







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Some Practical Aspects of SPICE Modeling for Analog Circuits

The ENI for the inverting input of the op amp can generally be modeled in the
same way as for the (ENI), .0y Using Egs. (48)—(50), although the resulting re-
verse saturation currents of DN2 and DP2 may be much larger than the values for
DN1 and DP1, since typically (ENI);,, >> (ENI),opiny for @ CF op amp. One point
of interest concerns the /" value. Note in Figure 27-9(b) that the polarity of /5" is
indicated as either into or out of the inverting input. The /5~ bias current is truly an
“error current,” equal to the DC unbalance of the emitter currents of input transis-
tors Q; and Q, of Figure 27-7(b), and thus the net direction and magnitude of /5"
will vary from unit to unit. As a matter of a worst-case approach, it is suggested that
Ig~ be chosen as opposite to the direction of /g* in the model of Figure 27-9(b).

The low-frequency corner (fy,,) for the ENV can be approximated somewhat
similar to Figure 27-4, by the use of the Ry, Cn; network of Figure 27-9(b). Since
one must require that (Ry; + Ry2) << Rynn SO as not to attenuate the low frequency
gain, then Ry, cannot be as large as the values typically employed in the circuits
model for a standard op amp. However, by moving the location of the Ry, Rnz —
Cnp network from its position in Figure 27-4, to the input in Figure 27-9, then we
now have an equivalent increase in the low-frequency ENV produced by the
voltage drop across Ry + Znp by Is_pnj and Is_pny as

low—freq.

(ENV), . = 4KT(Ry, + Rud)+ Ry + R 2a(0 o + zs_m)(l ; f7) 61

However, notice also that this change in network topology will change the net DC
input offset voltage, since now in Figure 27-9(b) the resulting DC offset voltage
will be

DC input offset voltage = I,'(R,, + R,) -V,

s (52)
so we will have to change the value of Vg accordingly.

As an example of the use of the macromodel of Figure 27-7(b), consider a
Comlinear CLC400 current-feedback op amp whose typical data sheet parameters
are, for a closed-loop gain of +2, with Rg =250 ) and R} 1,4 = 100 Q:

Vee=45V,-Vgg=-5V VinNemM=12.1V
Bandwidth = 200 MHz Vout-max =135V
Ry (noninv) = 200 kQ ENV =2.7 nVAHz; fy,, =~ 40 kHz
SR =700 V/usec (ENI);,, = 16 pANHz; f;; ~ 45 kHz
Vos=+2mV (END)poniny = 2.8 pANHZ; fi; = 45 kHz
Igt=10pA 7(0.5 V step) = 1.6 nsec, 0% O.S.
Ig =110 pA Isc =170 mA
PSRR =51dB +1 <A <18
CMRR =53 dB
Further, from Comlinear Application Note OA-09, the model parameters for the
CLC400 are:’
Rinn =200 kQ E; =0.9957
RN=001Q E2=E3=E4=1
Cny=5.5pF Ves=0

7. Data reprinted with permission of Comlinear Corporation.
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C,=0.91pF
CINI =18 pF
Ry=1Q
Ly=11pH
Ca =180 pF
RIN] —_—599
C;=53pF
L;=33nH

E.J. Kennedy

Ryom = 125kQ
Ciom = 3.9 pF

LC =62 pH

Cc =470 pF

RC = 0299

RO] + R02 = 7.3 Q
L,=13nH

The other necessary parameters are determined for the circuit of Figure 27-9(b)

as follows:

ECMRR

EPSRR

N1

S-DPI1

S-DN1

1

S-DN2
I

S-DP2

SinceV,

INCM

Choose R

02

Since V

out-max

= #3.5V, and letting /

_ Y19 +v() _V(0)+ V(D)

CMRR 446.7
S5V -v(7 -5V -V(4 V(7 V(4
() _[SV-V@] oo V) V@)
PSRR* PSRR™ 354.8 354.8
(2.70V/vHz)
T - R, = 380Q
2
2.8pA/VHz 10uA
( P / ) K =7.25uA
4q 2
7.251A + 10uA =17.25uA
2
16pA/~VHz 10uA
( pA/ ) _ K =395uA
4q 2

10UA +395uA = 405uA

+2.1V, then for ~ ImA clamp current we need

V=V, =5V-(2.1V-V,) = 2.9V

1 —ohm, so R, =7.3-1=6.3Q. Since I;. = 70mA,
I

then / = 70mA/exp(70mA x 6.3Q/kT/q) = 2.75mA

sp3 ~ ‘spa4
-14
sps = lspe =107 A,

thenV, =V, =5-(3.5V-0.7V) =2.2V

The choice of resistor Ry, is somewhat arbitrary. Using the manufacturer’s noise
data we can observe that the noise corner frequency for the ENV is ~ 40 kHz, with
the noise at 100 Hz approximately equal to 52 nV/\/—H——Z). Thus, using Eq (51) leads
to a choice of Ry, = 490 Q. Then, since Ry, and Ry are comparable, we can choose
Cn; for a break frequency at ~ f,,, or let C, = 8.2 nF. The resulting SPICE
.SUBCKT model for the CLC400 is as follows:

.SUBCKT CLC400 2 3 4 6 7

*

-in +in -VEE out vVCC

*OFFSET ADJ @ PIN 1

*CURRENT FEEDBACK, Comlinear, op amp. GB=200MHz (at Ac1=2),
*Rin=200K (noninv)

*and 59 ohm (inv). Rout=7.3(est.). En=2.7nV/rthz, In(inv)=16pA/rthz

*and (noninv)=2.8pA/rthz. IB(+)=10uA=IB(-). SR=700 V/usec(for Av=+2)

327



Some Practical Aspects of SPICE Modeling for Analog Circuits

328

*CMRR=53DB, PSRR=51 dB. Vos=2mV. OS=0%, typ, for Acl=2.
*Jout(max)=+-70mA.

*VinCMR=+-2.1V, VoutR=+-3.5V (max) for RL=100.
*RECOMMENDED RF=250-ohm and RL (typ)=100-ohm. Gain range
*suggested is+-1 to

*+-8. Suggested series R is 33-ohm(10pF load), 40(20pF) and 30(50pF). Use
*the CLC401 for larger gains. - - - -TOTAL NODES=27- - - -NOTE:
*NOISE CURRENTS are

*ONLY VALID AT ROOM TEMPERATURE (~ 27 degC)

*- - - -input section, including noise and limiting - --- - - - - - -

CN 3 13 5.5PF

RN 13 0 0.01

CX 3 2 091PF

RN1 3 27 380;models Rn(midband), along with RINI

RN2 27 10 490

CN2 27 10 8.2NF

VOS 9 1 10.7MV ;adjusts Vos to balance Ib(+) x (RN1+RN2) voltage drop
ECMRR 2 5 POLY(2) (100) (10) 0 2.239M 2.239M
EPSRR 5 9 POLY(2) (70) (40) 28.184M -2.8184M +2.8184M
DN1 11 10 DA

.MODEL DA D(IS=17.25U KF=144F RS=10); models
*Inoise=2.8PA/RTHZ,Fbi=45KHZ

VN 11 4 29

DPl 10 12 DB

.MODEL DB D(IS=7.25U KF=144F RS=10); totalIN=DA+DB
VP 7 12 29

RINN 10 0 200K ; OL input resis. for noninv input

CINI 1 0 1.8PF

DN2 11 1 DC

DP2 1 12 DD

.MODEL DC D(IS=395UA KF=14.4F RS=10)

.MODEL DD D(IS=405UA KF=144F RS=10)

RINI 1 8 59;models Rin for inv. input

CI 1 8 5.3PF

LI 8 14 33NH; gives XL=RINI @ 300MHZ

VCS 14 15; basically, an ‘ammeter’ to monitor current

El (150) (260) 0.9957

*- - - INTERMEDIATE NETWORK FOR PHASE LOSS THROUGH Av=1
*- - -SECOND-ORDER POLES @ 883MHZ AND 3570MHZ- - -

E4 (240) (100) 1.0

RA 24 25 1

LA 25 26 11PH

CA 26 0 180PF

*..— -MODEL FOR DOMINANT POLE AT 316KHZ- - - -

F1 (160) VCS 1.0

RDOM 16 0 125K

CDOM 16 0 3.9PF

*- - - -ADDITIONAL SECOND-ORDER POLES @ 748MHZ AND 937MHZ- -
E2 (170) (160) 1.0

LC 17 18 62PH

CC 18 0 470PF



(dB)

VOU‘
|

[Z(jw)l

Phase (degrees)

120

|

100

RN

80
60 \
\ SPICE Model

40 \ .

10kh 100kh 1.0Mh 10Mh 100Mh 1.0Gh

Frequency
180
150 -
\:_4—SPICE Model
Manufacturer's data—*" N «
100 N
“ N
0
10kh 100kh 1.0Mh 10Mh 100Mh 1.0Gh
Frequency

RC 18 0 0.29
*- - - -OUTPUT CIRCUIT, AND LIMITING- - - - -
GO (0200 (180) 1.0
RO2 20 0 1.0
D3 20 21 DSC
D4 21 20 DSC
.MODEL DSC D(1S=2.75E-9)
E3 (2100 (220) 1.0
RO1 20 22 6.3
LOUT 22 6 13NH; Gives XL=Rout@ 90MHZ
D5 22 23 DE
D6 19 22 DE

E.J. Kennedy

Figure 27-10.
Comparison of
the open-loop
transimpedance
gain, Z(jw) =
Vou /1 for (a)
magnitude and
(b) phase
response, for the
CLC400 op amp.
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3.0v

2.0V

XZiF stray capacitance at each node, R, = 25Q

1.0V

/ T
[

—— No stray capacitance, R =00

‘source =

EEN
~e
S
.

'.;I <«————— Manufacturer’s data

VOUT

0.0v

-1.0v

SPICE model —E

Ons

Figure 27-11.
The pulse re-
sponse for the
CLC400 op amp
for Ag =2, for
Vout=2V, peak-
to-peak.
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5ns 10ns 15ns 20ns

Time

.MODEL DE D(IS=1E-14 RS=10)

Vi 7 23 22

V2 19 4 22

RPS 7 4 666 ; Simulates total P.S. current, for +-5V operation.
.ENDS CLC400

In Figures 27-10 through 27-12 a comparison is made between the SPICE model
of Figure 27-9(b) and the manufacturer’s data for the CLC400 op amp. Figure 27-10
indicates the open-loop transimpedance gain obtained by driving the inverting input
with a current source /;, and plotting the magnitude and phase of Z(jw) = V,,/I;.
Both the magnitude and phase of Z(jw) are well represented by the SPICE circuits
model, except for a very high frequency peaking in the model’s magnitude response
at ~ 700 MHz.

The comparison between actual and simulated responses for the transient re-
sponse of a gain of 2 V/V circuit is compared in Figure 27-11. The manufacturer’s
data and the SPICE simulation are reasonably close, with no overshoot indicated,
for negligible stray capacitance. Also shown is a SPICE simulation for the case of
2 pF stray capacitance assumed at each input and output node, and the source repre-
sented by a 50 Q output pulse generator driving a terminated 50 € input resistance
at the noninverting input. The ringing observed in the model is also representative
of the response actually observed for this case.

Comparisons between manufacturer’s curves and simulation results for noise is
indicated in Figure 27-12. The SPICE model has a mid-frequency ENV of ~ 2.9 nV/
VHz versus 2.7 nV/VHz from published data. The corner frequency for the model is
quite accurate, as is the 1/f low-frequency noise. The ENI comparisons are shown in
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Figure 27-12(b), where the inverting input equivalent noise current (ENI);, is mod-
eled precisely as the actual manufacturer’s data. The noise current at the nonin-
verting input, (ENI),oninv» 1S in good agreement with actual data and simulation
results for f < 10 MHz; however, at higher frequencies the SPICE model predicts an
increase in ENI.

Simulation results were also obtained for the loop transmission 7(jw) (loop gain)
for the range of closed-loop gain recommended for the CLC400 op amp, namely
Acr from * 1 to +8. For a gain of +1 the DC loop transmission was T = 51.5 dB,
with a loop crossing (IT(jw)! = 1) at a frequency of 126 MHz, with a phase margin
of 67°. For a gain of +8, the value of T, decreased to 43.9 dB, with a reduction in
the crossing frequency to 51.3 MHz, and a corresponding improvement in the phase
margin to 79.4°. Although the frequency bandwidth does change by ~60%, for a
gain range from +1 to +8, this is still a significant improvement over a standard
configuration 126 MHz single-pole op amp, whose bandwidth would change from
126 MHz (A¢cp, =+1) to ~ 16 MHz (A = +8).

100
%0 « Figure 27-12.
Comparison of
E SPICE model the ENV and ENI
S 10 AN /_ (a) forthe CLC400 op
(= NS
< ,/ amp. (a) ENV. (b)
w S ENI.
3.0 S SO (N
Manufacturer's data—/
1.0
100h 1.0kh 10kh 100kh 1.0Mh 10Mh 100Mh
Frequency
100
30 \ S _
\ = SPICE (ENI),,,
— \ r’ : T RN S
N
\; Manufacturer's data
N I Q
g T (b)
S SPICE .
z \ -
| (END.., ‘
3.0 S ET— -
1.0
100h 1.0kh 10kh 100kh 1.0Mh 10Mh 100Mh
Frequency

331



Some Practical Aspects of SPICE Modeling for Analog Circuits

332

References

1.

10.

11.

L.W. Nagel, SPICE 2: A Computer Program to Simulate Semiconductor Circuits, ERL
Report ERL-MS520, University of California, Berkeley, 1975.

. P. Antognetti and G. Massobrio [eds]., Semiconductor Device Modeling with SPICE

(McGraw-Hill, New York, 1988).

. P.W. Tuinenga, SPICE, A Guide to Circuit Simulation and Analysis Using PSPICE

(Prentice-Hall, Englewood Cliffs, N.J., 1988).

. W. Banzhaf, Computer-Aided Analysis Using SPICE (Prentice-Hall, Englewood Cliffs,

N.J., 1989).

. L. G. Meares and C. H. Hymowitz, Simulating with SPICE (Intusoft, San Pedro, Calif.

1988).

. M. R. Rashid, SPICE for Circuits and Electronics Using PSPICE (Prentice-Hall,

Englewood Cliffs, N.J., 1990).

. E.J. Kennedy, Semiconductor Devices and Circuits: Theory, Design, and Applications,

Appendix C- SPICE programming Fundamentals and Applications [Holt, Rinehart and
Winston, Philadelphia, 1992 (Tentative)].

. G.R. Boyle et al., “Macromodeling of Integrated Circuit Operational Amplifiers,”

IEEE J. S.S. Circuits, vol. SC-9, No. 6, pp. 353-363, Dec. 1974.

. G. Krajewska and F. E. Holmes, “Macromodeling of FET/Bipolar Operational

Amplifiers,” IEEE J. S.S. Circuits, vol. SC-14, No. 6, Dec. 1979.

E. J. Kennedy, Operational Amplifier Circuits, Theory and Applications (Holt, Rinehart
and Winston, Philadelphia, 1988).

1989 Data Book, published by Comlinear Corporation, Fort Collins, Colorado 80525.



Robert J. Matthys

28. Design of Crystal Oscillator Circuits

This chapter is primarily about the circuits used in crystal oscillators, and is only
incidentally about the crystals used in them.

Circuit Characteristics

Crystal oscillator circuits are linear analog circuits with carefully controlled overload
properties. Both the linear and overload properties are important. The linear proper-
ties control the gain and phase shift, and the overload properties control the wave
shape and oscillation amplitude. There are many oscillator circuits—some are simple,
some are complex. Some contain 90° phase shift networks, while others don’t.

Why are there so many circuit types? The primary reason is that an oscillator’s
circuit design is dominated by the wide variation in a crystal’s internal resistance
with frequency. To drive the crystal, the circuit’s impedance level has to somehow
match into the crystal’s internal series resistance R, which can vary from 200 KQ
at 1 kHz down to 10 €} at 20 MHz. A circuit that works well into a 10 () load is con-
siderably different from one that works into a 200 K{2 load. Whatever the crystal’s
internal resistance is, the circuit’s impedance level must be shifted up or down to
drive into it. Some circuits work best at low frequencies. Others work best at high
frequencies. There is no universal oscillator circuit.

There are certain crystal characteristics that affect the design of an oscillator
circuit. The most important is the internal resistance of the crystal, which varies
widely with frequency. Figure 28-1 shows the maximum crystal resistance vs. fre-
quency, taken from various crystal specifications. Another characteristic is that the
maximum power into a crystal has to be limited, to minimize frequency drift from
heating effects. Figure 28-2 shows the maximum power into a crystal as a function
of the oscillation frequency, again taken from various specifications. And Figure
28-3 [from Reference 1] shows the maximum voltage across the crystal at series
resonance, in order to stay within the crystal’s power limit.

Frequency stability is important in an oscillator. A good circuit will contribute
less than half of the short-term (less than a few seconds) drift, and only a small part
of the long-term (weeks and months) drift. In a good circuit, most of the frequency
drift, both short and long-term, comes from the crystal. But in a poor circuit the
frequency drift caused by the circuit itself will far exceed that of the crystal. In par-
ticular, the short-term instability of a poor circuit with low in-circuit Q can exceed
that of the crystal by more than an order of magnitude. The best short-term stability
is in a bridge circuit, which can even reduce the crystal’s short-term instabilities.
Reducing the magnitude of the circuit’s short-term frequency drift so that it is less
than that of the crystal forms a large part of the circuit design effort.
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Figure 28-1.
Maximum crystal
series resistance

R; as a function
of frequency.
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Long-term circuit drift comes mostly from phase changes in the 90° phase shift
networks used in some circuits. Stable components must be used in these networks
to avoid long-term frequency drift. The frequency trimming capacitor can also
cause long-term drift if it’s not mechanically and thermally stable.

Most oscillator circuits contain only one transistor. A minority use two transistors,
and only a few circuits use three or four transistors. Both sine and square wave
outputs are available from most crystal oscillators. On those few oscillators with
sine wave drive on the crystal, only a sine wave output is available without adding
wave form squaring circuitry.

Design Basics

For a circuit to oscillate, it needs positive feedback and a loop gain greater than one.
Its impedance level has to match into the crystal’s internal resistance, as mentioned
before. And it must not degrade the crystal’s internal Q too much. It needs good
wave form in both the linear and overload modes, and must have no spurious oscil-
lations or parasitics. It also must have enough loop gain to oscillate. A circuit that
does all of these things will have good short-term stability.

A crystal is electrically equivalent to a narrow bandpass filter. The oscillation
frequency wanders some about the center of the passband, with the size of the
wander depending on how fast the phase changes away from the center frequency.
Since the width of the passband is inversely proportional to Q, the highest Q will
give the highest frequency stability. The resistive circuit load seen by a crystal,
“looking out” into the circuit, causes oscillation losses that add to the internal losses
in the crystal, and hence the crystal’s in-circuit Q is normally lower than the crystal’s
internal Q. The trick is to minimize these resistive circuit losses and thereby maxi-
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mize the crystal’s in-circuit Q and the oscillator’s short-term frequency stability.
A 2-to-1 maximum reduction of the crystal’s internal Q when put in the oscillator
circuit is an acceptable target.

Some circuits have a higher in-circuit Q than others. And a high in-circuit Q is
easier to obtain with high resistance crystals than it is with low resistance crystals.
At 10-20 MHz, a crystal’s internal series resistance Ry is typically 10 ). The circuit
resistance seen by a crystal is usually the sum of the circuit’s source resistance
driving the crystal plus the circuit’s load resistance on the crystal’s output. To keep
the in-circuit Q reduction to just 2-to-1 requires circuit source and output load resis-
tances of 5 () each. It can take two emitter-followers cascaded in series to get such a
low source resistance.

An alternative at these low resistances is to operate the crystal at one of its har-
monic frequencies (third, fifth, etc.), and take advantage of the fact that the crystal’s
internal resistance increases with the order of the harmonic. Then the circuit would
drive into an internal crystal resistance of 40 (third harmonic) to 60 () (fifth har-
monic), which is much easier than driving into 10 ). The higher impedance level
of harmonic operation also means a lower supply current, which is helpful if low
power is a consideration.

As shown in Figure 28-1, the internal resistance of a crystal decreases with fre-
quency, assuming fundamental oscillation. Matching a circuit’s impedance level up
or down to the resistance of the crystal is helped by the fact that the impedance level
of amplifier stages in general also decrease with frequency, to combat the increasing
effect of stray capacitance to ground and across components. Somewhere between
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Robert J. Matthys

Figure 28-2.
Maximum crystal
power dissipa-
tion as a function
of frequency.

Figure 28-3.
Maximum
crystal-drive
voltage at series
resonance as a
function of fre-
quency. (From
Reference 1,
©1983, reprinted
with permission.)
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R

source

Figure 28-4.

S A N [\
Diode amplitude J_ < /

limiter. Co Equr

10 and 100 MHz, the shunt impedance of stray capacitance to ground becomes so
low that it’s very difficult to get any gain at all, and it then becomes necessary to tune
out the stray capacitance with a shunt inductor to get reasonable gain at frequencies
above this point. Unfortunately, the gain of an amplifier stage also decreases as the
circuit’s impedance level goes down. This makes it harder at the higher frequencies
to get enough gain for a circuit to oscillate, without adding more amplifier stages.
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Figure 28-5.

Parallel-resonant circuits (high load impedance): (a) Miller—poor circuit; poor frequency stability. (b) Colpitts—
good circuit; fair frequency stability. Circuit is far more complex than it appears to be; widely used. (c) Low capaci-
tance load—works reasonably well; fair frequency stability. (d) High resistance load—works reasonably well; poor
frequency stability. (©1983, reprinted with permission.)
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The oscillation amplitude can easily exceed a crystal’s maximum drive level,
particularly at frequencies above 3 MHz. Two paralleled diodes with reversed
polarity, as shown in Figure 28-4, make a good amplitude limiter to reduce the
drive level down to a more reasonable level. They also provide a good overload
wave form in the process. Reducing the power supply voltage also will reduce the
drive level. Some circuits have poor overload characteristics, and adding a diode
amplitude limiter of the form shown in Figure 28-4 is sometimes the only way to
get a good wave form out of those circuits.

Most oscillator circuits work best with high gain transistors. The higher gain can
be traded off with a lower output load resistance on the crystal, resulting in a higher
in-circuit Q. At frequencies above 1 MHz, the Miller effect becomes significant, so
minimizing a transistor’s feedback capacitance between collector and base is impor-
tant at those frequencies. Bipolar transistors are more useful than FETs in oscillator
circuits, as the bipolar will give five to ten times more gain than a FET will. Some
useful high gain transistors are MCM3960, MPSA18, and MM6515 (all Motorola).
A useful high transconductance FET is J309 (Siliconix).

In laying out a circuit board, the normal advice to use a ground plane has not been
of much help with oscillator circuits. The purpose of a ground plane is to reduce the
inductance of a ground lead between two points that are some distance apart and also

+v +V
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Crystal

Crystal

4
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1
Rigad  Rous Rypias R
|
Cx
O b [ Crystal R
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Figure 28-6.

Series-resonant circuits (low load impedance): (a) Common Base—works very well; good circuit; good frequency
stability. (b) Common Base, low frequency—works very well; good circuit. Provides high crystal load resistance
needed at low frequencies; good frequency stability. (c) Two-inverters-IC—works fairly well; fair frequency sta-
bility. With TTL, oscillates spuriously when crystal is removed; widely used. (d) Emitter coupled—waorks fairly well;
good frequency stability. (©1983, reprinted with permission.)
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Figure 28-7.

More series-resonant circuits (low load impedance); (a) Pierce—very close to series resonance. One of the best
circuits; very good frequency stability, best overall design; widely used. (b) Pierce-IC—close to series resonance.
Good circuit; good frequency stability; widely used. ©1983, reprinted with permission.

I T
TC‘ TC2 =Lc., Fe B
(a) ()

provide some shielding. Shielding is necessary with oscillator circuits. But keeping
the leads short at the higher oscillation frequencies is even more important. At 100
MHz, the inductance of the lead wires can be ignored if the component leads and
PCB traces are all kept to 3/16 in. maximum length.

Cy Ly

Figure 28-8.

Basic harmonic circuits. (a) Butler common base—operates at or near series resonance. Fair to poor circuit de-
sign. Has parasitics, touchy to tune. Fair frequency stability. (b) Butler emitter follower—operates at or near series
resonance. Good circuit design. No parasitics, easy to tune. Good frequency stability. (c) Colpitts harmonic—
operates 30-200 ppm above series resonance. Physically simple, but analytically complex. Fair frequency stability.
(©1987, reprinted with permission.)
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Figure 28-9.

Basic harmonic circuits, continued. (a) Pierce harmonic—operates 10-40 ppm above series resonance. Good
circuit design. Good to very good frequency stability. (b) Emitter coupled harmonic—operates at or near series
resonance. Circuit somewhat complex. Very good frequency stability. (©1987, reprinted with permission.)
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Oscillator Circuits

Oscillator circuits for the traditional type of quartz crystal can be divided into three
main categories: fundamental, harmonic, and bridge. There are some special crystal
categories that won’t be covered here—such as tuning fork crystals for wristwatches,
SC three-frequency crystals with a short thermal response time, and flanged funda-
mental crystals at UHF frequencies up to 500 MHz.

Figure 28-10.
Bridge circuits:
(a) Modified
Meacham—~QOne
r) of the best cir-
cuits; best short-
term frequency
1 ' stability. Complex
circuit, difficult to
design, requires
tuned amplifier.
(b) RLC Half-
bridge—as
above except
easier to design,
uses untuned
amplifier.
(From Reference
1,01983,
reprinted with
permission.)
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Figure 28-11.
Pierce at 1 MHz.
(©1983, reprinted
with permission.)
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Fundamental circuits are used at frequencies up to about 20 MHz, and harmonic
circuits above 20 MHz. The harmonic circuits contain an LC tank (or network) to
select the desired harmonic. The bridge circuits are more complex but are the only
circuits in which the in-circuit Q can be higher than the crystal’s internal Q. They
do this by using negative feedback to cancel out part of the crystal’s internal resis-
tance without cancelling out the crystal’s inductive or capacitive reactance.

There’s not enough space here to cover all the oscillator circuits in detail. So
the basic schematics of the principal circuit types given in References 1 and 2 are
presented in Figures 28-5 to 28-10 as typical examples. Figures 28-5 to 28-10 also
include a short mention of the primary characteristics of each circuit. For actual
working circuits of each, with component values and detailed information, the
reader is referred to References 1, 2, and 3.

Which Circuit Should You Use?

Which circuit you should use depends on what the internal series resistance R, of
your crystal is, the oscillation frequency, and what your needs are with respect to
cost, complexity, and frequency stability. To start with, you should pick one that
will give a source and output load resistance for the crystal that’s equal to or less
than the crystal’s internal resistance R.

A few suggestions on circuit selection might be in order. For a fundamental oscil-
lator at a frequency less than 20 MHz, the Pierce circuit works well and is also an
easy circuit to design [1]. Figure 28-11 shows an example of a working Pierce cir-
cuit at 1 MHz from Reference 1. Its in-circuit Q is 90% of the crystal’s internal Q.
For frequencies between 20 MHz and 100 MHz, the emitter-coupled harmonic
circuit is the best one (Refs. 2 and 3). Figure 28-12 shows an example of a working
emitter-coupled harmonic circuit at 100 MHz from Reference 3. It has the best
short-term frequency stability, i.e., the lowest phase noise of any harmonic circuit.
Its in-circuit Q is 80% of the crystal’s internal Q. Both the Pierce and the emitter-
coupled harmonic circuits need stable components in their phase shift networks.

For frequencies above 100 MHz, the Butler emitter-follower circuit is recom-
mended. And, for a frequency standard, the higher short-term stability of a bridge
circuit is a good choice. Figure 28-13 shows an example of a working bridge circuit
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Figure 28-12.
Emitter Coupled
Harmonic at 100
MHz. (©1987,
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at 10 MHz from Reference 1. In this circuit, the crystal’s in-circuit Q is two times

higher than its internal Q.

Circuit Loading Effect on Crystal @

Making the circuit’s load resistance R, (the sum of the crystal’s source and output
load resistances) on the crystal very small will give a high in-circuit Q. But this is
only part of what’s really going on in the oscillator circuit. What’s not apparent is
that a high circuit load resistance R, on the crystal will also give a high in-circuit Q,
and that intermediate values of load resistance R, will give (surprise! ) a very low
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Figure 28-14.
Circuitload on
the crystal's
resonant
elements.

Figure 28-15.
Equivalent series
load on the
crystal’s reso-
nant elements.
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in-circuit Q. These effects are due to (1) the shunt capacitance C, across the crystal,
and (2) what happens when a parallel RC network is converted to its equivalent
series RC network.

When a crystal oscillates, energy is transferred back and forth between its motional
inductance, L, and motional capacitance C,, at the rate of the oscillation frequency.
Because of the piezo-electric coupling to the crystal’s terminal electrodes, part of
this oscillatory energy exchange flows as a current in the crystal’s external electrical
circuit, i.e., out of one crystal terminal and back into the other, through whatever
external impedance is connected between these two terminals. Any resistance in this
external current path will absorb oscillation energy and decrease the crystal’s Q.

Figure 28-14 shows the crystal and its external circuit load resistance R_. As men-
tioned before, this circuit load resistance R, on the crystal is the sum of the circuit’s
source resistance driving the crystal and the crystal’s output load resistance. Figure
28-14 also shows that the capacitance C, between the crystal’s electrodes forms a
second shunt path between the crystal’s terminals. Thus part of the crystal’s external
current will go through the electrode capacitance C, and part will go through the
circuit’s load resistance R, on the crystal.

If the load resistance R, in Figure 28-14 is 0 (1, all of the external current will go
through R.. With no external resistance losses, a high-Q circuit condition exists, and
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the in-circuit Q is equal to the crystal’s internal Q. If the circuit’s load resistance R,
on the crystal is infinite, all of the external current will go through the electrode
capacitance C,. C, will store part of the energy but won’t lose it, as it theoretically
has no resistive losses. Again, with no external losses, a high-Q circuit condition
exists, and the in-circuit Q is again equal to the crystal’s internal Q. But if the circuit
load resistance R, is equal to the reactive impedance of the electrode capacitance
C,, then half the external current will go through the load resistance R and half
through the electrode capacitance C,. With external resistive losses, a low-Q circuit
condition exists, and the in-circuit Q is then less than the crystal’s internal Q.

The action can be made clearer by converting the parallel resistive (R.) and capac-
itive (C,) loads on the crystal in Figure 28-14 into an equivalent series (R Cy)jpaq
network, as shown in Figure 28-15. The equivalent series load resistance (Ry))y,q in
Figure 28-15 represents the true load resistance external to the crystal that needs to be
minimized for maximum in-circuit Q. The ratio [(R)joad + (Ro)crysiall/(Ro)crysial 81ves
the reduction in the crystal’s Q when it is placed in the oscillator circuit. The ratio is
also a good measure of how good a circuit is, by how much or how little the crystal’s
internal Q is degraded by the circuit. It can be shown mathematically that the lowest
in-circuit Q (and the highest circuit losses) occur when the circuit load resistance R,
on the crystal is equal to the reactive impedance of the parallel electrode capacitance
C,. Forexample, assume that the circuit load resistance R on the crystal in Figure
28-141is 39 k(), and is equal to the reactance cf the 4 pF electrode capacitance C, at
1 MHz. This gives in Figure 28-15 an equivalent series load resistance (R )o,4 On the
crystal of 28.1 k(). If the crystal’s internal resistance R, is 300 {1, which is a typical
value at 1 MHz, then the in-circuit Q is (28,100 + 300)/300 or 95 times lower than the
crystal’s internal Q. Obviously, this would not be a good circuit design.

The effect of the circuit’s load resistance R, on in-circuit Q is quite broad. The
in-circuit Q will be at least a factor of two lower than the crystal’s internal Q if the
circuit’s load resistance R, on the crystal is within two orders of magnitude (either
larger or smaller) of the reactance of the electrode capacitance C,,. If the crystal’s
in-circuit Q is not to be degraded by more than 30% (1.3 X), then the circuit’s load
resistance R, must be at least three orders of magnitude larger or smaller than the
reactance of the electrode capacitance C,. This effect has been verified by both
calculation and experiment.

The equivalent series load capacitance (C,) load shown in Figure 28-15 is in series
with the crystal’s internal motional capacitance C,, and reduces the total net series
capacitance in the loop. This raises the crystal’s LC resonant frequency slightly and
is the basis behind the common practice of putting a variable capacitor in series
with the crystal for frequency tuning purposes.

Sometimes, as in the case of the Pierce circuit, the circuit load on the crystal is both
resistive and capacitive. To determine the effect on Q, the impedance of the circuit’s
resistive and capacitive load network on the crystal is combined with the parallel
electrode capacitance C,, to form an equivalent series (R Cy);oaq N€twork, as shown
in Figure 28-15. The equivalent series resistance (Ry);o,q again determines how
much the crystal’s internal Q is degraded in the circuit.

Almost all oscillator circuits have medium to low source and output load resis-
tances on the crystal. There are only a few circuits with high crystal source and out-
put load resistances. Because of this, the duality of obtaining a high in-circuit Q
with either a low or high circuit load resistance R on the crystal is seldom mentioned.

In summary, the crystal’s electrode capacitance C, has to be included as part of
the circuit load on the crystal when calculating the crystal’s Q reduction by the
loading of the oscillator circuit. This may seem obvious after being explained, but
without explanation, it’s not.
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Testing and Optimizing

After the circuit type has been selected, a test circuit needs to be built and checked
out experimentally for a clean overload wave form, proper source and output load
resistances on the crystal, transistor current level, absence of spurious oscillations
and parasitics, and calculation of the in-circuit Q. Looking at the circuit wave forms
with an oscilloscope is the only way you can check (1) for proper circuit operation,
and (2) on the overload characteristics which control the oscillation amplitude and
most of the crystal’s drive wave form. Because of this, very little of an oscillator’s
circuit design can be done analytically. Most of the design effort occurs at the test
bench.

An oscilloscope lets the circuit tell you what it wants and needs for good opera-
tion. That may sound peculiar, but a lot of what happens when optimizing a circuit
is intuitive and depends on how much experience the designer has in reading what
the circuit is saying on the oscilloscope.

To optimize the circuit, several things can be done:

1. Vary the impedance level of one part of the circuit with respect to another,
looking for a better match into the rest of the circuit, a larger oscillation ampli-
tude, a better wave form, or a reduced loading effect of one component on
another.

2. Try different L/C ratios in the LC tank or network (if there is one), looking for
a larger signal amplitude, a better wave form, or a better match into the drive
transistor or the crystal load.

3. Vary the R/C ratio in the R, phase shifting network (if there is one), to mini-
mize loading effects on the preceding or following parts of the circuit.

4. Increase or decrease the transistor current, to get a more symmetric wave form
or a larger undistorted signal amplitude.

If any of these changes increases the amplitude of oscillation or improves the
wave form, it usually is an improvement, and more change in the same direction
should be tried.

Sometimes a circuit won’t oscillate, and that can be very discouraging. It usually
means there’s not enough loop gain. To find out where the gain is being lost, it’s
helpful to break the circuit at some convenient point and insert a test frequency
from a signal generator. The test frequency is usually outside the narrow bandpass
of the crystal, so the crystal is temporarily replaced with a resistor whose value is
approximately equal to the crystal’s internal series resistance Ry. Then relative
signal levels and phase shifts can be measured at various points in the circuit.
Finally, the reldtive signal levels are converted into localized voltage gains and
losses around the oscillator loop.

In trying a new UHF circuit, it’s frequently helpful to try it first at a lower fre-
quency, such as 1 MHz, where lead lengths are not as important and the *scope will
show more detail in the wave forms. It’s easier then to get a feel for what is and
isn’t important in the circuit, and what you can and can’t do about improving it.

Any spurious oscillations or parasitics should be eliminated. If present, they
usually show up as oscillatory spikes in the wave form (assuming a wideband
scope), or as sharp peaks or dips in the transistor’s DC current when an LC tank is
tuned. The Butler common base circuit is particularly prone to these when its load is
tapped down on the capacitive side of its LC tank.

Inductors are used in several of the oscillator circuits and are inductive only over
a limited frequency range. Like any component, they have a shunt wiring capaci-
tance across them. At frequencies above the resonant frequency of the inductance
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with its shunt capacitance, the inductor stops being inductive and becomes capaci-
tive, its reactance being equal to that of the shunt winding capacitance. Inductors at
high frequencies are usually single layer solenoids with a shunt capacitance of
about 2 pF. This shunt capacitance of 2 pF provides an upper limit to the maximum
inductance you can get at any given frequency, and is a very real limit in circuit
design. Any inductor used must be checked to be sure it is being used below its
resonant frequency, where it will behave inductively rather than capacitively.

If the inductor must be stable, it has to be of the air core type. Stable air core
inductors are available as spiral metal films on glass cylinders. The various iron and
other powdered core materials used to increase a coil’s inductance are not linear, so
the inductance of coils using them will vary 2% to 20%, depending on temperature
and signal amplitude. In addition, all of these core materials (except air) have an
upper frequency limit (different with each type) where they become quite lossy, and
are essentially useless at frequencies above that point. As a rule of thumb, the
higher this loss limiting frequency is, the lower is the inductance improvement
provided by the core material. Unfortunately, inductors are not marked with this
core loss limit, so any cored inductors out of the junk box are of questionable use
unless their core limit frequency can be identified.

Oscilloscope probe grounding is important if the wave forms shown on the
’scope are to bear any relation to what’s going on in the circuit. At oscillator fre-
quencies up to 1 MHz, a separate ground wire 3 ft long from the ’scope case to
anywhere on the test circuit ground is sufficient. At 10 MHz, a 6 in. ground wire
from the back end of the probe handle to circuit ground is sufficient. For oscillators
at 20 MHz and above, a /4 in. maximum length ground wire from the front tip of the
probe to a circuit ground point within /4 in. maximum of the specific test point being
observed is needed. Some probe manufacturers sell short ground clips for conve-
nient use at the probe tip.

At 10 MHz and above, the typical *scope probe with 10 to 15 pF of input capaci-
tance is almost useless for oscillator work. The low shunt impedance of the probe
capacitance at these frequencies changes the circuit’s phase shifts, reduces gain, and
eliminates the high frequency detail in any wave forms observed. Some circuits will
quit oscillating because of the heavy shunting effect of the probe’s capacitance.
Oscilloscope probes of 1 or 2 pF input capacitance and with at least 1 M{) input
resistance, such as the Tektronix P6201 (10X) or P6202A, are a necessity for oscil-
lator work at frequencies above 10 MHz. Probes with different cable lengths or
from different manufacturers also have different internal time delays. This has to be
allowed for when checking the phase shift between two circuit points, if probes of
different lengths or from different manufacturers are used.

Oscilloscope bandwidth is also important. In looking at a 100 MHz wave form on
a 200 MHz oscilloscope, it must be remembered that however badly the circuit
wave form is actually distorted, it will only show up on the scope as a slightly
warped sine wave. Being able to see the third harmonic of the oscillator frequency
on the "scope is sort of a minimum capability, if the *scope wave form is to have
much meaning. Trying out a UHF oscillator circuit at a lower frequency is also
helpful in determining what the characteristic wave forms should look like in a
particular circuit.

Electrical Properties of Oscillator Crystals

As an electrical circuit element, an oscillator crystal acts as a series LC tank of very
high Q and makes an excellent very narrow bandpass filter. The crystal is usually
made of quartz, because quartz is piezoelectric and has low losses and low thermal
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Figure 28-16.

for a crystal.

expansion. Quartz crystals are piezoelectrically excited, and oscillation creates an
acoustic standing wave of energy in the crystal, with the resonant frequency con-
trolled by the mechanical dimensions of the crystal. Crystals are available from 1 kHz
to 500 MHz. The AT cut is used in the most popular frequency range, 1 to 100 MHz.

Crystals can oscillate at frequencies higher than their fundamental resonance
frequency, which are called overtones. The overtones of the AT cut are at the odd
harmonics of their fundamental frequency. In some other crystal cuts, the overtone
frequencies are not harmonically related to the fundamental frequency. Operating
the crystal in a vacuum container rather than in one that’s gas filled will give a three
times improvement in Q but only at frequencies below 30 MHz [4]. Crystals are
normally operated at their fundamental resonance if the frequency is below 20 MHz.
Above 20 MHz, they are usually operated at one of their overtone frequencies.

The equivalent electrical circuit for a crystal is shown in Figure 28-16. The
crystal’s resonant motional components are L, and C,,,, with R representing the
crystal’s internal losses. Ry is the crystal resistance that the oscillator circuit has to
match into, when the crystal oscillates at series resonance. C,, is the capacitance
between the drive electrodes, which are located on opposite sides of the crystal. The
electrode capacitance C, should be considered part of the external circuit load on
the crystal’s resonant elements L, and C,.

There is no such thing as a series resonant or parallel resonant crystal. The crystal
is the same in both cases. The difference refers to whether a crystal is looking into a
low impedance load (series resonant) or a high impedance load (parallel resonant).
In practice, all crystals oscillate at or very near to their series resonant frequency.
The phrase ‘‘parallel resonant’’ is misleading but has been traditionally used in the
industry to describe crystal operation with a high impedance load on it.

At frequencies above 50 MHz or so, the shunt impedance of the crystal’s elec-
trode capacitance C, becomes so low that it tends to short out the crystal’s resonant
elements L, and C,, from the rest of the circuit. This can be eliminated by parallel
resonating the electrode capacitance with a shunt inductance, as can be seen in
some of the harmonic circuits in Figure 28-8. Not all oscillator circuits above 50
MHz require such a shunt inductor.

Crystals are manufactured to frequency tolerances of 0.001% to 0.02%. If the
oscillator must be set to an exact frequency, the oscillation frequency can be trimmed
by adding to or subtracting from the phase shift at any point around the oscillator
circuit. Adding a phase lag will lower the oscillation frequency. Subtracting a phase
lag will raise it. The most common trimming method is to insert a small 30 to 50 pF
variable capacitor in series with the crystal, but this approach only allows raising
the crystal frequency and not lowering it.
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29. A Tale of Voltage-to-Frequency
Converters

Ancient History

Once upon a time, there weren’t any voltage-to-frequency converters (V/F converters)
or voltage-controlled oscillators (VCOs). I couldn’t tell you exactly when that was,
but back in the 1950s and 1960s, very few people ever heard about an oscillator
whose frequency could be controlled by a voltage. In those days, when you wanted
to change an oscillator’s frequency, you changed a pot or a resistor or a capacitor,
or maybe an inductor.

I checked up on this, because I spent a couple hours searching in the old M.L.T.
Radiation Lab Series, published in 1949. There were no oscillators or multivibrators
whose frequency could be controlled by a voltage—no VCOs, as far as you could
learn by looking at the “Bible” of that time. (See also the last section, A Final Note.)
It’s true that FM radio transmitters used frequency modulated oscillators back as
early as the 1930s, and these were modulated by voltages, but they only covered a
relatively narrow frequency; when I refer to a VCO, I am talking about oscillators
whose frequency could be controlled over a range of 10:1 or 100:1 or 1000:1 or
more. In general, this type of oscillator is expected to have a pulsed or square-wave
output, not a sine wave.

Less Ancient History

In 1961, when I graduated from M.L.T. and joined up with George A. Philbrick
Researches (127-129 Clarendon Street, Boston 16, Massachusetts), I joined a com-
pany that made operational amplifiers, analog multipliers, integrators, and all sorts
of analog computing modules. And just about everything was made with vacuum
tubes. There were applications notes and applications manuals to tell you how to
apply operational amplifiers (in those days we would never say “op amp”). And
there was the big old Palimpsest, a sort of collection of old stories on things you
could do with operational amplifiers and analog computing equipment. But, there
were no digital voltmeters, and no voltage-to-frequency converters.

About 1963, I became aware of a high-performance operational amplifier—the
6043 project. This chopper-stabilized amplifier had been designed by Bruce Seddon,
one of our senior engineers and one of our vice-presidents. The customer for this
amplifier was DYMEC, a subsidiary of Hewlett-Packard, and this amplifier was to
be the front end of a voltage-to-frequency converter instrument. The amplifiers
were functioning pretty well, and they were meeting just about every specification,
but they had a problem with undesired and unpleasant little offset shifts and jumps.

As the project went on, more and more engineers were looking over Bruce’s
shoulder, trying to help him solve this problem of the jumpy offset. Some people
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suspected that the amplifier stages might be rectifying out signals that were caused
by—?—perhaps—the transmitter of a local taxicab company? I do not know if it
was ever resolved what was the cause of this drift or wobble—it was hard to resolve,
just a few dozen microvolts—but, I have the impression that the amplifier project
was not a success, and we never went into full production. If there was any circuitry
of the actual V/F converter, that was never discussed at Philbrick—that was propri-
etary within DYMEC, and it was only our job to make an operational amplifier with
low offset.

Of course, this amplifier had several vacuum tubes and a chopper. The first
amplifier tubes, 6CW4 nuvistors, ran with their 6 V heaters connected in series, so
astorunona 12 V DC bus and avoid the noises inherent in using 60 cps heaters.
Then there were two more gain stages, DC-coupled. There was a chopper, Airpax
172 or Bristol or similar, and a chopper amplifier based on a 12AX7. The whole
circuit was similar to the Philbrick “USA-3" amplifier; it did, however, run on
+ 150 V instead of = 300 V. Dan McKenna, the senior technician who worked on
the project, said he always suspected that it was the blame of the heaters that were
connected in series, because the data sheet on the 6CW4s said, “do not connect
heaters in series.” But I realized later, connecting two heaters in series was surely
okay; putting 10 or 20 tubes’ heaters in series, as in a TV set, was the procedure that
was prohibited. So, even though Dan grouched about it, this series stacking of two
heaters was probably quite wise, not risky, as it would force the tubes to run at
about the same number of watts in each heater.

Anyhow, that is ancient history, a design with vacuum tubes. Even then, even
though we were trying to design part of a V/F Converter, we didn’t have one in our
lab. We didn’t have a digital voltmeter (DVM)—we had the old Fluke 805 differ-
ential voltmeters. Now, these meters have many elements of accuracy that good
DVMs have these days—good resolution and stability—but they were big and
heavy and slow. If you wanted to read 5.032 V, for example, you could do it, but it
was a tedious deal. You had to turn the first knob to 5, and then the next one to 0,
and the next one to 3, and then turn up the gain and look at the analog meter to see if
the residue looked like a “2.” That was how you learned the voltage was 5.032 V. If
you have ever spent a few hours twisting the knobs of one of those old Fluke meters,
you may remember it with nostalgia, but you must admit, it was awfully boring.

When the first DVMs came, from HP and from Non-Linear Systems (NLS), they
were slow and (in the case of the NLS) clunky and noisy, and they did not have
excellent accuracy or features compared to the old Fluke differential meters. But
they sure were faster and easier.

And there was another way to do a DVM—you could buy a voltage-to-frequency
converter from DYMEC and feed its output frequency into an “event counter” (an
EPUT meter—Events Per Unit Time—from Beckman Berkeley), and its neon-
discharge display tubes would glow and tell you what the frequency was, in terms
of pulses per unit of time, and that was supposed to be linearly proportional to the
input voltage.

This new DYMEC V/F converter had several solid-state circuits and tricky pulse
generators. To this day I do not know how those proprietary, secret pulse circuits
were supposed to work. It had a pulse generator based on some special pulse trans-
formers and blocking-oscillator circuits. The instrument had a pretty good tempera-
ture coefficient (TC), but, only because it had a little oven to hold all the transistor-
ized circuits (which really had a rotten TC) at a constant temperature of +65 °C.
Consequently, when you turned it on, you had to wait at least half an hour before
the accuracy would finally settle out to its ultimate value—waiting for the oven to
settle its temperature. It could handle a full-scale voltage of + and —1.0 V. It works,
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pretty well. It was claimed, originally, to have better than 0.02% of linearity. I mea-
sured it once, and it had some nonlinear errors around 0.024%—not bad, but appar-
ently something had drifted slightly out of spec. It cost $1600, back when $1600
would buy you a Volkswagen. I still have one of the DYMEC V/F Converters,
Model DY-2211B, and the book on it.

Now let’s move up to about 1967. We engineers at Philbrick were working mostly
on solid-state operational amplifiers—amplifiers made of 6 or 8 or 10 discrete tran-
sistors. The integrated circuit amplifiers were arriving, but most of them were pretty
crude in performance and features.

One day Bill Bernardi, one of the senior applications engineers, told me that a
customer in Sweden had made a linear voltage-to-frequency converter using a
PP85A (one of our standard operational amplifiers) and a UniJunction Transistor
(UJT). And the nonlinearity was, he said, about 0.1%. When I heard this, I got very
curious, because everybody knows that UJTs are the crudest, dumbest, most impre-
cise oscillator you can find. Just about every student learned that a UJT looks very
cute because it can oscillate with a minimum amount of external parts, but it’s an
awfully junky circuit. You could gold-plate the sow’s ear, and it was still a junky
circuit. So when I heard that a UJT was involved with a V/F converter of very good
linearity, I was impressed, but I was suspicious, and I looked into what they were
doing. I didn’t know anything about V/F converters, but I was curious. I found that
the PP85A was used as a comparator, and the UJT was mostly used to provide some
“negative resistance” or positive feedback, to make a pulse whose amplitude or
width are not critical and thus did not hurt the accuracy of the V/F converter. Ah,
but how is that? How is there a V/F converter that uses one simple comparator and a
crude UJT pulser, and no other obvious precision components, and yet provides a
0.1% linear V/F converter?

As near as I can recall and reconstruct, the circuit was basically that in Figure
29-1. The principle of operation is that when the current from V;,, causes the main
integrating capacitor C2 to rise up to 0 V, and the op amp starts to swing its output
positive, it triggers the UJT, which then puts out a crude pulse which kicks the
minus input of the comparator; and the output also kicks a certain amount of charge
through a charge-dispensing capacitor, C1, back to the integrating capacitor, to reset
it. This amount of charge must be constant and invariant of anything, especially
invariant of the repetition rate. If you can get that, you get excellent linearity. Appar-
ently the Swedish engineers had stumbled onto this crude but functional circuit.

Now that I understood the principles, I figured out that there was room for a good

1)

Figure 29-1.

The Swedish
voltage-to-
frequency
converter circuit
(drawn from
memory,
approximate
schematic).
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Figure 29-2.

Bob Pease’s first
attempt at
designing a
voltage-to-
frequency
converter
(A1-Philbrick T82
AH = Amelco
805BE. Full scale
is 10 kHz. Good
linearity, poor
PSRR and TC).
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bit of improvement. I started fooling around with some breadboards. I got the full-
scale frequency up to 10 kHz (the Swedish circuit worked well up to just 1 kHz,
which is not nearly as useful as 10 kHz), and got the nonlinearity down to 0.03%.
And I invented a scheme so the operational amplifier’s output could be capacitively
coupled back to its positive input, causing enough regeneration or positive feedback,
that the UJT was no longer needed. I used an Amelco 805BE integrated-circuit
operational amplifier as the comparator. Now, the whole thing would fitinto a 1.5 in.
square package, just 0.5 in. high—a small epoxy-potted module that was rather
smaller than the PP85A amplifier and associated parts as shown in Figure 29-2. We
built up a prototype and we tested it, and it worked pretty well. We potted it in our
usual hard black epoxy and shipped it to a customer in Connecticut—a customer of
Larry Plante, who was our Sales Engineer for that region. Also, I sent in a patent
application to our patent attorneys. I forget exactly who it was—was it Mr. X in
New York, or Mr. Y in Waltham? No matter.

That must have been a busy year, because by the time I got off the other hot pro-
jects I was set to work on, for a number of high-priority customers, I realized I had
not heard anything from this customer in Connecticut. I got in touch with Larry
Plante. All he knew was, the customer didn’t like it. Worse yet, a whole year had
elapsed since I had sent the part in interstate commerce, and the patent attorney had
done nothing, so the patent application was now worthless. I was quite cross, and I
read the riot act to these attorneys. Then I set in at the work-bench with a vengeance.

I realized the old circuit had depended on the power supply stability for its gain
factor, so it had no power supply rejection, or, to be more nearly correct, a PSRR of
about 0 dB. I added a zener in a bridge, to give a PSRR of perhaps 45 dB. (Note,
that was the first time I had ever seen that zener bridge (see Figure 29-3)—was I
one of the earliest inventors of that circuit? It is a neat and useful circuit.) I added
improved features around the amplifier, to improve the start-up and the accuracy. I
replaced the (sole-sourced) 805SBE with the more popular and inexpensive
LM301A. Refer to Figure 29-3; a description of how it works is provided nearby. I
gave it to my technician, Dick Robie, to oven it and graph out the temperature
coefficient (TC) from the temperature data. That night, on the way out the door, I
asked Dick what had he seen for the TC. He replied, about zero. I asked, “Whatd’ya
mean, zero? You mean, down near 100 parts per million per degrees C?” He
replied, “Oh, much better than 100—Iess than 10 ppm per °C.” I was shocked. How
could it be that good? The next day, I figured out the fortuitous situation: of course,
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for the “charge-dispensing capacitor, C2,” I had used one of the best capacitors in
the house, the most precise and stable ones, which were polystyrenes with a TC of
—110 ppm/°C. This TC was just about cancelled out by the TC of the entire group of
diodes in the rest of the circuit. Namely, the driven end of the capacitor moves
about 12.4 V p-p, plus the V; of four diodes. These four diodes run rich at about

6 mA, and have a TC of about —2.0 mV/°C. The p-p voltage of these four diodes is
approximately cancelled by that of the other four V},.’s at the other end of the poly
capacitor, but those diodes run at about 0.1 mA, and their TC is about —2.3 mV/ de-
gree. The difference of these is about 4 X 0.3 mV/°C, or 1.2 mV/°C, which is about
big enough to cancel out the —110 ppm/°C of the capacitor. Now, there were several
things I could have done to fix it if the TCs had not come out even—I could have
used 3 diodes, or 5, or 4’4 or 3 4, but, if 4 was the right answer, I’d go with it.

I got my boss, Dave Ludwig, to approve the layout of a printed-circuit board, and
I think Wayne Norwood was the guy who laid it out. We built up a few dozen and
evaluated them thoroughly. I wrote up a draft of a data sheet, and I negotiated with
Skip Osgood and Bill Bernardi to get it printed properly. I got some test equipment
going, and a silkscreen, and we called it the 4701. We were in the voltage-to-
frequency converter business.

I don’t recall exactly how we got these V/F converters to be so popular. I can’t
recall how we found so many customers, or how we got out publicity. I asked Frank
Goodenough—now the senior editor for analog circuits at Electronic Design maga-
zine—I knew he had been involved. He recalled how he had gotten involved: He
had looked at some of the characteristics of this 4701, and he suspected that a good
V/F converter might be useful at the Foxboro company, the big process-control
experts. Indeed, he did find some interest there. They were very interested—but
they never bought very many, because Foxboro was very concerned about buying
only parts available from multiple sources.

—© +/5V
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Figure 29-3.

The legendary
4701 voltage to
frequency con-
verter, designed
and drawn by
Bob Pease. (All
diodes are in
914-1N4148; DI0
is IN823; Alis
LM301A; allR's
+5%.)
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The 4701 became popular, with many customers at many companies. It became
profitable. It became good business. If I had all the time and space in the world, I
would tell you how the 4701 led to the 4702 (a 10 kHz frequency-to-voltage con-
verter, using the same charge-dispensing principles) and the 4703 (100 kHz full
scale V/F converter) and the 4705 and 4707 (1 MHz and 5 MHz V/F converters).
Also, the 4709, 4711, 4721, and 4715 V/F converters, and 4704, 4706, 4708, 4710,
and 4722 frequency-to-voltage converters. Some of these had a moderate TC of 150
or 44 ppm/°C, but some were well-trimmed and guaranteed to 6 ppm/°C—as good
as the best DVMs of the day.

But it all started with that crummy little 4701—and the principle that one cheap
operational amplifier driving a little charge-dispenser could make a very linear data
converter. This came from an understanding that you could build an oscillator with
a UJT and an operational amplifier to help improve the linearity, and then throw out
the UJT! I was able to do that because I was receptive to the concepts that would
make a good V/F Converter, even though I had never seen a V/F Converter! I was
able to make accurate measurements, to throw in precision components—zener ref-
erences, capacitors, resistors—and to get inexpensive IC amplifiers, and to optimize
the whole little system. What is the underlying principle?

I like to think of the words of Branch Rickey, manager of the St. Louis Cardinals
in the 1920s (and later manager of the Brooklyn Dodgers). One of his favorite say-
ings was “Good luck is the residue of design.” When he referred to his baseball
teams, he meant that his players were able to handle any play, field the ball, throw
to the right base, etc., no matter how surprising the bounce of the ball might be. If
his players had learned the fundamentals, if they were prepared for any situation,
they could take advantage of game situations and win. Other people might say his
players were just lucky, but he knew darned well that he had trained them and
drilled them so they would instinctively know to do the right thing.

I, too, was in a situation where I was prepared to take advantage of the opportu-
nity, and I didn’t drop the ball when it came my way. (Well, I fumbled it for a while
but then I got it right.) We built up that V/F Converter business to about one-tenth
of all the business at Teledyne Philbrick, and if you look at the schematic of that
little V/F converter, you can tell it was pretty profitable when we sold it for $59. But
as I mentioned in another chapter, when a guy had spent his $59, he really got a lot
of satisfaction. We had some very loyal customers, because the performance per
dollar was right, even if the parts list would have looked pretty skimpy, if the epoxy
were not so opaque and obscuring. As with other circuits like the P2, the list of parts
looked like not much of a big deal, but the way you put them together was what
made the value to the customer. To some extent, this is like the integrated circuit
business, where the price of an IC often is related to the value it provides to the
customer and is not related at all to the cost of manufacturing.

The V/F Converter business eventually became just popular enough that other
analog-circuit manufacturers decided to get into the business. Several competitors
such as Dynamics Measurements Corp., Intech, and a couple others started making
units that competed. But these companies were all followers—none of them was
making or selling V/F converter modules until the 4701 came along and popularized
the concept. Finally Raytheon started making an integrated-circuit V/F converter—
the RC4151. But it did not use charge-dispensing techniques—it used a timer, sim-
ilar to the 555. It was inexpensive but did not have any guaranteed TC, and only
poor linearity (0.15%).

In 1976 I left Teledyne Philbrick and went to work for National Semiconductor.
Bob Dobkin put me to work designing a V/F converter integrated circuit that would
have all the advantages of previous designs but avoid the disadvantages. I came up
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with a design that was nothing like a 4701—nothing like any of the Philbrick V/F
converters. This LM331 would run on any power supply from 4 to 40 V (whereas
the Philbrick ones needed £+ 15 V, and + 12 to £ 18 V was about as wide as they
would accept). It’s been pretty popular, and to this day, 13 years after it was intro-
duced, the LM331 is still getting designed in to new circuits. People tell me they
like the way it is versatile and offers good precision.

At Philbrick, after I had refined the circuits of the 4701, I realized that this went
far beyond the original patent application I had filed. So, I wrote up a new applica-
tion to take into account the new schemes, and we filed that one in about 1970, and
eventually it issued, in July of 1973. The number of that U.S. Patent is 3,746,968.
After 17 years, that patent expired in July 1990, and consequently I don’t feel bad at
all about talking about the 4701. After all, one of the functions of the patent is to
teach the reader how to do something. The patentee holds a monopoly right for 17
years, but 17 years is the limit.

Vignettes—Little Stories...

In those early days of the Philbrick 4701 family, our arch-rival was Analog Devices.
We were kind of nervous about how AD would bring out competing modules. Would
they steal our circuits? Would they infringe on our patents? Year after year we
waited for the shoe to drop. Finally, after just about every other competitor was
selling V/F converters and F/V converters, Analog Devices brought out its modules.
They did not infringe, they did rot steal our circuits. We also thought they did not
have very impressive performance or features, as they had designed their circuits to
do things the hard way. But mostly, they were late in the marketplace. Later, we
found out why:

At Analog Devices, the engineers always designed what the marketing managers
told them to. This was rather different from Philbrick, where the engineers often
designed things that marketing people could barely comprehend—but on a good day,
these unrequested products made a lot of good business, and a lot of friends, and
good profits, too. But the marketing people at AD had looked at the marketplace,
and they decided there was “no market for V/F or F/V converters.” Year after year,
they decreed that, and V/F converters were studied, but no products were introduced.
Finally, several of the AD salesmen presented evidence that even though the mar-
keting people could prove there was “no market” for V/F converters, there really
were customers for V/F converters, and they twisted the marketers” arms until they
finally agreed to get into that business.

That reminds me of a funny story. When we had just three V/F converter prod-
ucts at Philbrick, and I was designing several more, one of the marketing managers
at Philbrick—I recall that it was Maurice Klapfish, who had recently arrived from
Analog Devices—decided to commission a market survey about V/F and F/V con-
verters. The engineers were summoned to hear the report and conclusions of the
survey. This fellow had asked many people, “Is there any market for good V/F
Converters?” In each case, the answer was, “no, no significant market.” We asked
this fellow, whom had he asked? He said that he asked all the manufacturers who
now made V/F converter instruments. Well, what would you expect them to say?
Of course they would not want to encourage competitors!

At this point, I stood up and asked if he realized that Philbrick’s entire building—
the complete facilities and every concrete block in every wall—had been paid for
by the profits on a product (the Philbrick P2 amplifier, see Chapter 9) that nobody
had ever asked for, and that marketing never said they wanted, and in fact marketing
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had never even planned or specified or run a market survey on it—it was just thrust
into the marketplace by engineers—did he realize that? The market-survey fellow
said, no, he did not believe that. Well, of course I walked out of the meeting.

After a while, our management wisely decided that a few new V/F converter
products might just be okay, if the customers continued to show good acceptance of
these V/F converter products. I won’t say that marketing people never approved of
the designs, and features, and specs. Let’s just say that I put on my marketing hat,
and decided what kind of features a customer might like to buy, in a marketplace
where nothing of this sort had ever been seen before.

Frank Goodenough reminded me that at one sales reps’ meeting in Chicago,
where all the 50-odd reps were gathered to hear the Philbrick marketing experts
explain what good new things we had to sell, Frank had stood up to tell the reps
about the new V/F converters and F/V converters. For some reason, the Marketing
Manager, John Benson, had not gotten his full agreement on how the V/F converter
line was to be promoted, so just when Frank (who, if you have ever met him, is a
very enthusiastic guy) was beginning to say glowing things about the V/F con-
verters, John told him to “shut up and sit down and not talk about those things.”
Well, if you want to make sure a person pays a lot of attention to what a speaker is
saying, you just tell the speaker to “shut up and sit down.” Frank did what he was
told, but he sure got the reps’ interest that day!

In 1988, I was interviewed for a biographical page in EDN magazine. When the
biographical material was shown to me at the time it was ready for publication, it
stated that I had designed a V/F converter using vacuum tubes, and thus I had
proved that one could have made good voltage-to-frequency converters back in the
1950s and 1940s. However, even though I had been threatening for 17 years to
design and build such a machine, I had never actually done it. I could either tell the
editors to drop out that phrase, or I would have to actually design such a machine. I
was a little rusty in my art of designing with tubes, but I took an old hi-fi amplifier
and rewired a group of tubes—some 6SN7s and 6SL7s and an old OB2 reference
tube, and with a minimum of tweaking, I got a good V/F converter running with the
same basic design as the 4701. The linearity was down near 0.08% on the first try.
So, if had a time machine, I could go back to the year 1940 and be a hero by inventing
V/F converters and F/V converters and digital voltmeters using V/F converters.
Unfortunately, in the year 1940, I was not even 1 year old, and if anybody was going
to invent V/F converters in 1940, it was going to be somebody other than me! Still,
in concept, there was nothing to prevent this design from being marvelously useful,
back 40 or even 50 or 60 years ago. The V/F converter could have teamed up with
the frequency counter or “EPUT Meter,” to make digital voltmeters and analog-to-
digital converters, 20 or 30 years before the first DVMs were sold commercially. . .

In 1971 I was invited to do a lecture tour, talking about Philbrick’s new products
in a 14-day tour of Japan. I talked about many other products as well as the V/F
converters, with a slide show and various lectures and data sheets. One of the
sequences I made up was to show the linearity of the model 4705. After we trimmed
the gain-adjust pot to deliver 1,000,000 Hz at 10.00000 V input, I showed the test
results—a 5-digit DVM sat on top of a frequency counter. For example, when you
put in 5.00000 V, the frequency might typically be 500,008 Hz—a pretty good
match. I showed the sequence we actually followed in our final test sequence—the
input was decreased downto2 V,1V,0.1 V,0.010 V,0.001 V, and 0.0001 V.
Finally I showed the last slide where the input was 0.00001 V, and the frequency
was 1 Hz—showing a dynamic range of 1 million to 1. To my astonishment, the
room full of Japanese engineers burst into spontaneous applause! I must say, this
happened in Osaka, where the Japanese often show enthusiasm. In Tokyo, I noticed
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the engineers in the audience were impressed, but in Tokyo, people are more
reserved, and applause did not seem appropriate to them. Still, that applause was the
high point of my tour—and perhaps of my entire career!

Notes on “Markets”

Why did the 4701 and its companions become so popular? I think there are several
good applications which made for a lot of the popularity, and most of these were not
really obvious, so it is not silly to say that marketing people might be fooled.

A major application was analog-to-digital conversion. The 4701 could cover a
10-bit range, from 10 Hz to 10 or 11 kHz, and at the price it was a little better than a
comparable 8-bit ADC. Further, you could get the output isolated by 1000 V or
more, just by driving the output into an opto-coupler. That made it very attractive.

An additional variation on this theme: this ADC could serve as an integrator.
Instead of just feeding the output to a 10-bit counter, you could feed it to a 20-bit
counter, or to a 16-bit or 24-bit counter with a 10 or 16 or 20-bit prescaler. So, you
could integrate signals, just as with a wattmeter, by adding a couple of inexpensive
counters, CD4020 or 4040 or similar. I think that made a lot of friends, because in
the early 1970s, people were not interested in screwing around with analog com-
puters or analog integrators. They didn’t want to reset them, or have anything to do
with them. The 4701 let them get the job done and all the user had to add was a
couple of DIP ICs in the digital domain. Some of our big orders came because a
major Japanese instrument maker was integrating signals related to air pollution,
integrating them all day long. . ..

The other major application was isolation of analog signals, over a large AC or
DC voltage offset. These days you can run over to Analog Devices or Burr Brown
and get some cute isolators that stand off 1000 V or more, but those circuits only
came along because the 4701 and 4702 pioneered the isolation business. I recall the
first order we ever got for 1000 4701 V/F converters plus 1000 4702 frequency-to-
voltage converters. The customer was in Japan. Many Philbrick people got really
curious: what was he going to do with them? What industry was he in? Oh, he was
in the shipbuilding industry.

But a ship is a solid slab of steel, and why would anybody be interested in isola-
tion in such a case? Finally, some knowledgeable person pointed out, almost every-
thing on a ship might be “grounded,” but there are often dozens and hundreds of
~ volts of AC and DC and transients and spikes, between any two “ground” on the
ship. Maybe our customers weren’t so stupid, after all. Maybe there was a “market”
for V/F converters! I am still not an expert at “marketing,” but I find that when I
listen to the customers, as a class, they can figure out a bunch of things I never could
imagine. So, even if there is no obvious place for these circuits to go, well, just stand
around and see who shows up with money. Shucks—I nearly forgot: the words of
Jay Last, one of the founders of Teledyne. He liked to say, “The only valid market
survey is a signed purchase order.” That’s the last word.

How Does that Kluge Work?

The best way for me to explain how the 4701-type circuit works is to suggest that
you assume that it really does work; and after we analyze each section of it, then you
will agree that was a reasonable assumption. Figure 29-3 is my schematic of the circuit.
First, let’s assume that the negative input of the op amp Al is a few millivolts
more negative than the positive input, and that Vpy is some positive voltage. Then
rather soon, the voltage at the negative input will cross over and exceed that of the
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positive input. Now, all this time, A1’s output has been at the positive limit, near
+13 V; but when the inputs cross, the output will rapidly go to —13 V. What are the
interesting things happening then?

1. There is positive feedback through C3 = 15 pF, so the positive input is driven
a few volts negative. This ensures that there will be a good wide healthy
pulse—at least 17 or 21 psec.

2. The right-hand end of C2 is driven from about +7.5 V to —7.5 V, and the left-
hand end of C2 is discharged through the emitter of Q1. That is a specific
amount of charge, Q = C X AV. The AV is not just the 15 V p-p at the right-
hand end of C2, but rather it is that 15 V p-p less the 2.5 V p-p excursion at the
left-hand end. When this charge is driven into the emitter of Q1, it comes out
the collector (well, at least 99.5% of it does) and pulls the voltage on the 3.3 wF
down by about 12 mV. All this time, the voltage at the positive input of Al is
much more negative than that, so this step of ~12 mV is just a minor jump. But,
that charge is the magic element of precision. The size of the 12-mV jump is
not important, but the charge is.

Note, in most conventional V/F Converters, the charge is dispensed by a timer
circuit such as an LM555, which gates a current ON and OFF, so Q =1 X T. How-
ever, you need several precision resistors, and even then, the timer is subject to drift
and noise, so that is a rather crude, drifty, noisy, unstable kind of charge dispenser.
In the 4701, the gain depends almost entirely on just three elements—the zener
voltage, the capacitor C2, and the input resistor R8. It’s true that the diodes enter in,
but since the V;s of D1, D2, D3, and Q1 cancel out the V;s of D4, 5, 6, and 7, then
there is not a lot of error or drift likely there.

3. Now that the output is staying at a negative 13 V and most of the charge on C2
has flowed through Q1, there are two more details going on:

a. The voltage at pin 3 of Al is tailing up gradually to be more positive than
at the pin 2. After all, pin 2 was pushed down 12 mV. Soon, after about a
total of 20 psec, V3 will cross V, and the output will bang back up to +13 V.

b. During that time, the current through R2 pulls at the emitter of Q1 and
makes sure that Q1’s emitter settles at a stable voltage. It makes sure that
Q1’s emitter voltage does not tail off to some drifty voltage. Even though
R2 looks like it will dump in current that would hurt precision, it actually
helps the precision.

4. Okay, now finally V3 crosses V, and the output goes positive. Now we have to
wait for the current through RS to pull V, up those 12 mV that it was pushed
down. That time will of course depend (inversely) on the size of the signal
input; the bigger, the faster. That means the time between pulses could be
anything between 70 psec and 9 or 90 msec. Are we forgetting something?
Yes. The p-p voltage at the left end of C2 must be stable and constant and
invariant of rep rate. But the diodes there might give a long tail—the voltage
might settle quite gradually and give a different p-p value at different speeds.
By definition, that would hurt the linearity. What’s the fix? The current
through R2 is the fix. That current flows through D1, D2, and D3, and forces
the left end of C2 to settle to within a millivolt or two in just 50 or 60 psec.
Without R2, the linearity goes to pot. Now, it looks really stupid to have a
circuit like this where the “precision capacitor” C2 has a resistor across it that
obviously makes so much “leakage.” But that controlled “leakage” turns out
to be exactly the reason for the precision and excellent linearity. The Swedish
design didn’t have this, and while their circuit had good linearity at 1 kHz, it
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could not be made to work well at 10 kHz. But this basic charge dispenser,
when driven with suitably fast transistors, works well at 100, 1000, and even
5,000 kHz.

What else is in the circuit? D9 is needed between pins 1 and 8 of the LM301A to
keep it from wasting excessive current in its negative limit. D8 is a good idea to
protect the positive input from overdrive in the positive direction. Q3 functions only
when you overdrive the input—let’s say—pull V5 up to 50 V, and put in so much
current that the V/F converter stops. Then it stops with pin 2 of Al at+1 V, and pin
6 at—13 V. It would never put out another pulse—it would never restart, even if Vy
falls to a legal level such as +1 or +5 V—except that after a lag, C5 gets pulled
minus, and Q3 turns on and pulls pin 2 so low that operation does start again. In
normal operation, Q3 just sits there and does nothing, biased OFF.

C7 acts as a pulse-stretcher. The pulse width at the output of Al is about 22 psec.
But we had a companion F/V converter, the 4702, that could only accept 20 psec
(or wider) pulses. If A1’s output pulse got any narrower than 20, the 4702 would
lose accuracy. We solved the problem by putting in C7 so that when A1 makes a
20 psec pulse, the base of Q2 would be held off a little longer than that, due to the
RC lag—about 15 psec extra. Then a 4701°s pulse was always plenty wide enough
to drive a 4702.

The little capacitor C6 was added to make the p-p voltage at V, a little bigger, so
when some LM301°s were a little slow, there was now a bigger signal between V,
and V3, and the amplifier would not balk. After all, the LM301 is characterized as
an operational amplifier, and if some are a little slower than others when you run
them as a comparator, you really can’t complain. . .

As you can see, the 4701 circuit did get a couple Band-aids®, but not excessively
many, and we never really did get stumped or stuck in production. Our customers
loved the linearity, the TC was pretty good, and the frequency output would never
quit. They figured they really got their money’s worth, and I certainly couldn’t
disagree with a satisfied customer.

A Final Note

Now, in July 1988 1 did read a letter, which a Mr. Sidney Bertram of San Luis Obispo,
California had written to the JEEE Spectrum (July 1988) about how he had worked
on frequency-modulated oscillators in 1941. To quote from the letter: “When I joined
the sonar group at the University of California’s Division of War Research in 1941,
I was told about three frequency-modulated oscillators they had had developed under
contract—one by Brush Development, one by Bell Laboratories, one by Hewlett-
Packard Co. The Hewlett-Packard oscillator, a positive-bias multivibrator, was the
simplest and most satisfactory. It became the heart of the subsequent work, and one
of my jobs was to give it a reproducible linear voltage-frequency characteristic.”

I wrote off to Mr. Bertram and he was very helpful. He sent me a copy of a paper
he had written, published in the Proceedings of the IRE, February 1948. This paper
showed Mr. Bertram’s work (in 1941) to take a basic two-tube multivibrator with
six resistors and optimize it to a linearity of + 200 Hz over a range of 37 kHz to
70 kHz, or about 0.6%. Not bad for a 1941 design!

So, we cannot say there were no VCOs before 1950, but they were not common
knowledge, as you could not find them unless you looked outside the “Bible”—the
3000 pages of the Rad Lab Series.
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30. Op Amps and Their Characteristics

This chapter is about two kinds of circuits, operational-amplifier circuits and oper-
ational amplifiers. An operational-amplifier circuit performs one among an essen-
tially infinite variety of defined operations, employing one or more amplifying
devices known as operational amplifiers, or “op amps.”

In this chapter, we shall discuss the kinds of operations the circuits can perform—
and the role played by the characteristics of the op amps, and other elements used in
the circuits, in determining how well those operations are performed. In order to
accomplish this, we shall have to consider the characteristics and behavior—and to
some extent the design and construction—of the op amp as a component.

Here are two basic definitions:

An op amp—the component—is a high-gain amplifier, usually with symmetrical
differential input, designed to perform stably when connected in feedback loops
having large amounts of negative feedback. An ideal op amp would have infinite
gain and bandwidth; used with an appropriate power supply, there would be no
limitations on the magnitudes (small or large) of either the signals appearing at or
the impedances connected to the output or input terminals.

An operational-amplifier circuit, using one or more op amps——plus other circuit
components—relies on the high gain of the op amp(s) in order to provide a prede-
termined functional relationship between the output and one or more inputs. Some
simple examples of functions that can be performed by operational amplifiers
include multiplying by a precise constant, adding, integrating with respect to time,
active filtering, signal generation and wave form shaping, accurate voltage
buffering, and voltage-to-current conversion. If ideal op amps were used, the func-
tion performed by such a circuit would depend solely on its configuration and the
properties of the external components used to establish the function.

Brief History

The operational amplifier circuit is historically inseparable from the idea of nega-
tive feedback. One of the first functions of the negative-feedback electronic circuit,
invented by H. S. Black and described in AIEE’s Electrical Engineering in 1932,
was to provide stable gain—independent of vacuum-tube properties and other
amplifier parameters—in telephone circuits. Stable gain is still one of the most
prevalent of op-amp circuit applications. Operational-amplifier circuits first ap-
peared in recognizable form in about 1938, when feedback circuits and electronic
analog computing were first employed to simulate dynamic control loops.

The term, operational amplifier, and a discussion of its use in analog computers
to analyze problems in dynamics, appeared in a landmark paper by Ragazzini et al
in 1947. The first op amp to appear on the market as a general-purpose functional
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Figure 30-1.
Conventional
simplified

representation of
an operational
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building block, with differential inputs and today’s familiar triangular block dia-
gram, was the Model K2-W, which was introduced in 1952 by George A. Philbrick
Researches, Inc.

Solid state op amps employing germanium transistors first appeared commercially
in about 1958, high-performance types employing silicon transistors started to appear
in 1960, the first low-cost potted modules appeared in 1962, and the first successful
IC op amp, the wA709, surfaced in 1964. Since then, the pace has quickened, and
many technologies have proliferated to make the op amp the low-cost, universal
building block of electronic circuitry, available in wide variety, that it is today.

Block Diagram

Figure 30-1 is the conventional simplified representation of an operational
amplifier—a triangular building block with an output terminal, two input terminals,
and an external reference terminal, or common. Not shown are the power-supply
terminals or other connections for offset trimming or external frequency compensa-
tion. The common terminal serves both as a basic reference terminal for voltages
appearing in the op-amp circuit and as a return path to the power supply for currents
flowing through elements of the op-amp circuit.

Although it is incomplete, we will use this representation because it is helpful
when envisioning and discussing operational-amplifier circuits from a functional
point of view. It reduces the clutter caused by repetitive (though essential) wiring.
Increased levels of detail will be seen later.

In principle, depending on its circuit configuration, an electronic operational
amplifier may accept input signals in the form of either current or voltage, and the
output may be generated as either a voltage or a current. However, for the discus-
sions that follow, operational amplifiers will be considered to respond to voltage,
and to generate voltage outputs. The circuits they are used in, however (op-amp
circuits), may be designed to respond to voltage or current, or both, and to generate
rationally determined voltages, currents, impedances, or power levels.

Gain

Let us assume that the inputs and outputs of the amplifier in Figure 30-1 can swing
positively and negatively with respect to common through a range of at least 10 V.
If the voltage at the input labeled “+” increases (i.e., becomes more positive), the
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output will tend to increase; if the input labeled “~” increases, the output will tend
to decrease (become less positive or more negative). Thus these inputs are differen-
tial; the output tends to respond to their difference. Let us further assume that the
amplifier has an open-loop gain of 100,000, or

v, = Ao(V.-V)

= 100,000(v. - V. )

This means that if the difference between the inputs changes by as little as 100 wV
(104 V), the output will change by 10 V. Another way of stating this is to note that
for the output to change by less than £10 V, the input difference must change by less
than £100 wV. If the input difference is larger, it may cause the output to become
nonlinear, and eventually to saturate, as shown in Figure 30-2.

The Comparator

One consequence suggested by this property is that the amplifier can be used
simply to determine whether one voltage is more positive than the other. If V;* is
even 1 mV more positive than V;~, the output will swing to its upper limit; if V;*is
1 mV more negative than V;~, the output will swing to its lower limit. When func-
tioning in this way, the op amp is acting as a high-gain comparator.

The comparator mode has its uses. For example, by making a binary (two-
valued) decision, it produces a digital signal based on analog information (that is, it
acts as a one-bit analog-to-digital converter). It is important to note, though, that
this mode of operation represents a very small fraction of the potential applications
of the op amp. Of much greater usefulness is the behavior of the op amp in nega-
tive-feedback circuits where the output is forced by the amplifier to be always
within bounds.
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Figure 30-3.
Simplified model
for examining
effects of nega-
tive feedback.
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The Follower

Perhaps the easiest way to begin to develop an understanding of how negative feed-
back around an op amp makes precision operational-amplifier circuits possible is to
consider a circuit in which the only feedback element is a piece of wire. In Figure
30-3, the output is jumpered to the negative input (V;7), and an input voltage, V,,, is
connected between the positive input, V;*, and common. We make the appropriate
assumptions that the impedance from the input terminal to common is extremely
high compared with the source impedance of V,,, and the impedance in series with
the output terminal is quite low, compared with the load impedance.

Continuing to use the example of an amplifier with an open-loop gain of 100,000,

v, =100,000(V. - V)

Since V;~ =V, we can solve for V,,

1+
100,000

This means that the output voltage must follow the input voltage to within 1/A,,
and the circuit performs as a high-accuracy unity-gain follower with 0.001% error.
The reader should note that if there is a tendency for V, to change, that change will
be applied to the V;™ terminal, causing the amplifier to oppose and correct for the
change.

To show just how powerful the effect of feedback is, let us consider the same
circuit, but with one modification: that the amplifier is driving a 1,000-{2 load, and
that its output impedance is an outrageous 1,000 () (Figure 30-4). Only half the
output voltage, V,,, is being fed back to V-, but the voltage applied to the load is still
equal to V;~, which must still be very nearly equal to V;*. Therefore,

V... = (1/2)(100,000(v_-V,,))
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Figure 30-4.
Modification of
the circuitin
Figure 30-3.
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This example shows that the high open-loop gain and negative feedback cause the
amplifier to do whatever is necessary to make the voltage at its negative input very
nearly equal to the voltage at the positive input, including—in this case—providing
an amplifier output voltage, V,,, that is twice as great as the required output voltage,
VOth‘

The effect of the large output impedance, inside the loop, is to halve the open-
loop gain. The overall effect is to double the extremely small error to only 0.002%;
note that the larger the gain, the smaller the error, and the smaller the effects of
output impedance. The important point is that the actual value of the open-loop gain
is unimportant, as long as it is sufficiently high.

Practical note: This example of extreme loading was chosen to demonstrate in a
dramatic way the high gain-stability of op-amp circuits. It should be evident that the
amplifier’s maximum output span will have to be twice the voltage span applied to
the load. There may also be dynamic stability and bandwidth problems in circuits
with high series output impedance.

Application Principles

So far, we have demonstrated two inherent principles that can be applied to make
the op amp useful: high-precision voltage comparison and high-precision voltage
following. Here is a list of some additional principles of operational-amplifier cir-
cuits that lead to high-precision functions that can be performed with single
amplifiers:

» Amplification (follower with gain)
* Voltage-to-current conversion

* Voltage null and current balance
 Voltage inversion

 Voltage amplification-attenuation
 Current-to-voltage conversion
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« Independent current summing

« Independent voltage summing

* Voltage-current relationship—static or dynamic, linear or nonlinear
« Current-voltage relationship—static or dynamic, linear or nonlinear
* Transadmittance functions

X « Inverse functions (apparent reversal of causality)

o « Differential operations

S , ¢ Operations—linear and nonlinear—involving positive feedback

Each of these principles is a potential problem-solving tool for the circuit de-
signer, suggesting a multitude of specific embodiments. Each stems directly from
the following statements, which express the underlying basic principles of ideal
differential-input op amps:

1. When negative feedback is applied to an ideal differential-input operational
amplifier, the differential input voltage must approach zero.

2. No current flows into either input terminal of the ideal differential-input op
amp.

3. In addition, noise and DC offsets do not exist; and there are no constraints on
input voltage range (from very small to very large), output voltage range,
output current range, energy dissipation, bandwidth, or the characteristics of
circuit elements connected to the amplifier.

Although the ideal operational amplifier is a fictitious concept that can never be
realized, there are several good reasons for using it to explore the properties of
circuits employing it. First, the analysis of ideal circuits simplifies the issues in-
volved in understanding unfamiliar op-amp circuit designs or creating new ones.
Second, the circuit employing an ideal device is a good starting point for distin-
guishing between errors inherent in the circuit concept and those contributed by the
amplifier itself. (For example, a feedback circuit which is inherently unstable, even
if an ideal op amp is used, can be discarded or modified.) Finally, for many pur-
poses, there do exist op amps that approach the ideal sufficiently closely with re-
spect to the relevant desired key performance characteristics.

Precision amplification (follower with gain)

As the previous discussion implied, and Figure 30-5 shows, the op amp can be used
as a high-input-impedance follower-with-gain. It could be used to buffer a high-

R2

Figure 30-5.
High input
impedance
follower with
gain.
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impedance, low-level input source from a low-impedance output load and provide
accurately determined gain for the input signal. (Here, and in the discussions that
follow, we will assume that the amplifier’s open-loop gain is so high that the input
terminals must be at the same voltage). In Figure 30-5, the feedback consists of a
voltage divider with ratio M; M = R{/(R{ + R,). Thus

Vo=Mmy,

and the amplifier seeks to enforce this condition:

=Y,
Therefore,
Voul = in/M
= (1+Ry/R)V,

The gain element may be a pair of fixed resistors, a variable potentiometer, a
tapped divider consisting of many resistors, or even a stepped attenuator.

In practical circuits (i.e., those using nonideal amplifiers), offsets, noise, and
many kinds of errors are amplified by the same factor, 1/M. You will find that one
of the steps in analyzing the performance of any op amp circuit is to boil down the
feedback circuit—whatever its complexity—to an ultimate impedance ratio, which
defines the circuit’s “noise gain.” An example of this was seen in the circuit of
Figure 30-4, where M = 0.5; the error due to limited gain was doubled, i.e., multi-
plied by 1/M.

Precision Voltage-to-Current Conversion

In the circuit of Figure 30-6, a precision current is generated to flow through a
two-terminal load, indicated by the ammeter, A, and a series resistance, R; . Since
the voltage at V;” must follow the input voltage at V;*, the current that is caused to
flow through resistor R, from V™ to common, must be equal to V; /R. The current
must come from the amplifier’s output, via R| and the ammeter, since there is ide-
ally no current flowing through the amplifier’s input terminals.

The output voltage, V., is whatever it has to be (within device limitations) to

R
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Figure 30-6.
Precision voltage-
to-current
conversion.
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Figure 30-7.

Alternate method
of generating a
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precision
current.

maintain V;~ equal to V;,. The value of current is unaffected by the impedance of the
load elements in the feedback circuit—only by V;, and R (and any leakage or bias
currents in nonideal circuits). The amplifier adjusts the value of V, to correct for
any changes in the impedance of the load elements.

Voltage Null And Current Balance

Figure 30-7 shows another way of generating a precision current for the same two-
terminal feedback pair. Here, V;* is connected to common (“grounded”). V;, and R
are connected in series with V;~, and the load (A and Ry ) is connected as in Figure
30-6. In this configuration, V;” must be at zero (voltage null, or virtual ground);
thus, the current flowing through R must again be equal to V;/R, but in the opposite
direction to that shown in Figure 30-6, for positive V.

As before, a current balance must be maintained: current through the feedback
elements must be equal to the current generated by V;, and R. V,,; again is adjusted
by the amplifier to make it all happen, irrespective of the load impedance.

Besides differing in polarity, this circuit also differs significantly from Figure
30-6 in that V,, is not looking at high impedance—it is driving a load precisely equal
to the resistance of R to ground, since the V™ terminal is at 0 V. It is important to note
that although R appears to V,, to be grounded—because it is at ground potential—it
is not actually connected to ground, this is called a virtual ground, a powerful con-
cept in developing useful op-amp circuits.

Precision Voltage Inversion

In the previous example, we noted that V,; must be whatever value is necessary to
maintain the current, /, established by V; /R through the feedback path. If the feed-
back path consists of a fixed resistance, Rg, equal to R (Figure 30-8), the input cur-
rent, /, flowing through feedback resistor, Rg, develops a voltage equal in magni-
tude to V,,, but of opposite polarity as seen from V. Since V;” must be at ground
potential, V,,, = —V;,.Thus, the circuit acts as a unity-gain sign inverter, and V;, and
Vout are in push—pull.

Precision Voltage Amplification-Attenuation

Since the gain of the circuit of Figure 30-8 is equal to —Rg/R, it will function as a
voltage amplifier if Ry is greater than R, and as an attenuator if Ry is less than R.
(The noninverting circuit of Figure 30-5 can only provide active gain greater than
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or equal to 1; but it could be used to buffer a passive attenuator for gains less than 1.
The ratio, Rg/R, may be fixed, adjusted continuously with a potentiometer, or in
steps with a stepped attenuator, from infinity (in principle) to zero. Gain accuracy
depends on ratio accuracy. The input impedance for V;, is equal to R.

Precision Current-to-Voltage Conversion

In the circuit shown in Figure 30-9, the input element is an imperfect current
source—for example, a photodiode—consisting of an ideal infinite-impedance
source in parallel with a resistance, R,. Since the amplifier maintains V;~ precisely
at 0 V, there is no voltage drop across Rp, hence no current flow through it. All the
current generated by a positive /;, must flow through the feedback resistor, produc-
ing a negative output voltage equal to —/,,Rg. Thus, the input current is converted to
a precisely determined output voltage that is independent of the current source’s
resistance. Another way of looking at it is to consider that an ideal load for a current
source is zero impedance, provided in this case by the virtual ground at the op amp’s
inverting input.

Precision Independent Current Summing

In Figure 30-10, a second (positive) and a third (negative) current source, /, and —/5,
have been connected to the amplifier’s inverting input terminal along with /;;. Since,
all three current sources think they are connected to ground, the only path each (and

Figure 30-9.
Precision current-
to-voltage
conversion.

T Vi = 0V

VOUT = —IINRF
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I=ly+1,—1
Figure 30-10. *— —
Precision
independent

current summing.

Vour = —(In + L = 1) R:

therefore all) of the three currents can subsequently take is to be summed through
the node at the inverting input—or “summing point”—and to flow through feed-
back resistor Rg. Again, the output voltage must be equal to the inverted voltage
drop in R, or, in this case, —(/;, + I, — I3)RE.

Precision Voltage or Current Summing

In Figure 30-11, I; and /5 have been replaced by voltage sources V, and —V3, in
series with resistors R2 and R3. Since R2 looks (to source V) as though it is
grounded, the current through R2 is V,/R,; similarly, the current through R3 is
—V3/R3. In the same way as for current sources, the voltage drop in R, and hence
the output voltage, is equal to —(/;, + Vo/R, — V3/R3)RE.

Thus all of the inputs are summed independently. Any of the input voltages,
currents, or resistances can change without affecting the others. The gain (or attenu-
ation) for V, and V3 depends only on the ratios, Rg/R, and Rg/R3. The respective
input impedances are R, and R;.

Precision Voltage to Current Gonversion—Static or Dynamic, Linear or Nonlinear

So far, we have considered only resistive circuits. But op amps will work with
many other kinds of elements. If, for example, in the inverting connection, the input
element is a capacitor (Figure 30-12), the current flowing through the summing
point is equal to C dv/dt, and the output voltage, the same magnitude as the drop

V, _ Vs
— I = IIN +"ﬁ"ﬁ
Figure 30-11. W
Precision voltage MV Re
or current
summing.
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across Ry, is equal to —RgC dV/dt. The circuit is, in effect, an ideal differentiator; the
current through the feedback circuit is proportional to the derivative of the input
voltage, and the output voltage will be proportional to (hence will measure) the rate
of change of the input. In similar fashion, other, more complex circuits, with capac-
itors or inductors, may be connected to the input, to produce a current that is a dy-
namic function of the input voltage.

There is no restriction to linear circuit elements. For example, if we wanted to
plot the reverse leakage current of a diode, it could be connected between a variable
test voltage and the amplifier’s inverting input, as shown in Figure 30-13. The diode
leakage current, I; , for each value of input voltage, V., would flow through the
feedback resistance, producing a set of proportional output voltages, —I; Rg, which
measure the leakage current.

Precision Current-to-Voltage Conversion—Static or Dynamic, Linear or Nonlinear

Similarly, if Rgis replaced by a dynamic element, such as a capacitor, the output
voltage will reflect its relationship between voltage and current. For example, if a
capacitor, C, is used (Figure 30-14) with an input current determined by input
voltage, V;,, and input resistance R, i.e., V;/R, then the output voltage, proportional
to the accumulated charge, is equal to —(1/C) [1 dt, or —(1/RC)| Vin dt. Integrators are
useful for measuring small currents, generating linear ramps, and performing inte-
gration operations in analog computing.

—_— |L R

I/l F

K VA Figure 30-13.

D.U.T. Method of testing
the reverse
+ - leakage
O v, current of the
diode.
I -+ /
= . Vout
Vtest /
Vour Vour ==l Re
Vour
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Figure 30-14.
Precision current
to voltage con-
version, static or
dynamic, linear
or nonlinear.

Figure 30-15.
Generation of a
voltage
proportional to
the logarithm of
aninput.
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—— VOUT == ,;‘;6 / Vlth

Again, there is no restriction to linear elements. For example, an op amp can be
used to generate voltage proportional to the logarithm of an input by making use of
the logarithmic relationship between the forward current and voltage of a diode-
connected transistor. In Figure 30-15, a negative input current, / (perhaps supplied
by a photomultiplier), flows through a feedback diode connected in the forward
direction. The voltage developed across the diode, hence at the output, depends on
the ideal voltage-current relationship of the diode, i.e., (kT/q)In(//I,), where k is
Boltzmann’s constant, q the charge on an electron, T the absolute temperature, and
1, a reference current that depends on diode geometry and temperature.

Precision Transadmittance Functions and Precision Inverses

These last few examples have demonstrated two points that are worth some discus-
sion. Figure 30-16 shows an op amp with two generalized nonlinear three-terminal
networks connected to it, one in the input path, the other in the feedback path.
Recognizing that input current must equal feedback current, and assuming that the
circuit is stable, consider three cases:

1. If g() is represented by a resistor, R, the V, is equal to —R f(V;,).

2.If () is represented by a resistor, R, then V,, is equal to g"!(-V;,/R).

3. In general, the output is a direct function of f{ ) and an inverse function of g( ),
that is, g"1(-AVip). If () = g(), then V= —Vip.

A %
N N

Vour
= 1888e
+
Vour
]
i Vour ~£In(|')



Dan Sheingold

Arrows show
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I= '(VIN) -l= g(VOUT)
Figure 30-16.
f() Op amp with
generalized
] nonlinear
C) e three-terminal
\ networks.
1
One is sorely tempted to conclude that, in general, the inverse of a function can
be obtained by lacing it in the feedback path, as several of the preceding examples
have demonstrated. But to do so would be wrong without considering the stability
question. Suppose, for example, that V;, is a step and () is a passive circuit having
a pure time delay of 10 min; if g is a similar circuit, then the output must anticipate
its response by 10 min and produce a step immediately, clearly impossible without
some other means of communication between input and output. Such a circuit
would be unstable.
The common sense approach to anticipating “nonstarters” is to remember that an
op-amp circuit is not simply an algebraic entity but involves time causality. The
input signal to the op amp causes the output to change, which in turn causes the
feedback network to deliver a correction signal to the input. If a stable voltage null
and current balance cannot exist at the input, the circuit is not workable.
Precision Differential Operations
Figure 30-17 shows how an op amp circuit can subtract two input signals, with
attenuation or gain. Input signal V; produces a voltage V{Rg;/(Rp1+ Rp;) at the
noninverting input, V;,*. V, and the output combine linearly to produce a voltage
R R
* 5 Figure 30-17.
NN MW Precision differ-
+ ential operations.
V2
Vin
= Vi1
+
NV
Ra,
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Constant current

Figure 30-18.

source
employing a

floating voltage

source.

Vo = Vi(—) = Vi(+)

AT 4

VoRpo/(Ras + Rpo) + VouRaz/(Ra> + Rpy) at the inverting output, V;,". Assume that
the resistor ratios are matched, i.e., Rg1/R a1 = Rgy/R a2 = Rp/R 4. Since the output of
the amplifier must be whatever value is necessary to make V"= V;.*, the output
voltage must therefore be equal to (Rg/R5)(V| —V»).

Positive and Negative Feedback

The application principles discussed above all involve negative feedback. However,
limited amounts of positive feedback can also be used constructively. Figure 30-18
shows an example of a constant current source, employing a floating voltage source
(e.g., a battery) with terminal voltage, E, a resistance, R, and an op amp. The op
amp is connected as a unity-gain follower, and a current, /, is supplied through R to
a variable load, Z; . Since the voltages, V;* and V", must be equal, the voltage across
R must be equal to £; hence /, the current through R, must be equal to E/R, irrespec-
tive of the value—or nature—of Z; (Z; may even include voltage sources, inductors,
capacitors, switches, and nonlinear elements, as long as the configuration is stable).
If the voltage source, E, is a battery, it should have a lifetime approaching its shelf
life, because no current is drawn from it.

Properties of Non-ldeal Op Amps

As noted earlier, the value of the operational amplifier is embodied in the two state-
ments that embrace the fundamental source of its usefulness:

1. When negative feedback is applied to an ideal differential-input operational
amplifier, the differential input approaches zero.

2. No current flows into either input terminal of the ideal differential-input
amplifier.

Real amplifiers, components, and circuit environments introduce departures from
the ideal; these are conveniently treated as errors. With the wide selection of
amplifiers currently available, errors can be made very small for an application
serving a specific purpose.
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B incLupes LoaDiNG EFFECTS OF 2y

The departures from the ideal, or error sources, which become the device’s
specifications, can be grouped into several overlapping categories, which are related
to the assumptions made for ideal amplifiers (in parentheses):

« Transfer function—related errors (infinite gain and bandwidth)

« Offsets and noise (no voltages or currents unrelated to signals)

« Large-signal dynamics (no limitations on signal range)

+ Thermal sensitivities (independence of temperature)

 Physical limitations and performance boundaries (no limitations on signal
swings and loading)

« Excitation (power supply) requirements and sensitivities (no limitations due to
power supply)

Transfer Function Related

The transfer function of an operational amplifier circuit has the general form
V,, = (ideal relationship to inputs)(gain error)

Some typical ideal relationships have been discussed earlier. The gain error
factor can often be best considered by dividing the circuit into two portions, the
amplifier and the feedback circuit. Between the inputs of the amplifier and its output
terminal is a gain, A, a function of frequency; between the output and the feedback
terminal is an attenuation (usually), B, also a function of frequency (Figure 30-19).
The error factor, referred to above, depends on the loop gain, the product of A and
B.Itis

Error factor = 1/(1 + (1/AB) )

A is the open-loop gain of the amplifier, taking into account its external load and
the loading effect of the feedback circuit; 3 is the “gain” of the feedback circuit,
including all loading effects, such as amplifier input impedance, with all input
sources set to zero. A simplified circuit demonstrating the error caused by a gain
reduction of 0.5, due to loading (or a B of 0.5) is shown in Figure 30-4. The unity-
gain inverter circuit (see Figure 30-8) also has a § of 0.5 when Rp=R.

Several “gain” ratios can be identified that are often used in discussions of feed-
back circuit performance. The ideal relationship, A, and 3 have already been dis-
cussed. The reciprocal of B, i.e., 1/B, is often called the noise gain; it is the (approx-
imate) closed-loop gain factor by which errors referred to the input are amplified (as
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Figure 30-19.
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Figure 30-20.
Open-loop
frequency

response of a
typical op amp.
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demonstrated in the discussion associated with Figure 30-4). The product, AB, is
called the loop gain; it is a measure of the net gain available for limiting the
amplification of errors; it also provides a measure of the loop’s stability.

Gain

The DC gain, A, is the large signal voltage gain, with the effects of rated

output load (including the loading effect of the feedback network). The ampliﬁer’so
open-loop gain is the ratio of specified full-scale output voltage range to the max-
imum input required at a specified value of load resistance. Gain may be expressed
as aratio, in volts/volt, or as a logarithmic quantity, in decibels; dB -20 log;(A.

Gain as a Function of Frequency

Operational amplifiers have high, but limited, DC gain, generally ranging from
about 10,000 to well over 1,000,000 at DC, and rolling off at higher frequencies.
The error caused by the principal assumption above, that gain approaches infinity,
appears mainly in the form of overall gain error, described by the error factor. As
the error signified by the error factor increases, nonlinearity will also become in-
creasingly perceptible. In practical amplifier applications, the open-loop gain of the
amplifier must be great enough to ensure adequate loop gain, AB, and hence small
gain error.

Even if B is independent of frequency, frequency dependence of the amplifier’s
open-loop gain causes the loop gain to depend on frequency, with a consequent
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effect on gain error factor. Amplifier phase shifts with frequency can cause the gain
error factor to take on values greater than unity, which could result in peaking of the
output at certain frequencies, or even instability. As a rule, if AB is equal to or more
negative than —1.0, the circuit will tend to be unstable; this can happen if the sum of
the phase shifts of A and {3 is 180° for frequencies at which the gain magnitude is
greater than 1, or vice versa.

To avoid potential instability, many op amps are designed to have an approxi-
mately constant 90° phase shift at high frequencies for which the open-loop gain is
greater than 1; thus, if the feedback circuitry—including the effects of stray capaci-
tance—adds substantially less than 90° additional phase shift in that frequency
range, the circuit promises stability. Figure 30-20 shows the open-loop frequency
response of a typical op amp and its closed-loop response when connected for a
gain of +10 V/V.

Two terms sometimes encountered are the unity gain bandwidth and the gain
bandwidth product at a given frequency (if the gain were inversely proportional to
bandwidth); they are illustrated in the figure.

Because the amplifier has limited ability to drive internal or external capacitive
loads at high frequencies, there is a tendency towards voltage saturation at the
highest frequencies. The gain plotted here as a function of frequency is called
small-signal gain. It is the ratio of output to input for peak-to-peak voltage levels
that are small enough to provide an approximately linear relationship (output pro-
portional to input). In the error equation, both A and 3 are treated as complex func-
tions of frequency.

Offsets and Noise

The ideal amplifier does not introduce any signals that were not present at the input,
and the op amp circuit is considered to be sufficiently shielded and guarded to pre-
vent it from picking up any noise from the environment.

Offset

Real op amps have errors that behave like voltage or current inputs. For example, in
the follower-with-gain configuration (Figure 30-21), if a sufficiently sensitive high
impedance meter is used, a DC output will be found to exist—even if there is no
signal input—and it will be proportional to 1/ (i.e., 1 + R¢/R), as if it were pro-
duced by a battery in series with the input. this voltage is called offset; although
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Figure 30-21.
Follower-with-
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Figure 30-22.
Generation of DC
voltage propor-
tional to bias and
offset currents.
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measured at the output, it is always referred to the input, i.e., divided by the “noise
gain,” 1/B. It generally drifts with time, temperature, and power-supply changes.

A key specification that depends on the design of the amplifier, offset can range
from tens of microvolts to tens of millivolts. Many op amps are provided with a set
of terminals that a pair of resistors or a potentiometer can be connected to for “ze-
roing” the offset. A few amplifier types reduce the offset automatically by means of
schemes involving internal high-frequency switching and AC coupling or
amplification. Because these offsets are very small, great care must be taken in
measuring them, to ensure that they are not produced by external phenomena, such
as thermocouple effects in the wiring or rectification of high-frequency noise in the
vicinity.

Bias and Offset Currents

If an amplifier, whose offset has been zeroed out, is connected with a high-value
feedback resistance, R, as shown in Figure 30-22, a DC voltage proportional to R
will appear at the output. Because it is proportional to R, it seems to come from a
current source, although none is connected to the amplifier. Indeed, the source of
the current is the input stage of the amplifier; it may be a transistor base bias cur-
rent, a FET leakage current, or a more complex phenomenon. In any event, it is
called bias current. Depending on the device design, [, can range from microam-
peres down to several femtoamperes (10~1A). A bias current of 100 nA (0.1 wA)
flowing through a 1 M{Q} resistor produces an output offset voltage of 0.1 V. Ampli-
fiers with junction transistor input stages may have bias current as low as 1 nA,
while FET-input op amps can have bias currents below 1 pA at 25°C.

For most op amp types, if the amplifier is connected as a follower, with a low
value feedback resistor, and R is reconnected from V;* to ground, a voltage of about
the same magnitude but opposite polarity will appear at the output, indicating that
the bias currents tend to be similar in magnitude and flow in the same direction in
relation to the amplifier.

If the impedances connected to the two input nodes are equal, the net effect of
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bias current at the amplifier output will depend on the difference between the two
bias currents. The specified value of this difference between the bias currents is
called offset current. Offset current is usually from one-half to one-tenth bias cur-
rent. As might be expected, for amplifiers having low offset current and used in
symmetrical circuits, there is a tendency for the effects of bias current to be can-
celled.

Offset and bias currents are functions of time and temperature. They must be
measured carefully in circuits and environments that ensure that stray DC leakages
(for example, to the power supply across circuit boards) are negligible compared
with the expected values. The maximum bias current specification should refer to
the magnitude of the larger of the two currents; and its 25°C “room temperature”
value should be specified at thermal equilibrium, i.e., warmed up. Since not all
manufacturers specify bias current in this way, the reader should be cautious.

Noise

When all noise picked up from the environment is eliminated, there will be an irre-
ducible minimum of noise due to the amplifier itself. There will be a voltage com-
ponent of noise, analogous to offset voltage, and two current-noise sources, analo-
gous to bias current, but independent and uncorrelated with one another. These
noise signals, generally Gaussian, but sometimes including random shifts between
fixed levels (popcorn noise), are translated into output voltages in the same way as
offsets; voltage noise is amplified by about 1/, and the current noises are converted
to voltage by the associated impedance levels. Being independent, their effects
combine by the square root of the sum of the squares within the bandwidth of
interest.

In addition, the contribution of Johnson noise in the resistors that make up the
external op amp circuit must be considered for the bandwidth of interest. Noise
from a resistor combines with amplifier noise, and the noise from resistors else-
where in the circuit by root-sum-of-squares (Figure 30-23).

Amplifier noise is usually measured in terms of the noise energy in a 1 Hz band-
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width at a given frequency, or spot noise voltage-per-root-hertz. If the spot mea-
surements indicate unchanging RMS noise over a range of frequencies, it is de-
scribed as “white noise.” If the spot measurements are in some sort of inverse rela-
tionship with frequency, it is called “pink noise” in general, and “l/f noise” in the
particular case where the measurements vary inversely with the square root of a
ratio of two frequencies, indicating noise energy inverse with frequency.

Noise voltage and current specifications may be in RMS spot noise at specific
frequencies, in RMS noise over a specified frequency range, or in peak-to-peak
noise over a specified frequency range (usually at the lowest frequencies). Typical
voltage noise specifications for a low noise amplifier are 0.35 UV peak-to-peak from
0.1 Hz to 10 Hz, about 10 nV/root Hz at frequencies from 10 Hz to 1 kHz.

Large-Signal Dynamics

As Figure 30-2 shows, the amplifier’s range of linear performance with differential
input voltage is limited. There are also limitations on available output voltage and
current swings and loading, imposed by the circuit design, the available excitation
from the power supply, and considerations of maximum power dissipation. Unless
the amplifier’s input circuit includes optical or magnetic isolation from the output
and power supply, the input common-mode swing (both inputs together) is also
severely limited. These values are usually specified under a given set of conditions;
in addition, most manufacturers provide curves showing typical performance over a
range of nonspecified conditions.

Even though most op amps have relatively small amounts of output power, they
can control much larger amounts of power with high accuracy. For example, if a
unity gain booster follower is connected inside the loop, as shown in Figure 30-24,
its output becomes V,;, and the op amp itself must provide whatever drive the
booster requires to enforce an accurate load voltage.

This suggests an important principle—the op amp is really the analog *“brain” of
a feedback control circuit; it can provide (analog) computations and the ability to
force errors to be corrected to maintain the relationship programmed by the feed-
back circuit components. In principle, it doesn’t really matter whether the “booster”
block represents amperes or kiloamperes; it might even be the “muscle” of a control
system that includes nonelectronic servo elements or the control rods for a nuclear
power plant.

In addition to steady-state saturation effects, there are also nonlinear dynamic
response problems resulting from fast signal swings that produce temporary over-
loads. The maximum rate at which charge on a capacitor can change (dV/df) is
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equal to //C, where I is the maximum available current. Thus, for example, a 10 mA
current from an output stage will be insufficient to charge a 0.0025 pF capacitive
load faster than 4 V/usec to follow a step change of input; similarly, a maximum
internal current of 40 wA will drive a 10 pF capacitance at the same limited rate.
This means that, if the amplifier is trying to follow a sine wave with a 10 V ampli-
tude (10 sin 2 nift), the maximum frequency that it can produce without additional
distortion is determined by the maximum slope of the wave form:

dV/dt oy = 2mf X 10
F o = 4% 109/(20)
= 64 kHz

Since this point is difficult to establish, there are a few commonly used
specifications to characterize the amplifier’s output rate limitation. The maximum
rate at which the amplifier can drive its output in either direction, in response to a
step overdrive, is called the slew rate or slewing rate. The maximum peak-to-peak
output available at any frequency, with a given load, irrespective of distortion, is
called the large-signal frequency response of the amplifier. The full power response
is the highest frequency at which rated peak-to-peak output is available. Typical
values of slew rate range from thousands V/psec for very fast amplifiers, to below
1 V/usec for some widely used amplifier types.

Figure 30-25 is a typical data sheet plot of large-signal frequency response. Note
the conditions of temperature, power supply, and load; the full power response for
20 V peak-to-peak output can be seen to be 200 kHz.

Settling Time

Often—for example, in digital-to-analog converter applications—it is important
to know when the output of the op amp in a given circuit can be expected to have
reached its final value. In response to a large step change of the input, the amplifier
goes through several phases (Figure 30-26): first, there is a propagation delay,
during which there is no response; then the output may slew at the maximum rate; it
may overshoot the final value and bounce several times; finally, if stable, it will
settle to within a permitted error band and stay there until the input changes.

The time from the application of a step change to the final entry of the error band,
in a prescribed configuration, is the settling time to within X% of the final value.
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Figure 30-26.
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Typical values for settling to 0.01% in a unity-gain inverting configuration, are
80 nsec—for a very fast amplifier—and 1 psec for a moderately fast amplifier.
Settling time is difficult to measure for fast amplifiers and very small error bands.

Temperature

Temperature affects all characteristics of an op amp. Three levels of ambient tem-
perature effects are commonly specified—storage, operating, and rated operation
with a given set of specifications. In addition, there may be maximum specifications
for junction temperature, operating case temperature, and lead temperature during
soldering.

The accepted design center ambient temperature is +25°C. For rated operation,
the most popular temperature ranges are 0°C to +70°C (“commercial”’), 40°C to
+85°C (“extended industrial”), and —55°C to +125°C (“military”).

While all characteristics are subject to temperature specification, the most critical
ones are offset voltage and bias current. Offset drift with temperature can range
from sub-microvolt-per-degree sensitivities to 100 or more uV/°C. As arule, bias
current, for bipolar transistor input types decreases at about 1% per Celsius degree;
for FET-input types, the bias current tends to double for each 10°C increase.

Drifts are specified in two ways, either by providing limits to total offsets over
the specified temperature range, or as a sensitivity (e.g., microvolts per degree
Celsius), based on measurements at two or more temperatures. Temperature sensi-
tivity is more informative, but it is often provided only as a “typical” specification,
since it is more difficult to guarantee and verify.

Excitation and Common Mode

Op amps require power supplies for excitation. For many applications, two power
supplies (typically at +15 V and —15 V) are necessary, because the inputs and/or
output must be capable of swinging positive and negative with respect to common.
The two power supplies may be paired identical supplies or they may be created
from a single supply and regulator to provide a common connection to follow the
voltage at a tapped divider midway between the two “rails.” Although they are
usually symmetrical, it is not an inherent necessity. For AC applications, or for
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applications in which no input or output level must go below the negative supply
“rail,” the amplifier may be operated with a single supply.

Quiescent Current

With some exceptions, op amps are usually designed to have efficient output stages.
This means that the amplifier draws a small amount of quiescent current to operate
the input stages and keep the output stage alive. To this is added the load current,
i.e., V/RL. Quiescent current is specified as a maximum quantity. When fully
loaded, the amplifier may draw supply currents well beyond 100% of the quiescent
current. To avoid excessive noise and pickup on the power supply rails, the power
supplies used for op amps should have low dynamic output impedance.

Offset Sensitivity to Power Supply

In addition to low dynamic output impedance, power supplies should have low
noise and ripple and be well regulated, because the internal references for the op
amp circuitry are to some extent sensitive to supply voltage. The maximum offset
versus supply specification is a measure of this sensitivity. Usually about 100 uV/V
of change (AV,), it can be as low as 10 uV/V for some types, and as high as 1 mV/V
for others. This specification’s reciprocal is sometimes called power supply rejec-
tion ratio (PSRR) and is specified in logarithmic form

PSR =20 log,o(PSRR)

with values of 80, 100, and 60 dB corresponding to the above ratios.

Common Mode Rejection

In the equations on page 355, there is an implicit assumption that the ideal ampli-
fier’s response to V;* and V;" is perfectly balanced and that they are of equal weight;
i.e., the input signal is recognized by the amplifier as +1 mV, whether V;*and V; are
10.000 V and 9.999 V, +0.0005 V and —0.0005 V, or —9.999 V and —-10.000 V, with
respect to common.

The difference signal, V;* — V7, is usually defined as the normal mode signal; and
the average of the two inputs, (V;* + V)/2, is defined as the common mode voltage
(CMYV). For op amps, where the two inputs are usually quite close together, we can
think of the CMV as being essentially equal to V;* or V;.

If the common mode voltage at an amplifier’s input changes by +10 V, it means
that the positive supply has, in effect, been reduced by 10 V and the negative supply
has been increased by 10 V. An ideal op amp, with a perfectly balanced input stage,
would not respond to such changes. For real op amps, however, the inputs are not
perfectly matched. The amplifier responds as though there is a variable offset
voltage between the inputs, a function of CMV/, if that function can be assumed to
be linear, the amplifier responds as though there is a slight gain difference between
the two inputs. For example, if the offset due to CMV is +0.1 mV at +10 V,0at0 'V,
and —0.1 at —10 V, the effective maximum common mode error (CME) fora20V
CMV swing is 0.2 V; and the apparent gain difference is 104/10, or 10~ V/V. Thus,
the amplifier responds to 1.000005 V;* —0.999995 V;~.

For a normal mode difference of 1 mV at a common mode level of 10 V, the error
of the amplifier in this example, 0.1 mV, although 10% of the tiny signal, is only
0.00001% of the common mode voltage. That is, there is a common mode rejection
ratio (CMRR) of 100,000; the ratio is usually expressed in logarithmic form,

CMR (dB) =20 log;o(CMRR), or 100 dB, in this case.
Minimum values of CMR for nonisolated op amps vary from about 74 dB
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Figure 30-27.
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(CMRR =5000) up to beyond 110 dB (CMRR = 300,000) and can be as low as

50 dB (CMRR = 300). For inverting-only amplifier types (including some chopper-
stabilized types), common mode voltage is zero and CMR is irrelevant. Common
mode rejection decreases with increasing frequency.

To investigate the effect of op amp common mode errors in op amp circuits, it is
convenient to treat the maximum common mode error as an offset or noise, rather
than to calculate the effects of the errors using the gain equation. Operational
amplifier circuits, as well as op amps, have common mode error, but in general the
common mode voltage is different for the circuit and for the op amp itself. This can
be seen in the subtraction circuit of Figure 30-17, where the op amp’s common
mode voltage is as defined above, while the circuit’s common mode voltage is
equal to (V,+V,)/2.

Common Mode Voltage Specification

An op amp’s minimum common mode voltage is the lowest level of common mode
voltage swing for which the specified CMR can be obtained. That is, the specified
common mode rejection may exist at higher voltages, but it is guaranteed at the
specified minimum voltage swing.

Other Relevant Considerations

We have discussed above the most important departures from the ideal, which con-
stitute the op amp’s specifications. There are many other factors that are important
in choosing an op amp for a particular op amp circuit.

Design and technology

Figure 30-27 shows the schematic diagram of the 741, a typical widely used low
cost op amp, first produced by Fairchild, but now available from many sources.
Although all 741s tended to be specified in the same way and to be used
interchangeably, units available at present from various producers may have cir-
cuits that differ in many details from this schematic. Since this chapter largely seeks
to inspire readers to design circuits using the devices, we will mention only those
aspects of the design that affect op-amp circuits significantly.



The 741 is essentially a two-stage amplifier. The input stage comprises the tran-
sistors on the left-hand side of the diagram; the output and driver stage are at the
right. The signal flow through the amplifier is as follows: the differential input
signal, applied to input transistors, Q1 and Q2, unbalances the distribution of cur-
rent, as set by Q8, between the collector circuits of pnp transistors, Q3 and Q4. The
collector of Q4 controls the driver stage via Q16, and the driver’s output, the col-
lector of Q18, drives follower-connected output transistor, Q14, with complemen-
tary load transistor, Q20. The other transistors serve to provide reference, bias, and
load voltages and currents, and to increase and decrease impedances as necessary.

Capacitor C1 provides frequency compensation. Dynamically, you can think of
the first stage as a voltage to current converter; its output is the difference between
the collector current of Q4 and the current through QS, reflected by the current
mirror, Q6. The difference current flows from the collectors of Q4-Q6 towards
Q16, the input transistor of a rudimentary op amp that is connected as an integrator
(see Figure 30-14). C1 is the integrating capacitor.

Following the flow of causality backward, and thinking in terms of ideal op
amps, we can see that, in order for the output of the op amp to stay at a constant
value, the charge on C1 must be constant, i.e., no current flows. In order for that to
happen, the differential input voltage must be zero so that there is no unbalance
current in the Q4—Q6 collector circuit. When a change in input calls for an output
change, under feedback, in a typical op amp application, a difference voltage ap-
pears, and enough current flows to charge C1 by the required difference.

Open loop gain is limited by the transconductance of the input stage and by the
transresistance of the driver stage. Small-signal bandwidth is limited by the
transconductance of the input stage (especially the pnp’s, Q3 and Q4) and C1.
Large-signal bandwidth (slew rate) is limited by the current available to charge C1.
Offset, drift, and common mode errors come from unbalanced V), s, due to mis-
matched transistors and collector currents in the input stage; offset can be nulled
externally, as shown. Bias and offset current errors are due to the base currents of
QI and Q2 and their unbalance, which in turn depend on the magnitude of transistor
current gains, their match, and the collector current balance.

Higher gains, wider bandwidths, more stable offsets, higher common mode rejec-
tion, etc., are obtained by substantial variations in circuit design, layout for better
thermal balance, and improvements in processing. Lower bias currents can be ob-
tained by using opposite-polarity current compensation or “superbeta’ bipolar input
transistors, but FETs are by far the most common approach. In monolithic op amps,
the FETs are usually junction devices, resulting from an ion-implantation process.
However, op amps with FET inputs are also manufactured using a CMOS process.

Although FET input amplifiers have orders of magnitude less bias current and
much higher input impedance than do types with bipolar input transistors, FET
devices tend to have higher offset and drift. This can be greatly improved by em-
ploying laser trimming of op amps on the wafer; the process is automated to keep
costs low.

With C1 on the chip, this internally compensated op amp tends to be stable for
resistive feedback ratios; however, internal compensation is not always needed—
especially at high closed loop gains—and it tends to restrict bandwidth and slew rate.
101,201, and 301 type op amps, while otherwise generally similar to the 741, permit
an arbitrary compensation capacitor to be connected externally when necessary.

General purpose op amps, such as the 741, are quite low in cost and suitable for
many “garden variety” applications. However, the variety of op amp designs is
quite diverse, and devices are available to meet almost any specific need (and in
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many cases, combinations of needs), whether it be extremely wide bandwidth,
extremely low drift, extremely low bias current, high output power, extremely low
quiescent power, gated operation, etc. Dual and quadruple amplifiers on a single
silicon chip are also available to bring the cost per channel down even further.

Chopper-stabilized op amps obtain low drift by using CMOS switches and
capacitors to sample input offsets, then amplify them without drift, demodulate the
amplified signal, and provide a feedback correction signal.

As noted earlier in this chapter, we have dealt with op amps as voltage to voltage
devices. However, there do exist other forms of amplifiers designed for high gain
and feedback operation, employing an op amp philosophy. Prominent among these
are operational transconductance amplifiers (OTAs), or “Norton” amplifiers, which
accept current inputs to control output voltage.

High-speed operational-amplifier circuits often use the transimpedance
amplifier, a voltage-output op amp whose inverting input has a very low impedance
and responds to current. It is designed so that a normal output voltage range can be
achieved with an amplifier input current much less that the input or output signal
currents, i.e., it has very high transimpedance. In contrast to the ordinary voltage-
input op amp, with its high input impedance, leakage current approaching zero, and
voltage kept near zero through feedback, a transimpedance amplifier in the same
operational circuit configuration has low inverting input impedance (approaching
zero), which keeps the voltage low, and the input current is kept near zero through
feeback. Since it uses feedback and the voltage and current at its summing node are
near zero, it can be expected to behave like an op amp—and it does in many circuits,
but it is less sensitive to capacitance at the summing node and its closed-loop band-
width decreases only slightly as the gain setting is increased.

There are many specialty integrated circuit devices being designed and manufac-
tured that are complete op amp circuits on a chip, using analog medium-scale inte-
gration (MSI) with one or more op amps as part of the circuit.

For performance levels that are difficult to obtain with monolithic technologies,
hybrid op amps are manufactured, employing combinations of IC chips, discrete
devices, and discrete components. Typical hybrid designs are used to provide the
extremes of bandwidth, output power, or low noise.

In 40+ years, the op amp has emerged from a restricted, little-known role as the
key component of analog computers to become one of the most popular of general
purpose analog circuit building blocks. It is a well deserved role because of the easy
predictability, precision, repeatability, and flexibility that can be had in circuits
designed with it.

We have mentioned that, as analog MSI and LSI (large scale integration) emerge,
the op-amp is becoming an on-chip component of monolithic devices. Looking
ahead to the next few decades of integration, one wonders whether most op amp
circuits will once again disappear into end-use devices, even as transistors have in
op amps. Meanwhile, there are many fruitful and profitable uses to be made of
them, even as we speculate on their future role.
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drift in, 333-334
electrical properties of oscillator crystals,
345-346
emitter coupled, 337
harmonic, 339
Miller, 336
Pierce, 338, 340
series resonant, 337-338
testing, 344-345
Current feedback amplifiers:
circuit model of, 261-262
modeling with SPICE, 318-331
noise in, 274-275
Current mirror circuit, 132-135, 136-137,
139-144, 194-195
Current summing, 369-370
Current to voltage conversion, 369, 371-372

Differential analyzer, 6
Digiphase synthesizer, 277-282
Digital-to-analog converters (DACs):
construction techniques, 39-41
development of, 33-39
8-bit weighted diode-diode, 37
Hybrid Systems DAC 371-8, 38
output capacitance compensation using,
273-274
testing of, 42
time-modulated, 280
12-bit weighted current division, 35-37
12-bit weighted transistor-diode, 34
12-bit weighted transistor-transistor, 33

Education of analog designers:
at the Massachusetts Institute of Technology,
80-87
through work-related experiences, 71-72

Feedback:
as basis for analog design, 6-7
as taught in classroom settings, 83-84
methods of designing feedback loops, 213
negative feedback in operational amplifiers,

361,374

positive feedback in operational amplifiers, 374
stabilizing feedback loops, 157-159

George A. Philbrick Researches, Inc.:
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P2 operational amplifier, 75-78
P7 operational amplifier, 67-69,75
Gilbert multipliers, 111-113
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Hewlett-Packard:
founding in a garage, 54-55
HP183A oscilloscope, 111
HP200 oscillator, 43

Hot dogs, 55

Impedance, 159-160

Integrated circuit design, analog:
bipolar versus CMOS processes, 237
capacitors in, 242
four-layer structures in, 242-243
history of, 235-238
inductors in, 242
layout considerations, 174-175
MESFETs in, 246247
mixed-signal technologies in, 243-244
operational amplifiers, 145-147
resistors in, 241-242
transconductance models in, 135-139
transistors in, 238-241
trimming of, 244-245

Integrator circuits:
current and voltage autozeroing, 27-28
current feedback, 273

Lightning empiricism, 295-297
Low pass filters, 155-158

Mathematical wave form generators, 28-29
Mixed signal technologies, 243-244
Multivibrators:

astable, 60-61

linear integrating, 291

Noise:
in operational amplifiers, 379-380
phase noise, 282-283
shot, 289
systematic, 287-288
thermal, 288-289

Operational amplifiers:
absence of slew rate limiting, 269-270
built from discrete components, 6773
common mode rejection, 383
comparators using, 363
current feedback amplifiers using, 266268
current feedback approach used by Comlinear

Corporation, 321-324

designed as integrated circuits, 145-147
excitation of, 382-383
feedback, 374
feedback loop compensation, 208-212
gain of, 362-363
gain and bandwidth trade-offs in, 263-264
history of, 361-362
large-signal dynamics of, 380-382
model of, 145147, 262-263, 362
modeling using SPICE, 304-318
no gain-bandwith trade-off, 268-269
noise in, 379-380
offsets, 377-379
overshoot, 206-208
P2 type, 73-76
P7 type, 67-68, 75
precision amplification using, 366367
precision current summing, 369-370
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369
precision differential operations, 373-374
precision voltage amplification using, 368
precision voltage inversion using, 368
properties of non-ideal, 374-386
quiescent current, 383
second-order effects, 270-272
741, 384-386
settling time, 381-382
slew rate and bandwidth interaction, 205-206
slew rate limiting, 264-266
stray input capacitance compensation, 273-274
temperature effects on, 382
transadmittance functions, 372-373
transfer function, 375-377
voltage nulling and current balance in, 368
voltage to frequency converters using, 351-354
Oscillators:
astable multivibrators, 60-61, 179 ~
bridge, 339
Butler common base, 338
Bulter emitter follower, 338
Colpitts, 336
common base, 337
crystal controlled, 333-340
emitter coupled, 337
harmonic, 338-339
Miller, 336
phase noise in, 282283
Pierce, 338, 340
pulse generators, 63-65
resistance-capacity, 43—46
testing crystal controlled, 344-345
voltage-controlled, 282284, 349
Wein bridge, 46-54
Oscilloscopes:
Fairchild (DuMont) 766, 109-110
Hewlett-Packard 183A, 111
Tektronix 535, 99-100
Tektronix 545, 108
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Tektronix 7104, 116-117
Tektronix 7904, 114-115

Packard, David, 54-55
Phase-lock loop (PLL) design, 284287
Philbrick, George:
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75
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67-70
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Process of analog design:
“being the machine” method, 23
circuit block method, 200
equivalent circuits methods, 152-153
role of “lateral” thinking in, 184—185
role of luck and experience in, 126
“search and explain” method, 94-95
simplification of complex designs, 120-122
structure of analog design process, 89-92
visualization method, 60
Programmable voltage source, 202-204
P2 operational amplifier:
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assembly of, 74

circuitry of, 69-72

long-term stability of offset voltage, 73-74
Pulse generators, 63-65

RC networks, 155-157
Rectifiers, half-wave, 62

Settling time tester, 161-167
Shielding, 288
Simulation Program with Integrated Circuit
Emphasis (SPICE):
description of, 253-254
elements of, 301
limitations of, 254-258
modeling current feedback operational
amplifiers, 318-331
modeling operational amplifiers with, 304-318
types of analysis available with, 299-300
Start-up circuits, 170-173
Stock parts values, 153-154

Tektronix:
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7104 oscilloscope, 116-117
7904 oscilloscope, 114-115
Time synthesizers, 293-294
Transistors:
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base current errors, 193-194

bipolar types in integrated circuits, 238-239

circuits using five or fewer, 170-174

junction, 130-132

junction FET types in integrated circuits,

239-240

MOSFET types in integrated circuits, 240241

transconductance model of, 135-136
Troubleshooting:

at the integrated circuit level, 97, 249-251

base current errors, 193-194

crystal oscillator circuits, 344-345

early voltage errors, 194-195

emitter follower problems, 195-196

limitations of measuring devices, 100-101

transient problems, 196197

Unity gain buffer (UGB), 118

Voltage to current conversion, 367-368, 370-371
Voltage to frequency converters:
charge dispensing, 217
current balancing, 217-218
early designs for, 351-355
4701 design, 353-354, 357-360
linearity and resolution in, 218
loop charge pump, 218
Pease design for, 219-224
temperature compensation of, 224-225
using CMOS inverters in, 225-230
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Also from the EDN Series for Design Engineers,
published by Butterworth—Heinemann

Troubleshooting Analog Circuits
Robert A. Pease

Bob Pease of National Semiconductor Corporation is one of the legends of analog
design. Over the years, he’s developed techniques and methods to expedite the
often-difficult tasks of debugging and troubleshooting analog circuits. Now Bob
has compiled his battle-tested methods in the pages of this book.

Based on his immensely popular series in EDN Magazine, the book contains a
wealth of all-new material, as well as generous helpings of Bob’s unique humor and
philosophy regarding electronic troubleshooting. Whether you are an old-timer or a
neophyte, you’ll find something here to make your troubleshooting jobs easier.

Look for this book at your technical bookstore, or order directly from Butterworth—

Heinemann.
1991, 208 pages, ISBN 0-7506-9184-0



Analog circuit design isn’t black magic
or a mystical art . . .

... instead, it’s an essential part of most electronic devices and systems.
No matter how “digital” most devices are, at some point they have to
interface with the real world. That job requires analog circuitry.

But analog circuit techniques are radically different from digital ones.
Analog circuits process voltages, currents, and frequencies which can
(and do) assume a continuous range of values. Factors such as capacitance
and inductance are vital to the proper functioning of analog circuits. The
analog design process is also more intuitive and experimental than that for
digital.

Coping with such differences is a lot easier if you have an experienced
“analog wizard” to guide you through the design process. Jim Williams is
such a wizard, and in this book he’s gathered together 23 other masters of
the analog art to share their experience, knowledge, insights, and often
wit. The result is a comprehensive and useful guide to analog theory and
applications.

Analog Circuit Design: Art, Science, and Personalities is far more than
just another tutorial or reference guide—it’s a tour through the world of
analog design, combining theory and applications with the philosophies
behind the design process. You’ll read how leading analog circuit
designers approach problems and their thought processes as they develop
solutions to those problems. You'll also learn about the “analog way”—a
broad, flexible method of thinking about analog design tasks.

Here’s a few of the topics you’ll find in this book:

* visualizing the operation of analog circuits

* how to rapidly determine workable approximations of analog circuit

parameters

* understanding the benefits and limitations of computer-aided analog

circuit design using SPICE and other software

» mastering the use of feedback

Each of the 24 contributors has brought his own unique perspectives
and style to this book. You’ll find a wealth of practical working circuits
and anecdotes from each author’s experience—if you work with analog
circuits or want to gain new insights into them, this is one book you must
have.

Cover photo: Jim Williams’s bench at Linear Technology Corp. Photo by Bob Martin.
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