Chapter 4

LINE TERMINATING PREAMPLIFIER

4.1 Introduction

As explained in Chapter 2, in order to maximize the signal-to-noise ratio for the readout of high
capacitance noble liquid calorimeters, it has been common practice to use very short connections
between the detector and the preamplifier so as to minimize the inductance (and capacitance) of
the connection itself [59]. In Chapter 2 Section 3.2.2 and in [21], 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. the shaping time is of the order of, or shorter than the transmission line propagation time.
Pile-up considerations (see 2-4) mandate a short shaping time for the readout of calorime-

ters at hadronic collider experiments;

2. the reactance of the detector capacitance is of the order of the transmission line characteris-
tic impedance at the center frequency of the shaping filter which in the time domain trans-
lates into the requirement that the input time constant, determined by the detector

capacitance and the transmission line impedance be not long compared to the shaping time.

To prevent multiple reflections, the transmission line must be terminated in its characteristic
impedance at the preamplifier [23]. A physical resistance should not be used as it would normally
be the dominant noise source. Conventionally [20], an “electronically cooled” termination is used,
created by an operational amplifier with capacitive feedback, whose input resistance is, approxi-

mately:
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where G, is the dominant pole capacitance of the operational amplifieis the feedback capaci-
tance and g is the input element transconductance.

This solution works well, provided that the input signal amplitude is not so large as to produce
significant changes in the input amplifier transconductance. In the case of liquid argon calorime-
ters on high energy accelerators, this may not be the case, since signal currents may approach
10 mA and the corresponding voltage signal at the preamplifier input can substantially change the
transconductance. A solution to stabilize the input impedance by means of an additional feedback
loop has been published [60], but it is not optimized for low power.

The preamplifier configuration presented in [21], and reproduced here as Figure 4-1, is better
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Figure 4-1. Circuit schematic of the transmission line terminating preamplifier described in

I

[21]. It has a power dissipation of 140 mW.

adapted to these high dynamic range applications.

Summing the voltages from ground to base and from base to emitter of the input transistor, we
find the input voltage ¥ = re |y + R1/(Ry + Ry) Re I)y Where g = 1/g,, is the dynamic input im-
pedance an@ is assumed infinity to disregard the small portion of the input current flowing into

the base. The input impedance is computed as:

Zyy = gi+p Re 4-2

m
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where p= Ry/(R; + Ry) is the feedback ratio. By adjustiny the input impedance can be
matched to the cable impedance.

The input transistor current is chosen to be high (about 4 mA) for low noise and to render the
first term in Equation 4-2, 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(§25a 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, particularly if the dc current is also large. This leads to high power
dissipation, limits the choice of input transistors and excludes the use of most integration

technologies;

3. great care is required to prevent the input stage from oscillating at a high frequency
(~ 1 GHz) since transistors with higk &ire required for a low value of the base spreading

resistancey, and stopper resistors would add too much noise.

4.2 Reduced Power, High Linearity Line Terminating Preamplifier

To circumvent these drawbacks, a different circuit configuration was devised [61, 62] which, by
assigning the functions of low noise and large dynamic range to different transistors, insures a bet-
ter linearity while also allowing a reduction of the power dissipation.

Figure 4-2 shows a simplified schematic of the circuit. It consists of two nested feedback
loops: an “inner” loop (T, T,) which has the role to stabilize the input impedance against sig-
nal-induced changes, and an outer loop (unity gain buffer and series feedback on the emitter of
T,). The transistor F amplifies the base-emitter voltage by a factor G, 8 Rco, effectively re-
ducing the input impedance of; {the first term in Equation 4-2) by the same factor. The outer
loop adjusts the input impedance to the desired value as in the second term of Equation 4-2. The

equivalent input impedance is, therefore:
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Figure 4-2. Simplified circuit diagram of the line terminating preamplifier. The external feed-

back loop increases the input impedance of the-T, inner loop to the value:

Zin = (Ugn1 *+ Re)/G + Ry x Ry/(R1 + Ry).

_ 1/gm1+ Rca

ZIN = T 1+R/R, 4-3

The circuit will be analyzed in more detail in the following paragraphs.

4.2.1 The Inner Feedback Loop

The role of the inner feedback loop (Figure 4-2) is:
A. to provide a low power, low noise input stage;

B. to stabilize the input impedance against signal induced charges and thus improve the inte-
gral non-linearity of the overall circuit.
The first goal is achieved by powering, Wwhich is the dominant noise source from a reduced
power supply (\ecz= 3 V) with high current (&, [17 mA) to reduce the power dissipation. The
second goal is the result of the local feedback.

Referring to Figure 4-3, the input impedance on the emittef &: T
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Figure 4-3. Feedback loop used to reduce the input impedance component dependent on the

signal. The transistorJand its collector resistor & amplify the base-emitter voltage of the input
transistor . Hence, T input impedance is reduced by the loop gain G. The resistor,
Rg1 (~ 100Q) in series with the emitter is necessary to stabilize the loop. The resulting input im-

pedance is: & = (1/gyn1 + Rg))/G.

_ Ve _ Vo
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SinceB;/gmy [1100x 25Q = 2500Q >> R, for 1 mA bias current we have R LR, for
a value of R,=200Q. The gain G for f,=7mA bias and R,=200Q is
G= VT/ ICZX RCZ: 56.

4.2.2 Stability of the Inner Loop

The stability is studied by means of the open loop transfer functidis)®y opening the loop on

the base of § as in Figure 4-4. The input (emitter of)lis loaded by a capacitance simulating the
detector G ~ 1 nF. A lengthy analysis of the equivalent circuit of Figure 4-4 under the assumption
thatf; — oo, reey, e are large with respect of the other resistors and by disregarding non-domi-

nant terms yields:
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Figure 4-4.  Open loop circuit for the study of the stability.
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Figure 4-5 shows the root locus plot of the function L(§) as the value of the resistogRis
varied from 0 to 50@. At low Rg4 values, the poles are complex conjugates with a large imagi-

nary part leading to excessive ringing of the closed loop response. A valyg, 6f F00Q yields

RE1=1OOQ
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Figure 4-5. Root locus plot of the function 1 - &s) as the resistor g in Figure 4-4 is changed

from 0Q to 500Q.

poles closer to the real axis with acceptable ringing, even more so when the pole due to stray ca-
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pacitance on the collector of; Ts taken into account. When thg-Rresistor is taken into account,

the input resistance at the emittgqriecomes:

1/gm1+ REl
Ziy = —s— 4-6

for G>>1. It can also be seen thag Rby degenerating the emitter of ,Tiurther reduces the vari-
ation of Zy as the signal current increases thus improving the integral non-linearity. Last, but not
least, a resistive element in series with the emitter protecis §ase of a discharge in the detector

injects a large charge into the preamplifier. This requirement will be discussed in more detail later.

4.2.3 Noise Analysis of the Inner Loop
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Figure 4-6. Equivalent circuit for noise calculation of the inner loop.

In general, the noise of a two-port network can be described by its equivalent series and parallel
noise generators [53]. We now compute these equivalent noise generators for the inner feedback
loop.

Let us consider the simplified inner feedback loop of Figure 4-6,where the noise sources have

been shown.
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Itis easy to see that all the noise sources that contribute directly to the noise on the collector of
T, may be represented by an equivalent noise generator on the bagdiwided by the loop gain

G. The noise on the collector 0§ Tan be expressed by:

2 2 2 2 2 2
€ c2 = (in re2tin gD Reatenite, re1 4-7

assumingf, >> 1 so that the impedance into the baseffb/g,,» >> Rg; and where

iﬁ’ reo = 4KgT/R, is the thermal noise ofd3

. iﬁ’ g1 = 2qlg; isthe shot noise of the base currept T

e
91”}2” = ALTKB;L2 is the equivalent series noise of the shot noise of the collector current

ml
of Tl

All of these noise sources can be represented by an equivalent noise source on the,base of T

2 2

e2 _ G2 _&e2 4-8
n,c2 equiv- 2 2 2
m2Rc2

again assuming3; >> 1 so that the impedance into the base ¢fiSTlarge compared with &.
From Equation 4-8, it can be seen that these noise contributions appear divided by the loop gain G,
and are therefore second order terms when compared veﬁg = 4KBTE!%2 + rbb'a% , the noise
generator representing the shot noise of the collector curreahd the thermal noise of its base
spreading resistance.

Let us now compute the equivalent series noise genergigy eutside of the feedback loop,
of e,,. Its expression can be obtained by constructing the equivalent Thevenin genergtofof e

this extent we need to compute the unloaded voltage swing of the emittgraiielto ,. The

equivalent circuit is shown in Figure 4-7.

{ Viper = Vp1—Ve1 = —(G+ DV, + e, [G
Im1Vbe1t Voe?'Tp1=0 U Vpe1 =0 4-9

which yields:
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Figure 4-7.  Simplified circuit for the calculation of the equivalent series noise voltage generator

en,eqOf the generator,g (a) and its equivalent circuit (b).

_ G
Ver = €20z 06y 4-10

The equivalent noise generator will be, therefore:

2 2 _ /2 O
e, quen2 = 4KgT—

Ebml+ Mbb'2] 4-11

For a bias current of J 1, = 7 mA and ang,» = 2 Q (achieved by paralleling two devices),

we have
€ eq = [4KpT(1.6Q +20)](1/2) = 0.25 nVL/Hz 4-12

The equivalent parallel noise generator can be computed by shorting the input and calculating
the noise current of the various sources. Assumiwog =1, the noise current
iﬁl re1 = 4KgT/R, will give a full contribution, as well as the current sources connected to the
base of T, namely the shot noise of the base currentp&iid the thermal noise of the bias resistor
Rgias- We have, therefore:
2 4KgT 4KgT

ic = +
n, e
9 Rcz Rgias

+2qlg, 4-13

Assuming R =620Q, Rgjas =4 kQ, and gy = I/ By = 7 mA/150 = 47uA, we have:
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in eq = 6-8 PAL/HZ 4-14

or the noise of an equivalent parallel noise resistor:

2V
Ry = Re1#/ Rgpas #/ — = 620Q// 4 kQ // 714Q = 306 Q 4-15
B2

4.3 The Outer Loop

Another feedback loop (see Figure 4-2) is needed to achieve the desired input impedance. The

input impedance can be computed by analyzing the equivalent circuit of Figure 4-8.
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Figure 4-8. Equivalent representation of the circuit of Figure 4-3 for the calculation of the input

impedance g presented at the input.

which is the same circuit of Figure 4-3, with the outer feedback loop added. It is shown in Appen-

dix A that the impedance looking into the emitter ¢fist
REZ = 1/91’\2 + RCZ 0 RCZ =200Q 4-16

and is, therefore, high with respect of R1// R2 (R1 =Q.4or noise reasons, as it will be ex-
plained later). The load effect oERon the feedback network can, therefore, be disregarded.

Defining B = R4/R, as the feedback factor, we can write:
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gml

Vour = (Vin—Vour P) G T+g,Re, et 4-17
which yields:
Vour G Rey / G Rgyq 0 A
— =T + = = 4-18
VN 1/9m1t Res % B 1/gm1+RE1[| 1+BA
where

G R
€1 - A 4-19

R o S
(1/9m1t+ Rea)

is the opposite of the “forward” gain, as can be calculated looking at Figure 4-9.

Figure 4-9. Simplified schematic for the calculation of the forward gain. The degeneration on

the emitter of § due to the loading effect of the feedback network must be taken into account.

AzYour o IN*Rea 1 Voo Lo G
Vin Vin Vin ZinoL Y “1 1/gn1* Rey

4-20

by means of Equation 4-4, where:
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G = Rea 4-21
1/gno* R /R,

is the gain of the J transistor taking into account the emitter degeneration due to the feedback net-
work loading.

The closed loop input impedance can be calculated (assysqping 00, so thata, = 1) as:

Vin _ Vin _ Vin _ 1+BA

In ler Voutr/Rer A

Rey = (1+BA)Zg, 4-22

which is the familiar expression of a series feedback amplifier input impedance.
By means of Equation 4-19, we have:
(1+9y,1 Rey) R,
ZincL = mT +B Rey = ZoL *Rey R *R, 4-23
The closed loop input impedance is, therefore, due to a small tegn+2.6Q) weakly de-
pendent on g4, which changes with the signal level, and a larger term, due to the feedback which
is independent of the signal. When the bandwidth limitation, due to the capacitgcetk gain

point, the collector of T (see Figure 4-9) is taken into account, one can see that a pole zero cancel-

lation can be achieved by a small inductor in series wjth R

_1g1l 0 Ry +sL; Reci )
i = GE{JmlJrRElDJr Ry+Ry+sby 1+5R:1Cy 4ed
By equating the time constant of the pgj@nd the zera, = L4/Ry, it follows that:
_1gl oo R Res )
ZN = GE{;m1+RElﬂ+ R+ R, 4-25

R
1 [
1+ SRClB:oRl FR,0

and the bandwidth is extended by a fact@=1(R,+R,)/R;.
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4.3.1 Noise of the Outer Loop

It is a fundamental property of feedback circuits not to change the signal-to-noise ratio, except for
the loading effects of the feedback itself and of course for the noise added by the feedback ele-
ments [18, 63]. This result stems from the fact that the feedback changes both the signal and noise
transfer functions by the same factor, so that, even though the rms value of the noise at the output
is indeed different, the signal-to-noise ratio remains unchanged.

The feedback network RR, in the outer loop is made of resistive elements, so its effect on the
noise is just the additional noise of these resistors. Since<RRy, it will be the dominant noise
source. Also since the impedance seen into the emittep isf fuch larger than R the equivalent
noise generator of Rhas the same effect as the noise generator in series with the bag€eTbfeT
total equivalent series noise generator is thus given by Equation 4-11 with an additional term due

to Ry, namely:

2 2 _ /2 0
€ToT, quen2 +4KgTR; = 4KBTEg_1 oot RlD 4-26
m

For a bias current of J Ic,=7 mA, o = 2Q (achieved by paralleling two devices),

R1=2.4Q and a stray resistanceR,[10.3 Q in series with the inductory|.we have
€1ToT eq = [4KpT(1.6Q +2Q +2.40Q +0.30)](/2) = 0.32 nV//Hz 4-27

A more precise calculation taking into account the second order terms that have been disregarded
in Equation 4-27 gives a value of 0.35 n¥fiz . The equivalent parallel noise generator is the
same as in Equation 4-14, .. = 6.8 pA//Hz . The SPICE calculated equivalent series and paral-

lel noise generators are shown in Figure 4-10, in good agreement with the calculated values.

4.3.2 Stability of the Outer Loop

The stability of this circuit topology has also been studied in [64].
According to the Nyquist criterion for stability [65], the closed loop circuit will be stable if the

Nyquist diagram of the open loop transfer functie®d, = [3,& does not encircle the critical point
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Figure 4-10.  SPICE calculated parallel (a) and series (b) noise generators for the line terminating

preamplifier. The component values are the ones in Figure 4-14.

(- 1 +j0)inthecomplex plane in a clockwise direction. This is equivalent to the statement that the
Nyquist plot of1 + BA should not encircle the critical point (0 + j 0) of the complex plane.

While the direct measurement of the open loop transfer function requires modifications to the
circuit, by recalling the relationship between the input impedance and the loop gain

Zy oL = (1+ BA)Z,, , one can express the Nyquist criterion in a form that lends itself to a direct

measurement.
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The stability criterion can be applied to the functio £, since the zeroes df + BA arealso
the zeroes of | ¢ assuming that g_has no zeroes in the right half-plane, or equivalently that
the open loop input admittance HZ is a “stable” function, with no poles in the right half plane.
This is the case if the inner loop is a stable circuit.

The Nyquist criterion can, therefore, be restated as:

“The closed loop circuit is unconditionally stable if the Nyquist plot gf &_will

not encircle the critical point)(+ j 0) in a clockwise direction.”

This statement, of course, gives a condition of stability for the circuit of Figure 4-9, whose input is
unloaded. When the preamplifier is connected to a detector, represented by the imp@iance in

Figure 4-11 - a, the effect of loading must be taken into account. By building the equivalent

b)

'sl @ —_ 4—‘ — INORTON

NORTON

Zp

Figure 4-11.  Equivalent Norton circuit of the detector connection to the preamplifier.

Norton circuit of the detector cable combination, as in Figure 4-11-b, one can calculate the output

voltage as:

b~

1+ 1 1+BA

v = | z /Z PR - .
ouT NORTON ( IN,CL D) A NORTON YlN,CL+YD A

4-28

whereZp is the impedance seen looking into the transmission line connected to the detector. For
an ideal lossless line [27] we have:

- Zp +jZtan(wty) - —1/(wCp) + jZytan(wty)

Zp = Zg Zo+iZptan(oty) ) 1+ (tan(wty))/ (0ZCp) v

127



Equation 4-28 and [4-20], [4-22] allow the reformulation of the Nyquist criterion to assure the

stability of the overall circuit when connected to a detector:

“The closed loop circuit, connected to an input loggl &ill be stable if:

* itis stable when unloaded, i.e., the Nyquist plot gf & does not encircleQ(+j 0) in a

clockwise direction;

 the Nyquist plot of the input admittance does not encircle the critical p6intj(0) in a

clockwise direction”.

The quantityY y ¢, + Yp is the total input admittance of the preamplifier connected to a detector,
and can be measured directly, even though the resulting Nyquist plot can be difficult to interpret.
An immediately applicable sufficient condition for stability can be deducted starting from

Equation 4-28 and by recalling (Equation 4-22) that BA) = Zin.cL/ZoL
Vout = InorTON A T —=- 4-30

Provided thatA and g, have no poles in the right half plane (which is always truedgr ,a
passive network), the stability can be gauged by the Nyquist platpf; + Zp , which must not
encircle the critical pointq + j 0). This quantity does not lend itself to an easy direct measurement
though, since when the detector capacitance is connected through a line, only the ground near the
detector is readily available, and this is not enough for injecting a voltage signal in seriezgwith
The measurement &y ¢ + Zp atthe preamplifier input is also not easy since it requires a float-
ing voltage source. By recalling that for an ideal line connected to a pure capaciZance, is purely
imaginary, a sufficient condition for stability is that the real part gf & be always positive, since
this precludes the encirclement of (0 +j 0).

Even if the line has losses, they will introduce a positive real term in the impedance |, fur-

ther enhancing the stability.
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An easily applicable sufficient condition for stability of the outer loop can therefore be stated

as [64]:

“The closed loop circuit, for any input loading condition, will be stable if the real

part of the closed loop unloaded input impedanggc{ is always positive.”

The real and imaginary parts of the measured input impedance of the three versions of the pream-
plifiers are plotted in Figure 4-12, and it can be seen they satisfy the stability condition.

As an example of an unstable circuit, the case of an earlier version of the circuit, with a slower
output buffer, is presented in Figure 4-13. When the circuit is loaded with a CnF at the input
and the output 5@ termination is removed (which increases the gain), the circuit indeed becomes
unstable and the critical points are encircled.

All types of preamplifiers have been tested for stability, both in the nominal condition and in a
variety of failure modes of the connections (output open or shorted, input open, shorted or con-
nected to various lengths of transmission line open or shorted at the end) and it has always been

unconditionally stable.

4.4 The Output Buffer

Figure 4-14 shows the full schematic (power filtering and input discharge protection omitted)
of the 25Q, high gain (1 K2 transresistance) preamplifier. The output buffer has been realized as a
White follower [66, 67] biased through a PNP current source: different transresistances for the cir-
cuit can be realized by simply changing the value gf Rvithout having to readjust the bias of the
White follower. The White follower consists of an NPN-PNP pair and is used as a low output im-
pedance, low bias current output buffer.

Its signal transfer function can be studied by referring to the simplified schematic of

Figure 4-15-a. I3, - © and R,y —» 99, so that the open loop gain is very high, all the current to
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Figure 4-12.
sions of the line terminating preamplifier. The real part of the impedance is always positive, thus

assuring stability
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Figure 4-13.  Stability plots for an earlier version of the @3ine terminating preamplifier
equipped with a slow buffer, with a capacitor of 1 nF connected directly at the input. The output
50 Q termination has been removed, which causes an increase of the gain sufficient to make the

circuit oscillate.
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OUTPUT

Figure 4-14.  Full schematic of the line terminating preamplifier fgy 225Q and a maximum

input current of 5 mA. Power supply filtering and discharge protection network not shown.
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Figure 4-15.  Simplified schematic of the White follower (a) and equivalent circuit for the

calculation of the open loop gain (b). The loop has been opened at the emitteawd Tor sim-

plicity the collector of } has been grounded.
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the load will be delivered by J The collector current of T(which provides the base current of

T,) need not change, and therefore its base-emitter voltage will be constant, or namely
Vout = Vin 4-31

The White follower thus acts as a unity gain buffer. Singgll1g, does not change, the collec-

tor current of T will be
\'%
icp = = 4-32

Since modern bipolar transistors have consistently Bigfor a NE856 transistofyonm = 150
and By, = 100), the collector current of;will indeed be very low, so that it can be biased at low
standing current g; 0200 pA).

Let us now analyze the feedback loop. The feedback voltggerVs added in series with the
base emitter voltage ofTit is thus a series-series feedback. The input impedance will be high, in-

creased by the feedback, while the output impedance will be low.

Like all circuits in which a low output impedance is realized by means of feedback, the output

impedance will be inductive, making the circuit dangerously unstable when driving capacitive

loads. The stability of the circuit can be analyzed by studying the open loop transfer function, as in

Figure 4-15-b, in which for simplicity the collector of,Ts connected to ground. The open loop

transfer function is computed as the ragg/1+:

%
El
+0,1Veq = -
m1VEl T
Me1// RL

1+8Gaqper/ RLO

Vg2
be2// Req

4-33
(1+Styep// Re1Cr) = OmiVes

louT = 9m2 VB2

where G = Cyep+ Cyeo + Cocr:
By defining:
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R = R/ e OR,

. 4-34
R'c1 = Re1// The2
and solving for G = Igyt/lT, we have:
G, = R Ry 1 4-35
L = “Imi9m2"c1 T3 R0 R - -
(1 + SRClCT)%l + SCoell + RIL gmllj

The open loop transfer function has a dominant pole at time constant:

Ty = R1C1 OR:1Cper 4-36

since G; and G,.pare much smaller thangg, Figure 4-16 shows the root lows plot of @s the
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Figure 4-16.  Root locus plot of the open loop gain of the White follower varying the capacitance
Cpe2 The poles become real for,g,= 6.5 pF, requiring an additional capacitance of 1.5 pF in ad-

dition to the internal capacitance of. T

parameter g.»is changed. It can be seen that the poles of the closed loop transfer function could

become complex conjugate, or the circuit could even become unstable once the higher order poles
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are taken into account. On the other hand, reducigg(Bnd Ri1) to reduce the loop gain is not
very effective since also the dominant pole is moved to higher frequency.
To effectively reduce the frequency of the dominant pole is best to increasedt, as it has

been done, to add a capacitance between collector and base of T

4.4.1 Equivalent Noise Current Simulation

200 N\
N\

100 N\
N
\\\\
'<—E' N
£ 50 AN
aralle — _—
\

10
;erg

(@s)

N

20 50 100 200 500 1000
ty [ns]

Figure 4-17.  SPICE simulated ENI for the circuit of Figure 4-14 wigfrt 16 nsand g = 1.5 nF.

The transmission line is supposed ideal @rd100, the worst case value.

The SPICE simulated equivalent noise current (ENI) is shown in Figure 4-17 for the circuit of

Figure 4-14, in good agreement with the ENI values expected from the calculation presented in

Chapter 2.
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4.5 Performance of the Line Terminating Preamplifier

4.5.1 Advantages of the New Configuration

Figure 4-18 shows the full circuit schematic.

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 tran-
sistors (Q and GQ,, corresponding to T2, T2’ in Figure 4-14, 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 dissipatio).v@hich absorbs the 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 cur-
rent (due both to a change in the Jfgerm and the gain G in Equation 4-23 are now reduced to
about AZ, = 0.6Q or 2.4% for Zy = 25Q and an input current of 5 mA. In the previous config-
uration, the resistance change with signal was abo@® 4/518%.

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 currenf ia fow larger (4 K, because of
the lower DC current) and also to the lower series noise achieved by increasing the bias current of
the input transistor pair. Further noise reduction might be possible by monolithic integration of the
circuit. Fast, low noise bipolar processes which have-gdAoltage typically less than 5-6 V are
now usable. The size of the input transistor could, therefore, be increased, thus decreasing the net

value of ' To benefit from such a reduction, the value phiRist also be decreased.

4.5.2 Design Requirements
The warm preamplifier requirements and specifications are described in detail in the Atlas Liquid
Argon Technical Design Report [16, Sec. 10, 401-410].

The preamplifiers are the first amplification stage in the LAr readout architecture, which set
the noise performance of the calorimeter. They amplify the analog signal generated at the calorim-

eter electrodes. As the signal duration is long compared to the shaping time, a current preamplifi-
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Figure 4-18.

Circuit schematic of the 1082x series of preamplifiers.
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ers which provide a voltage output directly proportional to the input current has been chosen as

explained in Chapter 2.

More than one type of preamplifier is needed to achieve an optimum performance. The detec-
tor capacitance, the maximum energy deposited per readout tower as a function of rapidity, togeth-
er with the need of a maximum output signal of about 3-4 V, determine how many preamplifier
types are needed.

Table 4-1 identifies what type and how many preamplifiers are needed for each calorimeter

Table 4-1 Types and quantities of the preamplifiers needed in the ATLAS calorimeters.

Imax | Zin | Transimp. No. of
Type Cal. Section & [pF] [mA] | [Q] [Q] channels (*)
10823 Front & 160 - 500 1 50 3k 94336
Presampler
10824 Middle & Back 300 - 2000 5 25 1k 43904
(low current)
10826 Middle & Back 400 - 2000 10 25 500 35608
(high current)
10824 | Forward Calorimetef 300 - 2000 5 25 1k 4992
FCAL

*. The number of hybrids is equal to the number of channels divided by four.

section. It summarizes the capacitancg)@he maximum currents },,) estimated for the vari-

ous detector sections, as well the input impedangg) @nd the transimpedance of the preamplifi-
ers. Three preamplifier types will be needed in the experiment. They are identified with the
drawing numbers, 10823, 10824 and 10826, or with thgjr £, combination.

The most important requirements can be summarized as follow:

* Noise: as low as possible with respect to pile-up.
Rnoise= 10Q
ENI (typical values) see Table 4-2.

* Uniformity: TDR: < 5% in amplitude for trigger sums.

TDR: < +/- 2 ns timing
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Table 4-2 Noise specifications for the Atlas preamplifiers

Type

ENI [nA]

10823

<65 @ G =400 pF,§=40ns

10824
10826

<270 @ G = 2200 pF,3=40ns

10824
10826

<150 @ CD = 1500 pFyt=40 ns

» Power Dissipation:

e Environment:

* Reliability:

» ESD discharge:

+ Stability:

* Output impedance:

* Dynamic range:

TDR: < 100 mW(/ch

must tolerate
y-rays: 20 Gylyear (2 krad/year)
neutrons: 18 n/cnflyear

< 0.5% missing channels per year

must withstand 4 mJ multiple discharge without damage

(i.e. 2 kV on 2 nF typical)

must be stable even in the presence of faults in the signal chain

(short, open)
must be able to drive £90ad (i.e. the shaper input impedance)

up to 10 mA, depending on rapidity range

4.5.3 Experimental Characterization

Results of the experimental characterization, quality assurance and production statistics have been

reported in [61, 68]

Signal

Figure 4-19 a,b show the preamplifier and shaper response to the liquid argon signal (a triangular

current pulse with a duratiory + 400 ns and initial currentyl=1 mA) of the preamplifier with

Zi, = 50Q. The preamplifier rise time (10% to 90%) is about 45 ns, dominated by the input time

139



0.4
1.2 [ Y, W I R R A A A
. @ [\ (b)
NS EREVAREE e i
S \ / g [\
) o 0.4
g |/ E /
=/ =S I I N B A O
s | \/ |5 oo \
1.2
-0.4
1.6
0 200 400 600 800 1000 0 100 200 300 400 500
time [ns] time [ns]

Figure 4-19.  Preamplifier response (a) and shaper response (b) for a LAr type triangular current

pulse of durationgt= 400 ns. The other parameters arg:=I1 mA, G;=400pF, Z%,=50Q,
Tiine = 77 K. The 10%-90% rise time is about 45 ns. The shaper response is for a ERRC

with a 40 ns peaking time (5%-100%) for a LAr excitation.

constantr;, = Cp x Zg = 400 pFx 50Q = 20 ns. The shaper is a CR - Rélter with a time con-

stanttgy ~ 20 ns. The liquid argon signal peaking time is about 40 ns (5% to 100%).

Linearity

The integral non-linearity is defined as the maximum deviation of the peak voltage after shaping
with respect to a best fit line, normalized to the maximum amplitude (peak voltage at the maxi-
mum dynamic range), namely:

Vp—ﬁt
\Y,

INL = 4-37

p‘max

The worst case condition is for the case ¢f €0, since due to the absence of the input time
constant § Cp, the signal will be faster and any slew rate effect will be magnified. Possible

non-linearity effects will be more severe for theyZ= 25Q preamplifier since the change of the
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first term in Equation 4-22 over the dynamic range will be proportionally larger and is shown in

Figure 4-20.
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Figure 4-20.  Integral non-linearity of the line terminating preamplifier over the full dynamic

range for the 2%, 5 mA preamplifier. The measured value: i8.2%.

The non-linearity has also been measured with a detector capacitgred.6 nF connected
to the preamplifier with a transmission line gf= 16 ns electrical length and was found to be less
thanz 0.1%, or at the resolution limit of the measurement setup. These very low values of integral
non-linearity confirm that the preamplifiers are free of slew-rate or driver saturation problems and
that the reflections, due to the change of the input impedance with the signal, are of negligible im-

portance after filtering.

Noise

Figure 4-21 shows the measured series noise spectrum for a 0823 preamplifier. The average value
is §,= 0.37 nV//Hz , in good agreement with the simulation and calculation.

Figure 4-22 shows the measured ENI for a 1082423 mA) with and without af= 16 ns
transmission line between detector and preamplifier. The measurement has been performed at
room temperature by parralleling two pieces of RG1745@oaxial line in order to achieve a
25Q characteristic impedance. The skin effect resistance is approximately at410 MHz,
equivalent to the case of a higher loss line at cryogenic temperaturgy A400 pF the ENI is ap-

proximately equal to the case of no cable only at short peaking times, worse at longer peaking
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Figure 4-21. Measured series noise spectrum of the |0823X50 mA) preamplifier. The

average value is 0.37 nVHz

times. At G, = 1500 pF the ENI in the case of the 16 ns line is better up to aput30 ns, and
only slightly worse for longer shaping times.

Figure 4-23 compares the Zband 50Q at G, = 400 pF and 1500 pF. At low capacitance, the
50 Q case is always better than the Qxase as explained in Chapter 2. At higher capacitance the
25Q case yields a lower ENI up to aboyf t= 60 ns, due to the shorter input time constant which
yields a larger signal. At longer shaping times, outside the range of the ATLAS calorimeter read-
out, the 50Q case would be again slightly better. The ATLAS collaboration has decided to use a
50 Q preamplifier and cable for the readout of the low capacitance front section, &g&sm-

plifiers for the larger capacitance middle and back sections.

lonizing Radiation Tolerance

The main mechanism of ionizing radiation damage in semiconductor devices is by positive charg-

es trapped on the surfaces of insulating layers and interfaces. Therefore, bipolar devices are much
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Figure 4-22.  Measured ENI with and without g+ 16 ns transmission line at two different

detector capacitances. The measurement has been performed at room temperature with two RG174
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1000 = 1000
Zg=25Q ——

—_ — Zo=50Q ——

1) 0

£ =

.<EE. 100 < 100}

= =

i i
Cp = 1500 pF Cp = 400 pF
tgelay= 16 NS tyelay= 16 NS

10 L L L 'l 'l A i T T W . 10 " i i A ' ' Ll
20 50 100 150 200 20 50 100 150 200
t [NS] t, [ns]
Figure 4-23. Comparison of the 28 and 50Q cases at low and higher detector capacitance. The

length of the line isgt= 16 ns.
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less sensitive than MOS since they are junction devices which do not depend on & 8it8iO

face for their operation. Trapped charges on BJT surface layers produce an inversion layer which

effectively increases the volume where recombination can occur. This results in an increased sur-

face state generation-recombination current that reduces the current gain of the device. The effects
are larger at low current levels, since they are mostly surface currents and are, therefore, affected to
a larger extent.

Since the extent of the damage for a given dose depends strongly on the quality of the surface
(contaminants, broken bonds) and of the oxide, it varies greatly from device to device and there is
no general equation based on material properties and device parameters to quantify the relation-
ship of degradation versus dose and dose rate [69]. Degradation of gain due to ionizing radiation is
minimized at the collector current levels corresponding to the maxifiuegion of an unirradiat-
ed device [70]

Expected gamma doses over the life of the preamplifiers is estimated to be approximately
200 GY (2x 10" rad) silicon. It is expected that the total possible dose would be no more than
5 times this number or Prad. Two hybrid preamplifiers (one each of theQ%=nd 50 Q types)
under power were exposed to a total oP1@d. Both hybrids were measured for gain, peaking
time, ENI, and input impedance before irradiation and after total doses<df® and 1@ rad of
50co gamma radiation. Gain, peaking time, and ENI changed by less than the measuring error for
both hybrids after 1®rad. Average input impedance (of 4 channels) at selected doses for the two
devices is shown in Table 4-3.

Table 4-3 Input impedance versysdose

unirradiated 5 10* rad®%Co 10 rad®®Co
10823 51.3Q 50.1 (2.3% change) 48.8 (4.9% change)
10824 25.4Q 25.3 (0.4% change) 25.2 (0.8% change)

The circuits, are however, fully operational even after total doses in excess of 1 Mrad. At high-
er doses the device which is most sensitive to radiation damage is the first transistor of the White

follower (Q4 in the schematic of Figure 4-18), which is operated at onlya200
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Neutron Irradiation Effects

Bipolar devices, as their name implies, operate with both majority and minority carriers, and they
therefore exhibit a greater sensitivity to neutrons than their MOS counterparts. The principal dam-
age mechanism by incident neutrons on bipolar devices is the creation of lattice defects which in-
troduce trapping energy states, which cause a reduction of the minority carrier lifetime. This
directly affects the current gafpiby causing recombination of minority carriers as they are trans-
ported through the base into the collector. A second, less important effect is the change in resistiv-
ity of the silicon itself, as dopant atoms are inactivated as they are kicked off the lattice. Since the
neutron damage changes fundamental properties of the bulk silicon in a predictable way, a quanti-
tative expression that describes Bielegradation versus fluence has been developed. This is the

well established Messenger-Spratt equation [69]:

DK 4-38

where @, is the neutron fluenceyp; the transition angular frequency and K is the damage con-
stant. From Equation 4-38, it can be seen that fast bipolar transistors are intrinsically neutron hard:
their thin base and the field aided transport in the base minimize the majority carrier recombina-
tion. For this reason, fast transistors (the NE856 has[#85fGHz and the BF660;f11800 MHZ)

have been chosen.

Preamplifier hybrids have been irradiated at the Lowell University neutron irradiation facility,
with neutrons of average energy of 1.1 MeV up to a fluenceflp*3 n/cn?. The Lowell facility
is uniquely suited for neutron irradiation device studies, thanks to its very-lay contamination,
estimated to less than 1 krad at the 203 n/cn fluence.

No changes in gain, peaking time, ENI and input impedance larger than the measurement error
(about 0.5%) were measured. Preamplifier hybrids were also irradiated by other members of the
ATLAS collaboration at the SARA facility in Grenoble [71] up to a fluence of 10 n/cn?

(1 MeV equivalent). The SARA facility has a non-negligible gamma contamination, so the irradi-

ated hybrids also received a 3.6 kGy (360 krad) total dose. Their results, reported in [58], can
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therefore be regarded as “worst case”, closer to a “real life” situation in which the circuits will be
subjected to both ionizing radiation and neutrons. The SARA irradiation results for hybrids
equipped with fast BJTs, are summarized in Table 4-4.

Table 4-4 Change of measured parameters measured afterk0%* n/cn? neutron flu-
ence and a total dose of 3.6 kGy (360 krad) (from [58]).

Type Gain ENI Z|N
10823 -7% No change -7%
10824 -3% No change -3%

High Voltage Protection

Since the calorimeter requires a drift field established by means of an applied high voltage
(02 kV) across the gap, there is the possibility of discharges into the preamplifier. The specifica-
tion of the preamplifier require the capability to survive multiple 4 mJ discharges without damage.
Since series resistive elements cannot be used to dissipate the discharge energy for noise reasons,
protection is achieved by means of diodes which turn “ON” to protect the base-emitter junction of

T, and a series inductor, which, by presenting a large impedance to a fast impulse, limits the max-
imum current (see Figure 4-18.). The transisteisIfurther protected by the 100 resistor in se-

ries. The preamplifier has been able to withstand over 1,000 discharges when connected by the
minimum length of cable (2 m) with no degradation. A full study of the HV protection is presented

in [72].

4.6 Preamplifier Realization

The preamplifiers have been manufactured by means of thick film hybrid technology. This tech-
nology is well-known, with predictable time schedule for production and high reliability, as proven
in many high-energy physics experiments and applications where high reliability is required.

Moreover each device can be chosen to optimize its function (e.g. low noise) and many different
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type of devices (NPN, PNP, decoupling capacitors, etc.) are available. The channel density allows
for the larger size of the circuit.

Use of a more advanced monolithic technology was rejected because of the higher develop-
ment costs (a complementary bipolar process featuring low noise, radiation resistant transistors
would be necessary) and higher risks associated with the research and development, both in terms
of performance and schedule.

The hybrid design has been carried out with very conservative design rules (10 mils line,
10 mils separation) to both expand the pool of manufacturers and to improve the production yield.
The layout is shown in Figure 4-29.

The preamplifier characteristics meet and exceed the specifications. Figure 4-24 illustrates
peaking time, amplitude and noise distributions for the preamplifiers 10833 B0 Q,

Ivax =1 MA) and 10824 (& = 25Q, lyax = 5 MA).

All the preamplifier parameters are within +6& 8om the average value.

A pre-production run of 97 units (388 channels) of 10823 (Type A) preamplifiers and 84 units
(366 channels) of 10824 (Type B) has been burned-in and its performance has been measured and
analyzed.

Measurements were performed with the conditions summarized in Table 4-5.

Table 4-5 Experimental conditions for the pre-production tests.

10823 10824
(50 Q, 1 mA) (25 Q, 5 mA)
Detector Capacitance {C 330 pF 1.5nF
Cable Length (ns) 16 19
Cable Type RG174 2 x RG174 in parallel
(Zo=50Q) (Zo=25Q)

On a different production run also the input impedance has been measured and characterized
on 50 preamplifiers (200 channels) each of 10823, 10824 and 10826 preamplifiers.

The parameters measured are (see Table 4-6, 4-7) are:
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Gain
Peaking time
Noise

Input Impedance

Table 4-6 10823 - 50Q, 1 mA

Parameter Averagg  Tolerande rms % within -
Gain 981.8mV | +/-1.13% 3 99%
Peaking Time| 45.8 ns +/-0.34 ns| 0.14 ns 100%
(+/- 0.7%)
ENI 49.3 nA +/-3% 0.54 nA 99.2%
Zn 51.4Q +/-2.9% 0.6Q 100%
Table 4-7 10824 - 25Q, 1 mA
Parameter | Average Tolerange rms % within ¥/-3
Gain 612 mV +/- 1.5% 3.3mV 100%
Peaking Time| 52.6 ns +/- 0.7 ns| 0.3 ns 100%
(+/- 1.3%)
ENI 124 nA +/- 1.9% 0.8 nA 100%
Zin 258Q | +-1.8% | 0.17Q 100%

The histograms of the distributions are presented in Figure 4-24.

4.6.1 Burn-in Study
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The first series of hybrids produced (200 units), after being tested for electrical functionality, was
subjected to 168 hours of an environmental stress screening (or burn-in) at ambient temperature to
identify and eliminate deficiencies and early failures. Moreover few hybrids (eight units randomly
chosen) were fully characterized in term of gain, peaking time and noise before and after burn-in

to detect any possible variation of performances due to ageing effects.




10823 (5@, 1mA) 10824 (25Q, 5mA)

70
60| Average=982 go| Average=612
sol rms=3 5 rms=3.3
> >
2 2
40
Z aé §4o
< £30 2
O 20
20
10
0 0
960 964 968 972 976 980 984 988 992 996 1000 600 604 608 612 616 620 624
Peak Amplitude [mV] Peak Amplitude [mV]
100 100
Average=45.8 Average=52.6
o 80 80 -0.3
c = rms=0.14 . rms=0.
S 560 S 60
> >
S g g
g <40 = 40
(48]
& 20 20
0 0
45 452 454 456 458 46. 46.2 46.4 514 518 522 526 53. 534 538
peaking time [ns] peaking time [ns]
- 140 80
S 10| Average=49.3 Average=124.3
P —
= = 60
S 100} rms=0.54 - rms=0.8
(] & 2
L 380 g
®0 7 g40
O & 60 =
c
S 40 20
S 20
o
LLl 0 0
45 46. 47. 48. 49. 50. 51. 52. 53. 120 121 122 123 124 125 126 127 128 129 130
ENI rms [nA] ENI rms [nA]
Y M 50 ———————————————T———————
Average=25.8
© 4| Average=514 20 g
2 rms=0.17
c _50f rms=0.6
L) § &30
L F40 s
o 3 =
£ g30 £20
= 20
8_ 10
c 10
0 0
45. 46. 47. 48. 49. 50. 51. 52. 53. 54. 55. 25 252 25.4 25.6 25.8 26 26.2 26.4 26.6 26.8 27
ZIN[Q] ZIN[Q]

Figure 4-24.  Production statistics of important parameters of the 10823 and 10824 preamplifiers.
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At the conclusion of the burn-in only one channel failed to meet specification. The unit failed
because a PNP transistor (Q4) in the white follower broke during burn-in. After replacing the tran-
sistor the channel was tested again and it met all specifications.

The hybrids that were fully characterized before burn-in did not show any performance varia-
tion due to the environmental stress.

The burn-in results brought to the conclusion that the environmental conditions adopted for
the test were not sufficient to rule out all the early failure mechanisms. A more extensive burn-in
study was adopted for the batch of hybrids produced for the first full module of the calorimeter.
The temperature was elevated to ~°@and the time were extended up to 432 hours. The combi-
nation of elevated temperature and extended time did not increase the number of failures. The only
source of failures for thick-film hybrids was a cold solder joint.

Under the assumption that the same failure mechanism will be the only ones in the full pro-
duction of the ATLAS hybrids, was concluded that a burn-in of 168 hours at an elevated tempera-
ture of 70-80°C, will be used to eliminate all causes of infant mortality. A higher burn-in
temperature/shorter time is not achievable because some of the components used in the preamplifi-

ers are not rated for temperatures higher tharPCO@amely the inductors.

4.6.2 Reliability Evaluation

The reliability of the hybrids has been evaluated based on the internationally recognized method of
calculating electronic equipment reliability given in “Military Handbook MIL-HDBK-217", pub-
lished by the US Department of Defense. This standard uses a series of models for various catego-
ries of electronic components to predict failure rates that are affected by environmental conditions,
guality levels, stress conditions and various other parameters. These models are fully detailed in
MIL-HDBK-217. Most of the models in MIL-HDBK-217 use ten or more parameters for the cal-
culation of the component failure rate. Commercially available programs, such as “Milstress” from
ITEM software have been written to facilitate the calculation of failure rates and it was used for

this study.
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The TDR specification for channel failure rate is “0.5% missing channels per year” or “868
missing channels per year”. If the worst case condition is taken, i.e. one channel missing means a
full hybrid missing, the maximum tolerable failure rate per hybrid is “217 missing hybrids per
year” or 0.57 frmh (where frmh stands for failure per million hours of operation) or 1.95d@rs
“mean time between failure” (MTBF). The technology/component/design adopted for the hybrids
has to be evaluated against this benchmark.

The reliability prediction presented in this section is for guidance, the purpose of this calcula-
tion is to establish, by means of a consistent and uniform method, the reliability of what has to be
considered a “mature design”. The calculation is based on the two methods known as “Part Count”

and “Part Stress Analysis” and the following assumptions have been made:
» Most of the details used in the project are known, in term of material and components.

* In a hybrid package, resistors and inductors are considered to contribute insignificantly to

the overall hybrid failure rate and for this reason are assumed to have a failure rate of zero.
+ The hybrid temperature has been assumed to be known and equaCto 30

» The power dissipation of each hybrid component has been estimated from an actual hybrid
sample and from design analysis. It has been compared with the maximum power from the
component data sheet to obtain the “stress factor” for each individual hybrid component.

The stress factor has been always rounded up to the second figure.

» The hybrid quality has been chosen equal to “class B microelectronic” as defined in
Mil883-C screening procedure method 5004.9, namely an electronic apparatus not subject
to vibrations.

« The quality of the individual components used for the manufacturing has been set to

“industrial grade, RE".

The environment has been set to “ground benign”, that is the condition of electronic equip-

ment which is in a fixed position at ground level. Based on this information a failure rate of
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0.48 frmh or 2x 10° hours MTBF has been calculated. This result shows that the solution adopted
has a predicted reliability similar to the one requested by ATLAS TDR.

Figure 4-25 shows the significant component failure rates of a hybrid. The transistor Q5 (the

0.08

o 0.06
<
[
o
=
& 0.04
X
=2

0.02

0.00

NE856 Q5 BF660 Q4 NES56 Q2 ca c1
NES56 Q1 BF660Q6  NE856Q3  C6 c5

Part Number
Figure 4-25.  Failure rates of the most significant components.

NPN NE856 used in the white follower) is the single largest contributor to the hybrid failure rate
because of its largedg which increases the “stress factor” of the devices.
The failure rate is also temperature dependent as shown in Table 4-8.

Table 4-8 Failure as a function of temperature

Temperature (°C) frmh
20 0.44
30 0.48
40 0.59
50 0.70
60 0.76
70 0.93
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Highly Accelerated Life Tests

As an aid in testing the reliability and design limits of the preamplifietighly Accelerated.ife

Test (HALT) of a selected group of preamplifiers was performed at a Qualmark Corporation facil-
ity in Marlborough, Massachusetts. The purpose of these tests was to induce failures in a non-de-
structive way so as to expose weaknesses in design or manufacture. This information then can be
used to improve the devices and to select the manufacturing processes used in producing the devic-
es.

Twelve preamplifiers, six 10823 (50, 1 mA) and six 10824 (2%2, 5 mA), were mounted on
a board with power and signal input/output lines so that the response could be monitored during
the test. The board with the mounted preamplifiers was inserted in a computer controlled environ-
mental chamber and tightened to a “platform” which can be vibrated by simultaneous triaxial
shakers in a frequency range of 0 to 2 kHz.

The testing process was divided into 3 stages. The initial stage consisted of varying the tem-
perature of the preamplifiers, first gradually and then in rapid temperature cycling (between
- 100 °C and 100 °C). The second stage involved accelerating the preamplifiers at a fixed tempera-
ture (30 °C) starting at 5 Grms (Gravities root mean square) and increasing the acceleration in
steps of 5 Grms up to a maximum of 50 Grms. In the final stage, both acceleration and rapid ther-
mal cycling were combined.

The only preamplifier failure during the test was observed after many thermal cycles and at a
vibration ~ 50 Grms, where all four channels of one hybrid became intermittent. The failure was
caused by the failure of the + 3 V power pin. The edge pin solder joint broke due to the “fatigue”
accumulated in the test.

At the conclusion of the test the pin was replaced and the hybrid was found working within
specifications.

A visual inspection identified that some of the hybrid power pins (the four pins on the longest
side of the hybrid) were not centred into the pad and they were soldered at an angle with respect of

the ceramic substrate.
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The pins, the last components to be assembled, were hand-soldered in place. The pin assembly
is the least automated part of the manufacturing process. A more stringent inspection will be re-

quired for the final production.
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Appendix A: Impedance on the Emitterof T

a) =

Rea []

Ty
Rers

T

E?“El %TIT

Figure 4-26.  Equivalent circuit for the calculation of the impedance seen into the emittey @f T
the inner loop circuit. This impedance, approximately equalte [®200Q) is high with respect

of the value of R of the outer loop feedback network.

This appendix will show that the loading effect of the impedance seen into the emittgpaftiie
feedback network of the outer loop {RR, in Figure 4-2) can be disregarded in first approxima-
tion.

With reference to Figure 4-26 and disregarding,Rve can write:

Vipe2 = Veo—VE2

_ 4-39
Ve2 = Om2VpeRe2
AssumingB2 — oo, so that the base current can be disregarded, we have:
ls = Im2(Ve2=VE2) = —ImoReals— VeoOms 4-40
so that, by rearranging terms, we have:
Veo 1
ZE2 = _—i;— = %—24' RCZ DRCZ 4'41

The error due to the presence of the resistgriRless than 1%.
This calculation shows that the emitter of i§ a high impedance point @3 1200Q) with respect

of the resistor R=2.4Q in the feedback voltage divider, so that its loading effect can be disregarded.
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Figure 4-27.  Circuit schematic of the 1082x series of preamplifiers.
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Figure 4-28.  Photograph of the 10823 preamplifier.
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Layout of the 1082x series of ceramic hybrid modules. The one shown is the 10823.

Figure 4-29.

The other versions differ only for the component values.
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