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ABSTRACT

New packaging techniyues and new semi-conductor devices
are investigated for use in a direct-current amplifier. Three
amplifiers are designed and evaluated for use in a servo-leoop
which switches the amplifier alternately from one load to another.

The first amplifier design evaluates the use of two silicon
planar transistors packaged in a single can for a straight d.c.
amplifier.

The second amplifier design again utilizes two silicon
planar transistors used as switches for a chopper d.c. amplifier.

The last design considers the use of a pair of field~effect
transistors in the first stage of a d.c. amplifier.
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Chapter i

The Problem

1.1 Introduction

Rapid development in the art of semi-conductor device manufact-
uring has given‘the circult designer new solid state components with
greater stability and reliability than was possible only a short time
ago. More and more instrumentation and control systems are being con-
structed with semi-conductor devices as the critiéal components.
Perhaps one of the more difficult problems .of instrumentation is the
direct current amplifier. It is the purpose of this paper to in-
‘vestigate the newer semi-conductor components available and apply

them to the design of a highly stable direct current amplifier.

l.2 The Applicatidn

The aﬁplifier will be used in a feedback system which accurately
controls the current in an inductive loads Figure 1.l is a schematic
block diagram of this system« To further complicate the matter, the
current will be alternately switched from one load to another. A
highly stable source such as a standard cell can be used to supply
the reference. The sénsing resistor can be a high precision, low-
drift wire wound resistor. The only other critical component of the
system is the amblifier. The problem is that any drift of the ampli-
fier can not he distinguished from signal changes and, therefore, it
is desired that the drift of the amplifier referred to the input be
less than the smallest signal that the amplifier will see.

1.3 The Specifications

Defining the current in the loop that is being controlled as IO,

total system performance can be expressed:

-9~
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$— = Stability of controlled current _ (1.1)
(0]

Referring to Figure 1.1l it is seen that

Ry Rin

Ry + Rin , :

where Rin is the input resistance of the amplifier and since

Vg = I,

1 T Rg Rin

Vo=V, -V, =V, =1 —————
e r 8 R © R, + Ry,

Mhere~Yé is the error voltage at the amplifier input it is seen that
the error signal to the amplifier depends upon its input resistance;
and also that any change in input impedance will affect the amplitude
of T,. .
| Rg By
the change due to input resistance variations can be found to be
Rs2
AR, = (R + B)° &Rin
If we assume that R;, >7 Ry, then
R -
s
ARy =(3—) ARy,

Rin

and

To %5 ABin . (1.2)
B Rin Bin
If we associate an output resistance with the reference a similar
analysis can be made. Defining the voltage at the input of the amplifier
as wa, it is seen that:
Vgt = i v
RR +R, R .

and it is found that:

4 4 ' :
ANh - RR A'Rin (1.3)
V.~ R. R, :
in “in

Solving both eguations (1.2) and (1.3) for R, :
4

AR, R,
Rin = Ry in/ in = R, Stability of the input resistamce (1.4)
BP . Stability of the sensing resistor

-11-




Rip = BR ABin Rin = BR Stability of the input resistance (1.5)
AVR v

Stability of the reference

These equations will be used to determine input resistances
necessary in the designs that follow.

For the present, consider the two transistor switches in Figure 1.1
to be ideal. Then, for either switch position the following block

diagram is a valid representation of thé system.

Yo

I

L
-
D

[+S7

Vs

Figure 1.2
. Where the parameters are as follows:
VE the reference voltage

Vg the feedback voltage developed across the feedback resistor
Vo  the output voltage of the amplifier

Vp the supply voltage ‘

V.p the drift referred to the input of the amplifier

Y thé total admittance of the load and the sensing resistor

‘R the sensing resistor

I, the controlled load current

A the voltage gain of the amplifier

T ‘ the_significqnt break-point of the amplifier

_ The only inputs to the system are the voltage reference, amplifier
drift, and power supply variations. Dynamic performance of the loop
would depend only on power supply variations and switching. Now if

the switches are not gonsidered ideal and have saturafion voltages

that are different and if the load in both switch legs is different,
then switching will cause é step voltage change across these elements.
In terms of dynamic performance, the effect on Io ié the same as for

a step change in Vp. If switching transients are neglected, the block

-19-



diagram of Figure 1.2 will hold for the switching system with Vp
containing variations due to mismatching of loads and switches.
From the block diagram of Figure 1.2 the following relationships
holad:

Io(s)/gY _ X gt + 1
Vp(s) 1+ ARY 1+ ARY &t 41
—— 1l + AR.Y
1+ st S
IO(S) =¥_sT+l=sz+lT (l6)
Vp(sf K 81 1 s + K/T *
K

where K = 1 + ARSY
Considering Vb(s) to be a step voltage of magnitude Vp, Io(s)'is
found to be:
: YW o3 1l -K)
m - - .
IO(S)”%——[S S+ K/7 (1.7)

and finding the inverse LaPlace transform leads to:

io(t) = Xéz[l - (l—K)e'K/Tt]

K
Assume that ARSY >> 1 thent
((t) =Tm [1+ ARSYe'K/Tt] (1.8)
AR

S

< | ———}
Vi

o t
RUPRY |
‘R’
i e— HRS
o ' +
Figure 1.3
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The transients shown in Figure l.3 are added to the constant
steady state value of IO and for symmetrical switching the average
value of these transients is zero. $Since the possibility for un-
symmetrical switching does exist an attempt will be made to minimize
the error due to this transient over cne periocd T. From Figure 1.3

the following definitions are made:

<4

m
0. 5. Eﬁ; = O0ffset current

Ie = me = Peak transient current
Then the average current over one period is:

T -K
I =1 4+ T +}-/ Iee?dt
av o) os T o

(l -e T

l—]' (DH

I =I +I + T
Qv ] 0os

]

For Ty

(1.9)

If the current to be controlled is 100 m.a. and the total offset

HlmH

I =1 + T +
oV o) os

=la

A

is 1 microamp, the gain can be solved for. (Knowing the other para-

meters). Considering the known characteristics of the system, Vm

can be as much as 24 volts. With RS = 60 ohms and Yuvi— the gain is

800
found to be:

Vm oL

R " Ix10-6x60™
QeS8 S

6

A= -4 X 107 = 400,000

Allowing the average error for the transient also to be 1 microamp,

the time constant T can be found from equation (1.9).

- KT _ AR YT
T = Ie Iav error-._Ii__ Iav error

for T = 500 micro seconds

1

TmSXlO_h

so that the break frequency of the amplifier should be at fb = 314 cps.

The previous results were determined by assuming that the transistor
switches are ideal and that they switch simultaneously. This assumption
is not exactly true. The effects of non-ideal switching will be discussed
in a later section.

~1h-



Chapter II

The Conventional D.C. Amplifier

2«1 Difficulties of D.C. Amplifier Design

The design of transistorized d-c amplifiers has proven difficult
due to the variations in transistor parameters. The major cause of
variation is temperature with secondary effects caused by the drift
with time of these parameters. The critical parameters in a transistor
are the base to emitter voltage (VBE), the collector to base leakage
current (ICBQ), and the d-c beta (hFE)' In a transistor amplifier,
any drift of these parameters produces outputs which can not be dis-

tinguished from outputs caused by a signal change at the input.
Vee
R,
Leoo
Ry ey [V,
- Ve~ R
\ e

Figure 2.1

Figure 2.1 is a schematic of a single stage amplifier. As shown in
Appendix A, analysis of this stage leads to the following expression.

N S

ce " A 'int A Vmt A cso ~ Temo Br (2.1)
Where A = RS + (1 + hFE) RE

-15-
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| In equation (2.1):Vcc, VBE’ ICBO’ and hFE have been treated as in-

dependent variables. As a first order approximation, so as to under-
stand the effects of the various transistor parameters, this assumption
is wvalid. VBE’ hFE’ ICBO depend primarily upon the base current,
Junction temperature and ambient temperature. For the silicon planar
transistor the effect of Igpo is negligible (typically less than lO"8
amperes).compared to the other parameters so that it will be neglected
for all further analysis. Over small variations of base current hyg
can be considered essentially constant. For the transistors studied

in this paper, doubling the base current changés hFE by 10% at 25°C.
Over a limited range Vpp can be expressed as a linear function of the
base current, where Vg = Rgg Ig. If the dependency of Vgr is inserted
into equation (2.1)-then A= R, + Rpp + (1.+ hEE)BE' For the transistors
tested Rgp is found to be about 2.5 K ohms. for a base current of 15
microamps. The temperature variation- of VBE and hpp at around room
temperature is large enough to cause large error voltages at the output.
One other deficiency of this circuitvis the need for a well-stabilized

power supply.

2.2 The Differential D.C. Amplifier

The shortcomings of the single-ended amplifier stage can be reduced
considerably by use of the Slaughter circuit. Figure 2.2 is a schematic

representation of this circuit. The analysis is

TVcc

Ria

Re

Figure é.E ,
developed in Appendix A with the following result:

-16-



RS et

R 1L AT

R T

[ RE 2 ¥ Y

- R + R
Vo=V -V, = hmﬁl{;"l [1+ ———= RS 2 (1+ by 1V = Vg )

R R tRa

A Rs = (1« hm)](v BE2)
| R
hIEl(zR;lhg:? RLl - Vapo) - hFEE(iR;h?’:;) = (V) - Vgg) (2:3)
where
R, + R, R,
Amls RSI (l+hlf,m)+——='“—--Rs2 (1 + )

351 L (14 hml){ BS 2 (14 hemo 01 + R;l ~ (1 + b M2+ ) (el.h)-

Equations (2.3} and (2.4) are nearly exact; the only approximation made
is the neglecting of the output impedances of the transistors. The out-
put impedance is normally about 50K ohms for the transistors used in the
common-‘emitter configuration. Again, VIE and hIE have been chosen as
independent parameters so that their effects on amplifier performance

are placed in evidence. Assuming that RLl = RL2 = BL’ Bél = 332 = BS’
Rel = Rez = Re’ and hFE)>l»then equation (2.3) reduces toj

“opmy Ppgo B RL(V -+ e -
¥y

o= TR 2 ") AR ? (Vg1 = Veme)
hFElhI'E2 eRL _v)+hFEl.hTEEQReBI-( )
ARg® 1 ARZ " Ve \
e’ ("pmo V2 = Pemy v1)+ B, (hpm Ve - Pyme Veme) (2.5)

A‘Rs .

Sl

A study of equation (2.5) reveals that if VBEl = vBEé and heo. = he, and
if the rate of change of these parameters with respect to temperature is
also equai, then the effects of these parameters have canceled. This is
due to the differential action of the amplifier., Even if these parameters
are not perfectly ma‘bched;'it is reasonable to expect that temperature

effects have' been greatly reduced. Power supply variations have completely

-17_'
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canceled out. Use of this type of amplifier connection has eliminated
the undesired characteristics of the single-ended amplifier.

Further approximations to equations (2.4) and (2.5) will point
out useful facts necessary to the design of a differential amplifier.
Assuming that chyiRS, RC>7IRe, v =V o7 then eguations (2.4) and

BE1l BE
(2.5)=can be combined and reduced tot

v _ P fmme B (T2~ Va) (2.6)
gy + Bygp) Ry + gy By R,
If the transistors are perfectly balanced so that DFEL = hypo = hygm, then

e L

o " RFn R_ (Vp -7y (2.7

A

which is the expression for the voltage gain of the differential amplifier
stage. If, however, RS = Re = 0 then it would appear that the voltage

gain goes to infinity. As found in the analysis of the single-ended stage,

this result appears because of the assumption that Vgg is independent of

the input. Appendix A shows the effect of considering the dependency of
VBE upon the input. Considering this, it is found that

¢ <P R (V2 - V2
° TFgg + Bg + hyg Re

where RBE is still defined as in section 2.1,

(2.8)

Another important measure of quality of a differential amplifier is
its common-made rejection (CMR). The output, as previously defined, is
taken between the collectors. One form of unwanted signal or noise is
the signal that appears simultaneously at both inputs. This signal may
be due to pickup through stray wiring capacity, or appear due to power
supply variations or to a number of other reasons. If there are un-
balances in the amplifier, an output voltage will occur. The output
terminals have no way of distinguishing this signal from a wanted
signai and therefore the unwanted signal should be as small as possible.
CMR can be defined as the ratio of the gainvAc, of the amplifier with
the input signals equal and apposite (differential signal), to the gain
Ag of the amplifier with the input signals equal and of the same polarity.
8o that for equation (2.3) with variations due to Vpg ignored and all

symmetrical resistors matched:

-18-



A (hFEl + hFE&(RS + R 4 2Rc) + thElthEE R,

CMR = =— =

Bem (hppo = hpgy AR, + Rg)

and assuming that nFE>° 1 then

CMR = HhFEl hFEE Rc (2 9)
(hpgp = g1 )R, + Rg) ' )

The higher the common mode rejection, the better the amplifier will

reject common made signals. Ideal matching of hgp's will give the best
performance but for the non-ideal case, the larger Rc, the better the

common mode rejection.

2e3 Drift in a D.Cs Differential Amplifier

Drift in an amplifier can be divided into two categories; random
and predictable.” The latter can be traced to the variation of known
barameters such as temperature and power supply. Once the limits of
these disturbaﬁces are known, drift performance of any amplifier can
be'easily determined, Random drift can not be determined in advance;
it is a function of parameters that vary in a manner difficult to
describe. | |

It has been pcinted out in section 2.2 that use of a differential
mode of amplification reduces the effects of drift considerably.
Equation (2.5) indicates that if both hygy and Vpg Were to have the
same rate of drift and if both values were mmtched for a particular
palr of transistors then surely the effects of these parameters would
cancel. The problem that exists is how to achieve this‘matching.
Fairchild Semiconductor Corporation has come close to solving this
problem. Instead of trying to match two transistors from one or more
production runs, they choose their matched transistors before they
are evén placed on a header. This selection consists of taking the
silicon dice from the same slab of the production run. The planar
technique of diffusion allows the transistors to be selected before
encapsulation in a transistor package. After the units have been
selected they are both mounted on the same header and sealed in the
can with six leads coming to the outside, ' The units are electrically

isolated. Clearly, thermal gradients between transistors are kept to

-19-
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a minimum by this technique if the transistors are operated symmetrically

80 that internal heating may be neglected. Also, it is hoped that drifts

of the transistor parameters due to aging will be in the same direction.
For the purpose of this paper, three matched units type FSP-2

were cbtained from Fairchild, No specifications other than those

listed in Appendix C were asked for. Performance tests to determine

the devices*stability with temperature and time were conducted. Ex-

perimental determination of some parameters of signifigance were also

determined, The results of these tests will be discussed in later sections.

2.4 Practical Design of the Differential D.C. Amplifier

Figure 2.3 is a schemetic of a three stage differential amplifier.
Each pair of transistors is a FSP-2.

In the first stage the common resistor has been replaced by trans-
istor Q5 with its associated circuitry. The zener diode in‘the base
circuit of Q5 assures that nearly constant collector current flowse.

Therefore, Q5 is operated in the common base mode, causing its output

, impedance to be high and as has been shown this will improve the common

mode rejection. The collector resistors are tl% tolerance low tempera-
ture coefficient resistors with their values chosen so that 10 volts

appears at each collector when 1 milliamp of collector current flowse.

‘This current was chosen to take advantage of the higher hym at this

value and to keep the load impedance of this stage from being too large.
Generally, it is true that the noise should be a minimum at a lower
current, but the tests later showed that noise was not a significant
factor. A potentiometer is used to balance out any mismatches in the
circuit. Under operating conditions, the voltage at inputs 1 and 2

is 6 volts and the output voltage is 85 volts. This neccessitates
raising the voltage level at each successive stage.

The second stage design is similar to the first with the exception
that emitter resistors are used so that loading of the first stage is
not too large and a resistor is used for the emitter coupling.

The third stage converfs the differential signal to a single-
ended signal by taking the output only at the collector of Q6 and

shorting out the resistor in the collector circuit of Q5.

-20-
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The supply voltages are all taken from a tapﬁed, zener regulated
supply. The addition of the zener diodes further helps to regulate
the voltages supplied to each stage.

Capacitor Cl is provided to limit the upper cut-off frequency and
its effect will be discussed in a later section.

Feedback is incorporated in the amplifier in order to lower the
gain to the value determined in the specifications. Feedback also
helps to accomplish closed loop stability and to limit the effect

of hygp variations on gain from unit to unit.

2.5 Temperature Effects on the First Stage

Tests to determine temperature dependency were run so that per-
formance of the FSP-2 transistors could be evaluated. The results of
the tests also were studied to see if transistor performance could be
estimated by simple test procedures,

Temperature control was accomplished by use of a Delta Temperature
Chamber that can control to 1° Centigrade. The use of liguid CO2 to
cool the chamber quickly allowed tests to be run in a short time at
temperatures below ambient as well as at elevated temperature. The
output of the first stage was monitored using a Hewlett Packard Micro-
volt ammeter.

Figure 2.4 is a graph of the output variation as a functioh of
temperature for the three FSP-2's, The voltage gain of the stage
varies from 295 to 310 for the three units. Unit 2 has a temperature
coefficient, referred to the input of this amplifier, of only 8.16
microvolts/°C. at 27°C. It also shows the most linear variation over
this range. Units 1 and 3 exhibit greater temperature coefficients at
27°C but at higher temperatures there are bands where the coefficient
is less than that of unit 2. There are marked differences in the
three transistor-pairs. A graph of the base characteristics is shown
in Figure 2.5 a, b, ¢c. The base to emitter voltage of unit 1 follow
very closely, except at high base currents. At high base currents
there is a heating of the transistors due to the large collector
currents flowing. This should cause a change in VBE at the rate of
about -2mv per °C. The change is evident in the dropping off of the
curves. Since the hFE's are not perfectly matched, the power

-00-



Figure 2.4
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dissipated in the transistors is not equal due to the different
collector currents. This would cause some of the mismatch, but it
is believed that the greatest contributing factor is é%g@. Nedither
unit 2 nor 3 has its hyg's exactly matched, but the Vpg differential

~does not occur at higher base currents. Unit 2 appears to be matched

very closely over all base currents. It is also true that this unit

had the best temperature coefficient. Unit 3 is poorly matched between

1 and 30 microamps. These data would suggest that unit 2 had the best-

matched characteristics, and this was borne out by previous tests.
Figures 2.6a, b, ¢ show the variation of VBE as a funection of

temperature at a constant base current and collector voltage. 'There

is very close agreement for all three units. Unit 3 is the only one

showing any marked differences.

2.6 Performance of the Amplifier

With the amplifier operating open loop, data would be hard to obtain
because of the high gain. The voltage gain of the amplifier is greater
than 1 million and therefore feedback is used to lower the gain so that
measurements may be made more easily. Figure 2.7 * shows dlagrammatrically
one test setup that was used. The amplifier was connected as a gain of

10,000 amplifier. One volt output drift on the recorder was referred to

100 S >85 v
|

iM%
AAA.

—:]..— 79v .
T

RECORDER

qi

Figure 2.7

the input of the amplifier as an equivalent input drift signal. The 79
volt battery was used to step the voltage down so that the quiescent volt-
age at the input was zero for the output adjusted to 85 volts. Stable

1% resistors were used to minimize error due to these components. The

1 Tegt circuit devised by G. Rubissow of the MIT Instrumentation Laboratory
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six volt battery was a standard cell. With unit 2 in the first stage,
the temperature drift of the amplifier is shown in Figure 2.8. The
drift was in close agreement with the expected drift of the first stage alone.
For power supply variatioms of ilO%, the worst off-set o¢curred when
both the +120 volt supply and the -30 volt supply decreased to +108 volts
and =27 volts. The variation referred to the input was T5 microvolts.
Tests for frequency response and long~-time drift were taken in the
test setup of Figure 2,9. This is the system loop without switching and .
also operating at lower power levels. The current being controlled is
12 milliamps. Over a fifteen hour period, the peak to peak drift was less than
10 microvolts with the amplifier at constant temperature,

+\20 v

> «l 699

T | 25517

Figure 2.9

Without the capacitor across the input to the second stage, the
system oscillatésfat a frequeney of 320 K.C. ®Since this is a three
stage amplifier, this might be éxpected due to its high gain. Figure
2.10 shows the effect of this capacitor upon the frequency responses.
As the capacitor is increased in value, the damping of the system is
also increased as is evidenced by the reduction of the peaking. The
cross-over slope is -12 db/octave so that this system looks like a
second-order system at lower frequencies. A measure of stability of
a system is its phase margin, and for a second-order system a good

approximation is:2

%m“s“g'gf ' (2.10)
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Where g is the damping coefficient. From standard curves of second-

order systems, it is found for curve ¢ that E is .25 so that ¢pm = 28.5°,

This indicates that it will take another 28.5° phase shift to make the

system go absolutely unstable. For comparison, curve A has about 9° phase
margine.

2 Deltoro, V. and Parker, Principles of Control Systems Engineering
Dept. of Electrical Engin€eTring, C.CeNoY. 1950
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Chapter III

The Chopper D.C. Amplifier

3.1 The Chopper Modulator

It has been pointed out that the most difficult design problem in
"straight® de.c. amplifiers is the drift of parameters. A solution to the
problem is the use of a chopper modulatof. The modulator shifts the in-
formation from being centered around zero frequency to being centered
around some carrier frequency. This shift in frequency allows the signal
to be amplified by conventionsl a.c, amplifier techniques. Due to the
capacitive coupling of an a.c. amplifier, VBE and hFE drifts are not am-
plified by successive stages and are thus negligible as long as the
amplifier remains in its linear region, After amplification, the signal
is demodulated.

Figure 3.1 is a simple block diagram of a chopper amplifier. The
input signal is modulated by the carrier signal w, which is produced by
the oscillator.  After amplification the signal is demodulated by the same

oscillator so that synchronism is maintained.

V\"\

MODULATOR AMPLIFIER > DEMODULATOR > Vo

T | , :

OSCILLATOR

Figure 3.1
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As shown in Figure 3.2 the chopper modulator is a synchronized
switche In practice this is very often a mechanical switch which has
the advantage of being a passive device that comes very close to having
zero impedance when closed and infinite impedance.when open, When the
switch is open the input appears unattenuated at the output terminals;
when closed, the output 1s zeroc. The limitations of the mechanical chopper
are its short lifetime, limited switching speed, and its size. An answer

to these shortcomings is to use a transistor switche

VIV\ \_/°

©

f&h i
I

Figure 3.2

Transistors operated as switches do not suffer from any of the mechanical
chopper deficiencies but, instead, have their own particular drawbacks.
Figure 3.3 shows a simple transistor chopper along with its equivalent
circuits Thé switch is considered ideal. Vb is the voltage from collector

‘Eich :
o | o
l

T

Vin

4 ‘RE (E) ‘QL Vo

O | —

(b)

Figure 3.3
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to emitter when the switch 1s closed with Rs being the dynamic resistance.
When the switch is open the current ZI'.p represents the leakage current. It
is assumed that the driving source is positive enough to drive the transistor

into its saturation region. If we consider the switch open, then

R

and for the switch closed

e T B R BRI (5.2)

_ o A A A Y
where .

A“?LRS*“RLRCJ’RSRC - (3.3)

It is clear that the output voltage is a funection of the transistor para-

meters Vp, Ip, and RS- These parameters are functions of the operating

conditiong and of temperature for any transistor. Clearly, then, the drift

problem has not been completely solved. If we consider that RL>> Rc, then
Vo = Vin = ReIp (3.4)

for the switch closed. A lower;lng of Rc would decrease the effect of IP,

but this would also lower the impedance seen at the input terminals to the
chopper. If, also, RL>7RS, RL'))RS’ then

By |
V= -Bz Vin *+ vp - Rs_Ip | (3.5)

for the switch closed. Therefore, even if RS = ( the effect of VP would

limit the magnitude of the signal that eould be detected. For a typical

silicon transistor V is in the order of 100 millivolts or more. I will
usually be less than 100 mllll—mlcroamps at 25°C and RS will normally be

less than 200 ohms. _

In order to reduce the magnitude of V and Ip the transistor is often
operated in ‘the inverted connection, the roles of collector and emitter
are interchanged. The advantages of this mode of operation are reduced
offset voltages and leakage currents. An approximate expression for the

offset voltage in the normal connection isl

1
_ KT 1 1 kT 1 (1 +3 (3.6)
Vex= g t&*"q A |

1 Sperry Semiconductor Division "Chopper Transistors" Technical
Application Bulletin No. 2107 November 1960.
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wWhere

X - Boltzmann¥s constant 1.38 X 10-23 joule/°K

T - temperature degrees _Eelvin

g - electric charge 1.6 X 10~19 coulombs

o« - forward current transfer ratio measured near the saturation region
with collector and emitter reversed in the common base configuration
(inverse alpha).

pI— inverse beta near the saturation region

If the expression for the offset voltage in the inverse comnection is found,

it is kTl 1 _RTL 1
_ Vpr = - 5 2‘1\1" 7 (1+PN) (3.7)

Where o and ﬁ are the normal alpha and beta near the saturation region.

Normally PI is much less than ﬁH so that VPI is lower than VPN' If PI‘I = 50

and By = 2 then VPI ~ L a considerable reduction.
Toy - 20 _
A relationship can also be expressed for Ip so that for the normal
' 2
connection
- of
re=iz®r . L1, =1+Py 1
o w CBO ~ = CBO (3.8)
A Lab tAN + Ar |
and for the inverse connection
e - 2+Py TERo ' (3+9)
=TC T+@y +
SNy Ay *A:

Where ICBO is the collector to base cutoff, current and Igpn 1s the emitter
to base cutoff current. Agein, it is seen that the inverted connection has
a distinct advantage since ol yIgpy = dlylopp- Therefore, the ratio of offset

currents is
IPI=1+3I Imao 1+By A1 1

Ty L+By Iggo Lty Ay 2

The dynamic resistance Rg can also be described for the normal and in-

verted connections with the following approximate results.3
Ry 3 Puthr | (3.10)
adg  AWT +A1)

___ By +Fr | | (3.11)
b1 "y AL +fy) | |

2r8ia
Ibid
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where IR is the base drive. There is little difference in the order of
magnitude for either connection, although Rgy will be slightly lower than
Rgys Rs is also a function of base drive.

A method of further reducing the effects of Vj and Ip is to connect
two transistors in the manner indicated in Figure 3.4. This is a differ-
ential chopper mode where both transistors are turned on and off simultan-
eously. The input signal Vip is equal to Vi1 - V, and the output signal
Vo is equal to V3 - Vj. It is seen that for the switches open '

Br1 v Ro Roy1 Bra Rce Ro

TRy Ry 1 E, Ry VE-RLZL"'RCl Tr1 PR, ¥ Ry P2
If Ry; = RLE = Ry, RCl = Rao = Rc then
R Rc o B ,
Yo = B+ E, (v - v RL o+ Ry (191 L) (3.10)
Vé ,3\& Vaa V‘ RC\ 7 7 la
I Ru ] ' 7Y
B X1
: Mr %RLI R Rs) 2“%
\lm * o~ V . U Ve, vo
O L* 7 g
LN Rsz [h; -
Rax R
I
o——/"\\W e oAW1 P2 o
V?. RC)_ Vd. V‘). Rcz \/q.
(@) (b)
Figure 3.4

Any error due to the offset current is constrained to the difference
between transistor leakage currents which for a matched pair of transistors

may be made quite low. For the switches closed

v “RLlelV _RL2JRs2Vz+BLchlV _RL2Rc2V
o A 1 4 A Pl T A 2
~ Ryq Rop R R R
Ll 1
- __.Zl_____s.. I+ :RL_E.KQE%__E% Ipo (3.11)
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where A = Rpy Rgy + Bl Rep + Rgy Ry
A, = Bpp Rgp + Rpp Rop + Ryo R,
and for Ry, = Rpp = Ry Ry = Ryp = Ry Rgy = R, = Ry

o R, R B Ry B
A

v (v = Vo) + 5= (Vpy - Vo) - = (Ipy - ) (3.12)

o)

Errors with the switch closed due to V, and Ip are again constrained to
differencess

A matched pair of transistors used for a chopper application brings
up many problems such as those mentioned in Chapter 2. Drifts of Vb and ;p
tend to be the major source of trouble. A solution to the problem is to use
the same technique discussed before: two transistors in a single can. Fair-
child has available silicon planar transistors selected primarily for chopper
application. In this case only five terminals are brought out of the device.
The transistors have common collectors as shown in Figure 3.4a. The device
is called a FSP-l.

3.2 Performance of the FSP-1

By using a Tektronix transistor curve tracer it was determined that F N
is about 50 and thatP]:is sbout 2 for two separate units (four transistors)
tested, so that the ratios developed in section 3.1 are of the proper mag-
nitude. Fairchild lists the maximum value of Igpg at 25°C of 10 X 10-9
amperes. Using equation {3.9) it is found that Ipyay = »377 X 109 amperes.
So if Ry >>Rg and if R = 100K then the maximum offset due to leakage current
on one side of the chopper of Figure 3,4(b) would be only 37.7 microvolts.
Since differences are used in the differential chopper, this offset due to
leakage can be ignored when the switch is open.

Fairchild claims a maximum offset voltage of 100 microvolts at Ig = O.
and IB = 300 microamps. Since it is conceivable that emitter current might
be flowing in the differential chopper, tests were conducted at emitter
currents of 1.3 milliamps, 110 microamps and 10 microamps to determine the
effeet of temﬁerature upon the offset voltage. Figure 3.5 shows the results
of experimental aata obtained using a Delta Temperéture chamber to control
temperature. At the high current AVp has a slope of 10 microvolts per °C
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whereas at lower currents this is decreased appreciably. For a current
of 110 microamps there is actually a region in which the differential
voltage 1s essentially constant over ten degrees. It also appears that
at lower currents the transistor offget voltages change at different
rates so that the temperature coefficient changes sign. From this data.
it would seem that the current should be kept below or around 100 micro-
amps for minimum effect of Vpr if emitter current must flow in the circuit.
Another consideration of importance is the frequency of chopping.
Up to this point, the capacitance of the chopper has been neglected. The
collectors of the transistors have a capacitance of about 25 picofarads
maximum. When the transistor is turned off the capacitance must be charged.
If the rise time of a circuit is defined as the time that it takes the out-
put to rise from one-tenth to nine-tenths of its final value then it.is
found that the rise time is* t, = 2.2 RO | (3.13)
If the input signals are at a six volt level with respect to ground, then
R, should be about 50K in order to operate at the desired current level.
For this value of resistance the rise time is 2.75 Ms. To minimize errors
due to changes in rise time with aging and drift of components it is nec-
essary to chop at a low enough frequency so that the rise time is short
compared to half the period of the chopper frequency. The chopping frequency
chosen 1s 1 K.C. This allows the rise time to be slightly more than 1/2%
of the half period, It is reasonable to expect that RC will not drift more
than 10% in value so that the total change of rise time should be less than
1/20% of the half period.

3.3 Practical Design of the Chopper Amplifier
Figure 3.6 ghows one possible chopper amplifier design. The design

is divided into five sections.

The oscillator is a simple astable multivibrator designed to oscillate
at 1 K;Cn The output swings from approximately 14 volts positive to 5
volts negative, delivering about 600 microamps to the FSP-1 transistors
and 140 microamps to the 2N697 demodulator. |

The chopper is the differential configuration discussed earlier.

Since the transistors are on only half the time, the impednace is S0K

' Millman and Teub "Pulse amd Digital Circults" Chapter 2 P. 41 MeGraw Hill Co.

New York 1956
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when the switch is closed and infinite when the switch is open. Stable
resistors are used for the reasons discussed in Chapter l. The diodes
used in the base-collector circuit are protective devices and limit the
reverse voltage to the breakdown of the IN660 diodes, about 500 millivoltse
The capacitors are added in the base circuit in order to improve the turn-
on switching time.

The first stage of the a.c. amplifier is a differential to single-
~ended stage. As in the d,c. amplifier the differential stage has the
advantage of high common mode rejection. The small signal beta of the
2N336 is about 100 so that use of a 10K in the ‘emitter branches of the
input stageé allows a high input impedance. The gain of the first stage
is about five. The second stage is direct-coupled to the first, thereby
allowing the second stage bias scheme to be as simple as possible., A
high voltage gain is accomplished by using a TI 474 high beta transistor.
The small signal beta is about 150 at the bias level used. A low im-
pedance emitter follower output is used to drive the demodulator. Internal
dec. drifts within the amplifier will not be coupled to the demodulator
because of the capacitive coupling.

The demodulator stage uses a synchronized switch to sample the output.
The action is similar to the modulator action, except that errors caused
at this stage by offsets are not as significant as at the input, since any
offset here is divided by the preceeding gain when referred to the input
as drifte The switch section drives a filter with a break frequency
below 10 cps. The filter then drives an output d.ce stage.with a control

to set the output at 85 volts for a zero differential input.

3.4 Frequency Considerations

In order to illustrate more completely the effect of the chopper
freqﬁency.on the bandwidth, a frequency domain analyéis on a chopper
model will be done. Figure 3.7 is a block diagram of a chopper amplifier.
Consider that the bandwidth of the amplifier is large enough to pass
flft) completely. The form of fy(t) is as shown in Figure 3.8, so that

the Fourier transform is
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If the input signal is considered to have a rectangular spectrum with
bandwidth of 2wg as shown in Figure 3.9 then F;(w) can be found by con-
volution of F (n) and F (w) so that

r() = [ Flv)r( -vlw (3.15)

The convolution is done graphically in Figure 3.10. It is seen that if
2ws§'wl, then there is overlapping of the spectra and distortion will

occur since a filter could not be built to extract the information.
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Since the chopper amplifier is operating at 1K.C. the filter cut-
off was purposely made low enough to filter out any high frequency com~
Ponents in the signal, so that the current being controlled in the system
will have a minimum of high frequencj noise. The chopper amplifiexr
designed will not meet the transient specifications of the system but
since tﬁe purpose of this paper is to achieve a low-drift amplifier, the
design was tested. The transient specifications can.be met by utilizing
the chopper amplifier in a chopper-stabilized amplifier3 using a d.ce
“amplifier or by using another a.,c. amplifier in parallel with the chopper
amplifier to increase the bandwidth. '

3.5 Drift of the Chopper

A forty-seven hour drift test. of the chopper amplifier described was
run using the test setup of Figure 3.1l. The amplifier had an average
drift of less than ten microvolts when allowed to operate at room tempera-
ture. The temperature variation was probably about 4°C during the run of
the test. »

3 N
Okada., R.He "Stable Transistor Wide-Bend D-C Amplifiers" Communication
and Electronics March 1960 Page 26
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Chapter IV

The Field Effect Transistor Amplifier

4y1 The Field Effect Transistor

Recently a device called a field-effect transistor has appeared on the
market. Although not involving minority charge movement as does the con-
ventional transistor, it will be referred to as a transistor throughout
this paper. It was originally proposed by Shockley in 1952 with much of
his original transistor work. In 1953 Dacey and Rossl constructed the
first few units on the basis of Shockley's equations. These transistors
appeared to operate according to predictions, yet very little was done with
themn.

Figure 4.1 is a representation of the field effect transistor. By
applying a negative potential to the gate leads, the resistance of the
channel can be controlled. Keeping the drain voltage constant allows
the following definition of transconductance:

g =9I

m a’V’é\ Vp constant (4.1)

If the drain current is plotted as a function of drain voltage with the
gate voltage as a parameter, the family of Figure Le2 results. There is
a striking similarity to a pentode.

Dacey and Ross have shown the following relations to be true. The

resistance of the channel is:
L

° T 2376

where: @& conductivity of the n-type material
L length of the channel
2a.  the channel thickness
7  the channel width

R (k.2)

lDacey G. and Ross, I.M. Unipolar Field Effect Transistors, Proc. of the IRE
1953 Vol. 41 Page 970.
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The pinch-off voltage is:
W = qNa2/2K . ‘ | (4+3)

Where: gN = magnitude of the fixed donor charge density
K = dielectric constant v
If V - Vg = ¥, then the. transconductance is gmoll - ( - ﬁg; 1/2]  (k.4)
26z,

Where o = T which is the maximum transconductance. .The saturation drain

current is W}
Ipg = Ipg [1 A (3-2 -

&l

)] (ke5)
Where Ipg = gmg o which is the maximum current.

The input impedance of the field effect transistor is essentially that of
a back-biased p-n junction and is normally in the order of 100 megohms for
silicon. The output impedance is usually greater than 1 megohm. Figure 4.3

is a circuit model of the transistor that will hold over a wide frequency

range. C .
GATE ""| |'—‘ DRAIN
o- M/ -0
\J_ ‘21\ . :
Ru ‘l" Cis Rax T Caa 3mvcs
| source 7
Figure k4.3

Where C131 = 35 mmf, c21 = 7 mmf, Coo = 2 mmf. It can be seen that a field-

effect transistor can be handled in much the same manner as a pentode tube.

4,2 Field-Effect Transistor D.C. Amplifier

The design of an amplifier2 using a field-effect transistor is basically
simpler than a conventional amplifier design but some care must be taken to
utilize fully the characteristics of the device. Equation (h.h) describes
the transconductance as a.function of the gate voltage Vg'if Vp- Vg = ﬁb.
The transistor will be used under normal operating conditions so that Vg

will never be allowed to go positive. This would forward-bias the gate to

2 The only commercial supplier of fidld-effect transistors at the present is

" is Crystalonics, Inc., All the following tests were performed on devices
obtained from this company. A list of the signific ant characteristies can
be found in Appendix €.

-49-



source junction and consequently limit the device's use as an amplifier.
For all V, negative, equation (4.4) can be plotted as a function of Vg

as shown in Figure k.a.

A

N
o
L |
Ve
Wo™ _.] (]

Figure 4.ha

8y 1s a maximum when Vg = 0 and goes to zero when VG = Wb. Therefore, for
maximum gain it would appear that the bias should be operated at zero or
slightly negative.

The second critical factor in the design is the saturation drain
current. Eguation (h.E) also expresses this quantity as a function of Vg.
Figure 4.4 shows this relationship graphically. Clearly the maximum sat-
uration current occurs for Vg = O. The curve of Figure Lha is the deriva-

tive of the curve of Figure L.ib.
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Too
- 1
Ve
Wo ._,l 0

Figure L.4b
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The circuit of Figure 4.5 is a single stage amplifier. The d.c.
output voltage is V,, - Ipg Brs. If Vin = Vg = O, then Ipg = Ipye For
small variations, the small-signal equivalent model of Figure 4.3 can be
used. Ignoring the capacitors and assuming that all impedances are large

compared to Rg and RL’ the change in output is ANO =g RL AVin (h.6)

_—

-i- CC

Figure k4.5

It can be seen that if a large voltage gain is desired, both gy and Ry,
should be large. Normally, the higher gm 1s, the higher the drain current
will be and in order to operate in the linear portion of the characteristics

v
ce _
sired and if & = 1000 micromh®s, then Ry, = 100 K, so that for Ipg = 1 m.a.

will have to be large. TFor example, if a voltage gain of 100 is de-

a supply voltage of about 130 volts would be required to operate in the
saturated region. With this high a supply voltage, care must be taken that
. the drain~-to-gate voltage does not exceed the breakdown voltage.

Another important point in the d.c. amplifier design is that both gp
and Ipg are temperature dependent. From equation 4.4, for Vg = 0 it is

found dgm oa, 2" -
T T ® | (b)

The temperature dependency of g, is due mainly to the effects of temperature

on conductivity. Experimental work® has been done which expresses conductivity
as a funcfion of temperature. At temperatures below 300°K the temperature
depéndency of'the_conductivity is'Controlied by the impurity content as

shown in the sketch of Figure 4.6&. Pure intrinsic silicon has a positive

2 Corwell, Esther M. "Properties of Silicon and Gemanium" Proc. of the I.R.E.
1952 Vol. 40 Page 1333.
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temperature coefficient but as the doping increases, the temperature
coefficient actually changes sign. As found from the data sheet dis-
tributed by Crystalonics, the temperature coefficient of &n 1s negative and
therefore the device is being used in the extrinsic region. Since data

on the conductivity were not obtailned from Crystalonics at the writing of

this paper, only experimental determination of the temperature coefficient

was possible.
\looo 300 100 0 -850 =jo0 ‘C

—

HIGH DOPING

~__ LESS DoP
INTRINSIC UNE N\ ESS e

LOG OF CoNbueT)VITY

VERY LITTLE DOPING

‘/TEMP °K

Figure 4.6

' dIDG WQ dgm
From equation (4.5), for YG = 0, it is found that - =3 = For

the devices tested.Wb is approximately 15 volts, so that the temperature
coefficient of Ipg is about three times that of the transconductance.
Figure 4.6bis a graph of the change in Ipg as a function of temperature
for a typical C610 field-effect transistor. The measured temperature
coefficient is -.845% per °C. A differential d.c. amplifier configuration
would be superior to the single-ended stage. Drifts in saturation current
between stages Would_tend to cancel one another. A simple differential

stage is shown in Figure L4.T7. The circuit can be biased so that the source
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voltages of both transistors are close to the d«c. level of the signals
Vi and Ve Vp and V, must also be kept from going positive with respect
to the source. If the circuit and the transistors are perfectly balanced
the differential voltage V3 - Vh will be zero. For imbalances it will
be: Ipmo Rro = Ipg Bra- The small signal gain is found to be:3

V3 _Vy, . & By

- o .8
Rl A e TTER, (4.8)

where gy = g1 = &pps By = Ry = Rpp, Rg = Rgy = Rgp

?ﬁ Vec

2 Rey Rea

-Vee
Figure 4.7

The differential field-effect amplifief offers éome advantages over
the conventional transistor differential amplifier., The input impedance
is much higher for the field-effect amplifier. This is an important
consideration for the system in which this amplifier will find use.

There is no VEE drift term to consider but instead a Ip, drift term.
The drift voltage due to a ATy is referred to the input of the amplifier
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by dividing Al;. Py gy From the curve of Figure L.6, it is found that
AIBE-
P — - ,’ . (-] . . = Iy
= 2}*@[Oc.at 25.5°C+ TFor these transistors &n 200 micromhos, so
A : . AV
that = 10 mv/°C. A typical silicon transistor has & AT

—2.5mv/°c; so it is seen that the‘field-effect transistor has a slight

of about

disadvantage in this respect. Both €n and hpp changes with respect to
temperature depending upon the drain current and collector current in the

trangistors. From the typical curves given by Crystalonics Agm = -.25%/°C
AT

at a drain current of l.5 m.a. and at 25°C. At the same collector current

and temperature for a 2N338 tramsistor, AhFE - 55%/°C The field-effect

has a very slight advantage.

4.3 Temperature Compensation of the Field-Effect Amplifier

In order tc achieve temperature stability in a field-effect transistor
amplifier, it is necessary to temperature compensates Matching of transistors
should help considerably but since the units are in two cans, temperature

gradients will undoubtedly exist. Figure 4.8 shows one scheme of compensating

a differential amplifier. The resistor Rp is temperature sensitive. If the
input to the amplifier is zero, then the following relationships holds

Vo = I By - I(Ry + By)
and if only the effeets of temperature are considered,

dv R, dI dI dRT
0 2 "2 1 I
— d_—T_'(Rl+R)—~' l.a.'f_.
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If the amplifier is originally balanced for T, with Rl + Rp = Ro = R and

av
I, = Iy = I and if it is desired that -C-ﬁﬁ = 0, then
R 4I _I dRp (4.9)

-a—il-z
ar_drp - &1
ar — ar-  4ar

where

If the temperature sensitive resistor has a positive temperature coefficient

then'%% must also be positive. In the actual case this can be accomplished

by interchanging the transistors if %% is negative. In order to have some

idea of the order of magnitude involved some typical data was taken. W¥With
a

T daT

In order to satisfy equation (h.9)~the temperature coefficient of Rp must be

R = 100K, I = .25 m.a. and ;iT- = 0, & was found to be .2 microamps per °C.
80 ohms per °C. This coefficient was obtained from unmatched transistors;
it is expected that matched transistors might do better. This current im-

balance reflects to the input as a 1 mv/°C voltage imbalance.

L, Practical Design of the Field Effect Differential Amplifier

Figure 4.9 is a schematic of a differential amplifier using a pair
of field effect transistors in the first stage. The drain current in both
field-effect transistors is .3 m.a. For input voltages of 6 volts the
common sources will be at 6.2 volts, thereby backbiasing the transistors
by -.2 volts. The temperature compensation 1s accomplished by means of a
network in one of the drain braﬁches of the amplifier. Control of the
temperature coefficient is accomplished by means of the 10K potentiometer.
The 51R6 thermistor has a temperature coefficient of -L.4% per °C at
25°C. Its absolute value is about 100K. For a parallel network of a

standard resistor and a thermistor the temperature coefficient can be

found to be dR RE dBT
P . (L.10)
dT (R + RT)a dT

Where Rp is the parallel combination of the standard resistor R and the
thermistor RT. Use of a negative coefficient thermistor necessitates
selection of the transistor location so that temperature coefficients

will cancel,
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Transistor Q7 is used as a current source in the same manner
as for the conventional dec. amplifier. The remainder of the amplifier
uses standard resistors and the design is similar to that diécussed in
Chapter 2. FSP-2 units were used for the final two stages.

The test set-ups were identical to those described in Chapter 2, In
order to accomplish temperature compensation the entire amplifier was
immersed in a denatured kerosene bath that was controlled by a Gebrueder
Haske temperature controller. This allowed temperature to be controlled
to within 0.1°C.

Figure 4.10 shows the frequency response of the field-effect transistor
amplifier. The capacitor across the input to the second stage is a Ol
microfarad capacitor chosen so that the predominent break point is at about
100 cps. The peaking that occurs at 22 K.Cs is due to the significant
break points of the second two stages.

A drift run at a constant temperature for a period of fifteen hours

showed drifts less than 100 microvolts.
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Chapter V

The Current Switch

5.1 Performance of Transistors as Switches

It has_been assumed until now that the transistor switches described
in Chapter I are perfect. In the actual case there are delays associated
with the turn-on and turn-off times of the. transistor. Figure 5.1 shows
& typical common~emitter switch. The response of the collector current to
a step base current is shown in Figure 5.2. When a base current laxrge

enough to saturate the transistor is applied the time from t, until the

Ru IB
W\ -0 falod
= >t
Ic .LQ .t.‘ —
R Ic t&’
| B /I:cr»\.I A -41 {:15—
I KRS
] T Vee
i -
= 6 ~
Sk :
Ce—
f.
Figure 5.1 _ - . Figure 5.2

collector current reaches 10% of its steady state value is the delay

time tg. The rise time, t., is as defined previously from 10% to 90%

r
of the steady state value. When the base current is returned to Zero,
the transistor does not respond immediately but is delayed a time Ty
the storage time, from t; £0.90% of thé steady state current. The time

from the 90% to 10% of steady state current is the fall time tf.
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The delay time is a function of the reverse bias applied before
switching and the time required for the carriers to diffuse across
the base region. Since the d.c. beta is a function of the emitter
cﬁrrent, the delay time is also a function of the rate of the increasing
dec. beta as the emitter current increases.

The rise time is a function of the alpha~cutoff frequency, the
amount of base drive and the de.c. beta. The larger the base drive, the

~shorter the rise time.

When the transistor is saturated the collector voltage falls below
the base voltage, thereby forward biasing the collector-base junction.
The collector then injects a charge into the base region. The collector
current can not begin to decrease until this stored charge is swept away.
This is the cause of the storage time, The storage time is a function of
the length of time the transistor is on, hyg, the inverse alpha, and the
drive-on and drive-off currents.

The fall time is similar to the rise time and depends upon the
frequency response of the transistor. It also depends upon the drive-
off currents. If the voltage driving the base through resistor Rg in
Figure 5.1 is allowed to go negative, the turn-off current will go mega-

tive until the transistor is turned off.

5,2 Design of the Current Switch

It has been mentioned that the load being switched is an inductive
load. The switching of an’inductive_load would cause problems due to
high voltage transients which may cause transistor voltage breakdowns.
Another problem might be closed loop instability. One solution to the

problem is compensation of the inductive networks Figure 5.3a shows

\ I \

Figure 5.3
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the uncompensated network having an inductance L and a resistance R.

The admittance of this network is Tf%TEﬁf The network may be complemented

so that the admittance seen across its terminals is a pure conduetance
l/R- The complement of the RL network is an RC network with an admittance
of §;;7i735 where C ”'f%? « With the compensation the network is resist-
ive for all frequencies. When the switch is turned off the energy stored
in the capacitor and inductor is dissipated in the two resistors. The
ceircuit is critically damped so that the decay current through the inductor
will have a critically damped exponential wave form. Use of the compensated
network allows the design to be made without consideration of inductive
transients. Figure 5.4 is a schematic diagram of the current switch. The
two transistor switches (Q3 and Qh) in series with the load are driven
from the two driver transistors (Q5 and Q6), which in turn are driven by
the flip-flop pair (Q7 and Q8). The flip-flop is a bi-stable multivibrator
driven by negative pulses in a complementary mode. The frequency of oscil-
lation is therefore determined by the pulse source.

The two driver transistors are driven just slightly into saturation.
Also, "speed-up® capacitors are used in order to decrease the rise time
of Q5 and Q6 by allowing a large transient base current to be drawn. The
capacitors are variable trimming capacitors; the reason for their use will
be explained shortly. Since the transistors are not driven deeply into
saturation, storage time is decreased.

The switch transistors Q3 and Q4 are driven by Q5 and Q6. When Q5
is turned off, Q3 is driven on. The base current for Q3 is determined
by the +120 volts, the 8K resistor and the emitter voltage. Since the
dece amplifier controls the voltage across the 60 ohms to be 6 volts,
100 milliamperes will flow through the switch. For this circuit R = 750
ohms, so that the voltage at the emitter of Q3 is 81 volts. This causes
the base current to be_T.S milliamperes, driving the transistor just
slightly into saturation, thereby decreasing the storage time. When
Q5 is turned off the emitter is slightly reversé bilased by use of the 200
ohm resistor in the emitter brapch. Q4 and Q6 operate in an identical
manner. |

Transistors QL and Q2 are connected in a Darlington connection. The

output of the d.c. amplifier is connected to the base of Ql. The input
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impedance seen at the base terminals is approximately hypi byro R
where hyg] is the decs beta of QL and hyp, the d.c. beta of Q2. For
the transistors used the input impedance is approximately one megohm
whigh is sufficiently high to cause a negligible effect upon the d.c.
amplifier gain.

Transients caused by switching will cause an error in the average
current being controlled by the d.c., amplifier, which senses the voltage

across the 60 ohm resistor. The transients are caused by the various

. delays discussed earlier. For example, it can be seen that the current

tea

et

VARt
L/

flowing through Q3 is delayed in time from the triggering pulse by the
delays of Q7, @5, and Q3 itself. The three transistors turn on, off,
and on respectively. €learly, the delays are due to the turn~on times
(tg + tp) of transistors Q7 and Q3 and to the turn-off time (tg + tp)
of transistor 5. While this sequence of events is occurring, the com-
plementary sequence is occurring for transistors Q8, Q6, and Q4. Three

separate limiting cases can occur as shown in Figure 5.5«

Tas + Try

[
L\

Case *1‘ Cose ™2 Case ¥

Figure 5.5
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. The delays have been greatly exaggerated in respect to the switching
frequency so that their effect can be more easily shown.
Case 1 is the desired effect, Although the delays may occur in
the transistors, the effect on the sampled waveform, which is the sum
of the two emitter currents of Q3 and QM, is a constant if the rise
time and fall times are equal and if they occur simultaneously (assuming
the same type wave form for each). This case is unlikely.
Case 2 in Figure 5,5 shows the effect of one transistor turning
4on before the other has turned off. This assumes that the response of
the de.c. amplifier is toc slow to sense the change.
The illustration of the third case in Figure 5.5 shows what ocecurs
if one transistor turns off before the other turns on. For this case,
the amplifier can not respond since the loop is open for this brief period.
For this circuit without the 47 microfarad capacitor across the 60
ohm resistor experimental results in&icated that case 3 was the actual casee.
Using a Tektronix 545 oscilloscope to record the waveform across the 60 ohm
resistor it was found that there was a negative pulse of slightly less than
a micro-second duration. Sinée the pulse went completely six volts neg-
ative, this showed that one transistor turned off completely befére the
other turned on« Two schemes were used to minimize the pulse, First
the "speed-up” capacitors of transistors Q5 and @6 were made adjustable
so0 that the rise times of the transistors could be varied., This allowed
better balancing of the delays to both transistor switches. The ranges
of the capacitors were determined experimentally by observing the oscillos-
cope pattern. The second scheme used was correcting of a .H7 microfarad
capacitor across the 60 ohm .resistor. The filtering action was sufficient
to cause the pulse to be decreased to less than 100 millivolts. Since the
frequency break—point;of thisg filter is at abouf 5000 cps, the effect upon

the d.c. amplifier performance is negligible.
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Chapter VI

Closed Loop Dynamic Performénce of the Amplifiers

6.1 Evaluation of the Amplifiers

The three amplifiers designed in this paper were tested in the
complete closed loop. The tests included the effects of switching
frequency and of load imbalances upon the drift stability of the loop.

Figure 6.0 shows the complete test set-up for each amplifier.

With this arrangement all the necessary information was obtained.

M MPUFIER > cURRenT [ G.h.S.L.

REF, — SWiten ‘ PuLsSE

B [ GEN.

1 | % R,

.| HP 425 AR VARIAN | TEKTRONIX

pC MicRo - S RECORDER L—y SCOoPE

> VLT AMWETER GIlA S4s5

Figllre 600

6.2 Performance of the FSP-2 Amplifier

With the FSP-2 amplifier conre cted in the loop about 15 microamps

of base current is drawn at each input. The use of internal feedback in
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the amplifier tends to increase the dymamic input impedance. For this
amplifier the input impedance is greater than 100K.

The output impedance of the amplifier 1s the parallel combination
of the 51K output resistor and the output impedance of final stage transistor.
The total impedance is in the order of 25K, which is sufficiently low so
that the switch does not load the amplifier.

The photographs in.Figure 6.1 show the dynamic performance of the
amplifier while switching 1600 times a second. Figure 6.la is the out-

put of the amplifier with the switch loads matched to give an offset of

less than .5 volts. Because the amplifier is underdamped, ringing of the
output occurs for every switching time. Figure 6.1b shows the effect of

an approximate 2.5 volt mismatch of loading upon the amplifier output.

The positive pulse occurring just before the drop in level is caused by
both transistor switches being off simultaneously. The voltage across

the sensing resistor is shown in both Figures 6.lc and 6.1d. The difference
in switching levels can not be noticed on the Tektronix scépe when the load
is mismatched but the difference between levels is 100 microvolts as measured
on the d.c. microvolt meter. This is equivalent to about a 1.6 microampere
error in the average current. The negative pulse caused by both switch
transistors being off simultaneously can be seen in Figure 6.lc. The last
phbtograph, Figure 6.1d is an enlarged view of the transient.

Random drift is a difficult parameter to define for a d.c. amplifier
since it can consist of a constantly inereasing error and also an error
that oscillates at random frequencies. Figure 6.2 is a four hour section
of a drift-test on the FSP-2 amplifier. There is a consistent noise level
of sbout 10 microvolts. There is also a peak to peak drift of about 4O
microvolts. The transients of sometimes 200 microvolts can be attributed
chiefiy to line sﬁrges énd temperature control transients. There appears
to be no constant drift over this short time interval and this section is
taken from a 24 hour test in which every b hour section is essentially the

samee

6.3 Performance of the Chopper Amplifier

As mentioned earlier, the input impedance of the chopper amplifier

50K with switch closeds The input current into the amplifier is 120
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microamperes when the transistor switches are closed or an average of
60 microamperes. $Since the resistors used in the chopper are highly-
stable'components, the drift of input impedance should be small.

The output impedance of the chopper is approximately 20K and is
therefore small enough so that the switch does not appreciably load the
amplifier. ‘ "

Figure 643 is a collection of waweforms taken from the chopper
amplifier. 'The output voltage at the chopper output is showm in Figure
‘6.3a. The transients are caused by the current switch and on the scale
of this photogreph the chopper transients are not noticéble. Figure 6.3b
is the.waveform across the sampling resistor with the loads matched.

It is nbticed_that the frequency response is too low, as was mentioned
earlier, by the long time constant (about 30 microseconds)=that is shown
in Figure 6.3c. The effect of the lower gain is seen in the photograph
of Figure 6.,3d. The load had *
been mismatched to 2.5 volts with a differential of 40 millivolts occurring
between levels at the éensing resistor. This corresponds to an error of
about 330 microamps in the controlled current. The noise pulses that appear
at switching are caused by feedthrough of the triggering pulse from the
pulse generator.

| A section of a twenty-four hour drift test is shown in Figure 6.k.
There 1s an obvious drift of about -~100 mierovolts per hour. It should
be pointed out, however, that as the test progressed the drift reversed
direction from time to time so that the drift was not coﬁstant over the -
entire 24 hours. There is also a peak to peak noise of about 100 micro-
volts riding on top of the drift. '

6.4 Performance of the Field-Effect Amplifier

The 'field-effect amplifier has the advantage of having a very high
input impedance, so there are no input stability problems with which to
contend. A

Since the output stage of the amplifier is identical to that of the
FgP-2 amplifier, the output iméedance‘is also in the order of 25K.

Figure 6.5 shows the waveforms at the amplifier output and across

the sensing resistor. The photograph of Figure 6.5a is the output of
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the amplifier for the loads matched to within 100 millivolts. The photo-
graph of Figure 6.5b shows the same output when the loads are mismatched
to 600 millivolts. There was no noticable effect upon the waveform of
the sensing resistor which is shown in Figure 6.5c. The transient that
occurs at switching is shown expanded in Figure 6.5d. As expected, the
waveform indicates that the loop. is under-damped. _

A four hour section of the drift test is shown in Figure 6,6. The
transients occurring approximately every two minutes are caused by the
turning on of the temperature controller. The constant noise level is
about 50 microvolts. It is seen that the drift over four hours was in
the order of 50 microvolts for this sample. As was the case for the other
amplifiers, this drift would change direction from time to time.

6.5 Summary of Performance

The table below summarizes the performance of the three amplifiers.

FSp-2

Straight D.C. Chopper de.co. Field-effect
Amplifier Amplifier Amplifier dece Amplifier
Input Impedance > 100K 50K or»l00 Meg. 10 Meg.
Output Impedance 25K 20K 25K
Transient Response Underdamped Overdamped Uhderd@gggd
Freqgs, Response 0 to 30 K.C» 0 to 30 K.C. 0 to 5 cps
{closed loop)
Short term drift £ 5Mv/day 100 4 v/hr 12mv/hr
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Chapter VII

" Conclusions

7.1 Conclusions

The objective df this paper was to inveétigate the most recent semi-
conductor devices on the market and evaluate their use in a low-drift
direct-current amplifier, All three techniques investigated have met
with some measure of successe.

The F3P-2 gtraight dec, amplifier has presented the simplest answer
to the problem. The design itself is not critical and components are
limited to only those necessary to achieve acceptable performancé. The
two-in-one approach has shown that a "straight" d.c. amplifier can be
donstructed with as low as 5 microvolts per °C temperature drift without
any special temperature compensating circuits and without close tolerance
gelection of transistorss If transistors are to be selected for stability
with temperature variations, it appears that a comparison of the base
characteristics along with hpg matching might result in very good tempera-
ture stability of a differential amplifier.,

The field-effect transistor has also proven its feasability for d.c.
amplifier design. The major source of difficulty is the temperature
dependency of the transcenductance and the drain current. Although it
was thought that matching of these parameters for transistors used in
the first'stage of a differential amplifier might improve the temperature
coefficient of the amplifier, this was not found to be the answer, As
pointed out previously, the mechanisms controlling the temperature de-
pendency of the conductivity are complicated, so that the solution to
this problem is not completely evident. It is expected that as the state
of the art advances for the.field-effect transistor, better temperature
stability will be ‘achieved. Nevertheless, the amplifier can be compensated

for these temperature variations, and good performance can be the result.

iy (S



It is also felt that the high input impedance of the field-effect

tranéistor is an important factor, and for this reason the device is

superior to a conventional transistor for many d.c. amplifier applications.
The chopper amplifier was the poorest of the three amplifiers but

not because of the chopper transistors. It was found that the two-in-one

approach works very well for minimization of offset errors. Because of its

complexity it is believed that the chopper approach is reasonable only

when size is not a problem.
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Appendix A

A.1 Analysis of a Single-S8tage D.C. Amplifier

Figure A.l is a schematic representation of a single-stage amplifier
along with its associated signal flow graph. -

Figure A.1

I VEE is considered an independent source, the output is
Rq : Ry 1T +R, '
Vo=V " TFE Vin *T+R Vet R (1 + b)) [-TopoRp ] (a.1)

.gn-:-(1+hm) - §S?(1+bm)

Considering VBE to be a dependent variable adds another loop in the flow graph
as shown by the dotted branch Rpg. With this addition the third term on the
right side of egquation (A.l) vanishes and the determinent of the network changes,

so that RBE

A=1+R%e-(l+hFE)+§—s— (a.2)
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A+2 Analysis of a Differential D.C. Amplifier

Figure A.2 is the schematic representation of a differential D.C.
amplifier along with its associated signal flow graph. The effects of
Ico have been neglected, as has the output impedance of the transistorse.
If VBE is considered to be independent, solution of the flow graph for

V3 results in the following equation.

0 \/
RU RLL <<
V3 VH
Rs. o<, o . Rsz
o —WA—0C
v, Ve

QE\ RCZ

Ic.;_ ," R L2 V‘i

7 235?— - R‘z/lesz_

VB& 2 Figure A.2
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by By
l’li"l‘(vl'VBEl) R

Vo o= Vg, - (14 Exler () )]
37 'ce A Ryo * Brmo

by (L + bggo) Ry Rpy
Rs1 Bgo

+ — % (V2 - VEE:Q) (4.3)
Wwhere
Awl 4t &l CR; el (1 + np )+ =222 CR; Te (1+h,)
R C + e2
RSl * ) 7R O )]
Rc (1 + (1 + (a.h)
RSl o hFEl hFEE A

It hFE>>l’ RC>> Rel’ RC>> Re2’ then equation (A.3) can be reduced to

v, =% ., 1 Ppgp B (Vo = Vy + Vi - Vi) (4.5)
o0 " Ry Ryp * By 31+hmlhme(31*3eg) |

In a similar matter the expression for V) can be derived, so that

v o J¥EL “rEe (R Rpp) (Vg = ¥y + Vg - V)
b7 g By + bpgo Bo + B hme (R, +R.o)

If the transistors are perfectly matched and if Ry = Ryp = Rry Rg1 = Rgo =

V = V
o

(A.6)

Rgl = Rep = Re, then o hIERL(Vz'Vl (A.7)
o) A4
RS + hFE Ré

If Vg is considered to be a dependent variable, then the two additional

loops‘of the flow-graph in Figure A.2 are added. If this is done it can

Be found that hFE RL (V
REERShFER

vhere Rppy = Rgmo ™ Bpg,

(4.8)
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Appendix B

B.1l Analysis of a Single-Stage F.E. Amplifier

Figure Byl is a schematic representation of a single-stage field-
effect amplifier and its associated small-signal equivalent circuit.
The flow-graph for thié circuit is shown in Figure Bs2. In order to
simplify the analysis the impedance from source to drain has been

neglected along with the input and output capacitances. In the flow
graph Rl = Bs + Ri .

Nee

R Rs

o \, AMA- 1
—
+ Ih R‘ VS @ &
Vin O

|
A\ y \ % \ .Qq\l, | R..%l\/o
% \19% l

\Re

Figure B.2
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Solution of the flow-graph for the output voltage leads to

e R Ri e RL
R, TR ) *R R R,
. O
v, o= y ‘ Vin . (B.1)
vhere .
R R, R R 2g  R.
A=l + e(lR-i- En 1) + RLR-i- e + e RLR(lR+ €n i) (B.2)
1 o} o i

- If both R; and Ry are large compared to all other resistors in the

circuit, then equation (Bol) reduces to

Vo=_'im+R§mRé | B (B.3)

B.2 Analysis of a Differential F.E. Amplifier

The equivalent circuit of the field-effect transistor shown in
Figure B.3 neglects all impedances of the transistor since these are
all large compared to the circuit impedances. The signal flow graph 1s shown .
in Figure B.k. Solving for V3, it 1s found that

P Ve

Figure B.3
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v m1 R 1+ B (Be + Be2)] V1 4+ Bm Emo Bra B Vo (B.4)
377 A ’

where

A=l+gmtl(Re1+RC)+gm2(Re+RC)
gmi gm2 Rel Re2 + 2gm1 €mo Re2 Rc

(B.5)

S8imilarly, V) can be solved for so that the differential output voltage is

v
Y v _Vh=gm2EL2 2

- &ny By Vi ey g B (Rlez’RLevl)
o 3 A

i 8o FBro (Be * Re1) Yo = B (Be * Bep) V13

(B.6)
Rpp = B, Rep = Rep = Fe then
Vo (Bn2 V2 - %m1 V2) 4 it Enp P, (B )2 (B.7)
1+ (R, +R ) gy +&,) + ey &, R(R, +R) |
Also, if Epy =

If the circuit is balanced so that RLIL

g, = g, 1s substituted into eguation (B.7), then it can
be factored so that

T Y G T ) _
Vo= @+ g, RJIL + g (2R, +R]] (Vl - V2) (B.8)

which is simply

g
vo=-_ﬁ-R-2;—i:(vl-v) (B.9)
O ~%Bmi Rel
v, o &1 o \/3
=9, Re
3"126 4 3 ! '
Yz Re <
Vo y B Vy
: l
_"5»\12;:
Figurc B.b
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Appendix C

C.1l Important Characteristics of Fairchild FSP-1 Matched Transistors

Maximum offset voltage 100 V at Ip) gng o = 299——2 IEl and 2 = 0.
Typical emitter to base cutoff current 0.6 m a at VEBl or 2 = 5V In = O.
Typical collector to base cutoff current 0.6 m a at Vgp] or o = 25V Ip=O.
Collector to emitter voltage 20V Igrl qr o = 1 ma Ig = O.

D.C. Beta ratio between 0.9 and 1.l at Icgl and 2 = 1.0ma Vup = 5V.

C.2 Important Characteristics of Fairchild FSP-2 Matched Transistors

Minimum D.C. current gain 30 at IC = 1 m.a. VCE = 10V.
Typical collector cutoff current 0.8 m a at VCB = 25V - Iz = O.
Maximum base voltage differential 30 mv at Iy = 1 m.a. Vop = 5V

D.C. beta ratio between 0.9 and 1.1 at Ip = 1 m.a. Veg = 10v.

C.3 Important Characteristics of Crystalonics C 610 Field-Effect
Transistors
Maximum pinch-off voltage 20 volts.
Transconductance between 100 and 400 micromhos at drain voltage of
of 24 volts.
Maximum saturated drain éurrent 1 m.a. at drain voltage of 24 valts.

Maximum gate current O.1 microamps at gate to source voltage of -40 volts.
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