tors and excludes the use of most integration technologies; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. great care is required to prevent the input stage from oscil- 

lating at a high frequency (-1 GHz) since transistors with 

high ft are required for a low value of the base spreading 

resistance rbbl and stopper resistors would add too much 

noise. 

11. HIGH LINEARITY, REDUCED POWER 

LINE TERMINATING PREAMPLIFIER 

To circumvent these drawbacks, we propose a different cir- 
cuit configuration which, by assigning the functions of low 

noise and large dynamic range to different transistors, insures 

a better linearity while also allowing a reduction of the power 

dissipation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. The Inner Feedback Loop 

To improve the integral non-linearity of the circuit, it is 
necessary to stabilize the input impedance against sig- 
nal-induced changes. This can be achieved by reducing the 
first term of expression 2 with respect to the second. 

The circuit of figure 2 achieves such a goal. The transistor 

Figure 2: Feedback loop used to reduce the input impedance compo- 
nent dependent on the signal. The transistor T2 and its collector resis- 
tor RC2 amplify the base-emitter voltage of the input transistor TI. 
Hence, TI input impedance is reduced by the loop gain G. The resis- 
tor, RE1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(- 100 Q) in series with the emitter is necessary to stabilize 

the loop. The resulting input impedance is: Zi, = (l/gml + REI)/G. 

T2 and its collector resistor Rc2 amplify the base emitter volt- 

age of T, (see fig. 2b). Hence, the input impedance of T1 is 
reduced by the loop gain G. It is necessary to add a resistor, 

RBl (- 100 !2) in series with the emitter of TI to make the loop 

stable. The resulting input impedance is: 

(3) 
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B. The External Loop 
Another feedback loop (figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3)  is needed to achieve the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

"0 

Figure 3: Simplified circuit diagram of the line terminating preampli- 
fier. The extemal feedback loop increases the input impedance of the 

TI - T2 inner loop to the value: Zin= (l/gml+RE1)/G+ 
Rcl x RI/(Rl+R2). The addition of the inductor L1 in series with Rl 

achieves a pole-zero cancellation of the pole Rcl x Co, thus extend- 
ing the bandwidth. 

desired input impedance. A straightforward calculation (see 
Appendix 1) shows that the input impedance can be approxi- 
mated as: 

where: 

is the loop gain of the inner loop, taking into account the 

emitter degeneration introduced by R,. 

C. Noise Equivalent Circuit 
It is easy to see that both the noise generated by T1 and by 

REI, appear attenuated by a factor G with respect to any noise 

source which can be represented by a voltage noise generator 

in series with the base of Tp Appendix 2 shows that such a 
generator can be moved outside of the loop. The equivalent 
series noise generator is dominated by the collector shot noise 
of T2, its base spreading resistance, rbb', and the noise of Rl 

(Rp>R1). Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 shows all the dominant noise sources of 

this circuit configuration. 



1030 

Figure 4 Equivalent noise sources for the line terminating preampli- 
fier. The values for the noise generators are: 

where KB is the Boltzmann constant, T the temperature in degrees 
Kelvin, gm2 and rbb'2 the transconductance and the base spreading 
resistance of the T2 input transistor pair, I,,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIB2 the base currents of 
T, and T2 and R2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>> R,. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. Advantages of the New Conjiguration 

Figure 5 shows the full circuit diagram. The unity gain 
buffer is a White follower as in the previous circuit. A current 
source transistor has been added for biasing the White fol- 
lower. This allows various values of the resistor Rcl to be cho- 
sen to adapt to different dynamic range requirements in 
various parts of the detector, without changing the operating 

conditions. The input resistance is made to match the line 

impedance by appropriate choice of the feedback divider ratio, 

for each value of Rcl . 
The major advantage of the proposed configuration is that 

the functions of providing low noise and high dynamic range 

are separated and assigned to different transistors. The pair of 
input transistors (T2 and T ,  connected in parallel to reduce the 
base spreading resistance) operate at high current (- 7 mA) for 
low noise, but from a low supply voltage (3 V) and, therefore, 
has modest dissipation. TI, which absorbs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe input current, 

has a low dc bias current (- 1 mA). Even with high collector 

voltage its dissipation is moderately low. 

The loop gain of the input stage is about 33. Variations of 
the input impedance with signal current (due both to a change 
in the Ugm1 term and the gain G in expression 4 are now 
reduced to about AZin = 0.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi2 or 2.4% for Zin = 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs2 and an 
input current of 5 mA. In the previous configuration, the resis- 
tance change with signal was about 4.5 C2 or 18%. 

As in the previous configuration, a small inductor has been 

added in series with R1 to decrease the mismatch at high fre- 
quency due to the pole at the collector of TI, xo = R,-, x Co, 
where Co is the total capacitance on that node. The input 
impedance Zin becomes: 

By equating the time constant of the pole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT~ and the zero 

T~ = L1/R1, it follows that: 

and the bandwidth is extended by a factor (R,+R2)/R,. 

A slight noise improvement, with respect to the previous 
circuit has been measured. This is partly due to the fact that 

the bias resistor defining the current in T, is now larger (4 ks2, 

because of the lower DC current) and also to the lower series 

noise achieved by increasing the bias current of the input tran- 

sistor pair. Further noise reduction would be possible by 
monolithic integration of the circuit. Fast, low noise bipolar 
processes which have a V,,, voltage typically less than 
5 or 6 V are now usable. The size of the input transistor could, 
therefore, be increased, thus decreasing the net value of rbb'. 
To benefit from such a reduction, the value of R, must also be 
decreased. 

+10 v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V 

1 kQ UT 

4 kQ 

RC2 2000  - 
TI  

INPUT 2 x NE856 

-3 v 

Figure 5: Full schematic of the line terminating preamplifier for 
Z,, = 25 !2 and a maximum input current of 5 mA. For an input 

impedance of Zi, = SO i2 and a maximum input current of 1 mA the 
values are: Rcl = 3.3 kSZ,R2 = 158 SZ, Ll = 18 nH. Power supply fil- 
tering and discharge protection network not shown. 



111. EXPERIMENTAL RESULTS 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 a,b show the preamplifier and shaper response to 
the liquid argon signal (a triangular current pulse with a dura- 
tion td zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 400 ns and initial current Io = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl mA) of the preampli- 

fier with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, = 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASZ. The preamplifier rise time (10% to 90%) 
is about 45 ns, dominated by the input time constant 

z ~ ~ = C ~ X Z ,  = 400 pF x 50 &2 = 20 ns. The shaper is a 

CR - RC2 filter with a time constant ZSH - 20 ns. The liquid 

argon signal peaking time is about 40 ns zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5% to 100%). 

Linearity problems are more severe for the Zi, = 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR 
preamplifier, particularly when it is used over a wide dynamic 
range, since the change of the first term in expression 4 is pro- 
portionally larger. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 6: Preamplifier response (a) and shaper response (b) for a LAr 
type triangular current pulse of duration td = 400 ns. The other 

parameters are: Io = 1 mA, Cd = 400 pF, Zi, = 50 Q, L = 3 m minia- 
ture Kapton insulated coax at T = 77 K. The 10%-90% rise time is 

about 45 ns. The shaper response is for a CR-RC2 filter with a 40 ns 

peaking time (5%-100%) for a LAr excitation. 
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Figure 7: Integral non-linearity of the line terminating preamplifier 

over the full dynamic range is k 0.2%. 

Figure 7 shows the integral non-linearity plot for the 

2, = 25 SZ preamplifier. Over a 5 mA dynamic range, it was 
found to be f 0.2%. A number of units have been fabricated 
and tested. They show consistent performance, summarized in 
Table 1. 

Table 1.  
Preamplifier Test Results 

l T = - p = q  ENI (average) 

I I I I 
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Appendix 1: Derivation of the Input Impedance 

p=RI/(RI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+R2) 

Figure 8: Equivalent representation of the circuit of figure 3 for the 
calculation of the input impedance Z,, presented at the input. 

Figure 8 shows an equivalent representation of the circuit 

of figure 3. The triangle represents a “current mode feedback” 

gain block whose high and low impedance inputs are respec- 

tively the base and the emitter of T2. 

A straightforward calculation allows us to derive the 

expression for Zi, (which assumes an infinite input impedance 

for TI, or + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA00): 

for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG >> 1, it can be simplified: 

2.  = l / g m , + R E l  ~ RCl 

an G 1 + R,/R, 

where 

is the loop gain of the inner feedback loop. 

Appendix 2: Derivation of the Equivalent Series 

Noise Generator 

Let us consider the simplified inner feedback loop of 
figure 9. We want to compute the equivalent series noise gen- 
erator, en,eq of the noise generator in series with the noise of 
T,, en2 by computing the equivalent Thevenin generator of 
ea. TO this extent, we need to compute the unloaded voltage 
swing of the emitter of T, due to e&. The equivalent circuit is 
shown in figure 10. 

We have: 

Rc’ t 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 

Figure 9: Simplified circuit for the calculation of the equivalent series 
noise voltage generator en,eq of the generator en,2. 

Figure 10: Equivalent representation of the circuit of figure 9. 

which yields: 

for G>>1. 

Closing the extemal feedback loop will add the noise of 
the feedback elements (R,, R2 and the unity gain buffer), but 
will not change the noise generator. Including the external 
feedback noise sources, we have: 

assuming R1>>R2. 

As explained in section 11: C, the noise of the resistor RE, 
and the collector shot noise of TI appear divided by the loop 

gain G (-33) and are, therefore, negligible. 
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