Logarithmic
Circuits

Chapter 1

Today’s logarithmic circuits almost invariably use the inherent
logarithmic properties of silicon junction devices. Readily available
in monolithically-matched pairs, they are easily compensated for
temperature variation, low in cost, and characterized by wide
dynamic range, typically 1072A to 107A.

In this chapter, we discuss their basic properties, techniques for
obtaining both thermal and dynamic stability, some commonly-
used circuits, specifications and definitions, and means of adjust-
ment and test.

BASIC CONSIDERATIONS

An “ideal logarithmic diode” would be characterized by the
current-voltage relationship

I1=1, (€1VXT-1) ey

Connected in the feedback path of an operational amplifier
(Figure 1), it would constrain the output voltage to be

E, = lfl—T 1n(1/I,) = % 1n(10) - log(I/1,) )

as long as I/I, >> 1.
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q is a constant equal to the unit charge 1.60219 X 107°C
k  is Boltzmann’s constant, 1.38062 X 10723J/°K

T  is absolute temperature, °K = °C + 273.15

I, is the extrapolated current for E, (=V)=0

Typical round-number values in the vicinity of room temperature

are: KT kT
[+] OK 2N ot
C TCK) q L 1n(10)
24.21 29736 25.62mV +59. mV
-25. 298.15 25.69mV 59.16mV
26.85  -300. 25.85mV 59.52mV
28.58 30173 -26. mV 59.87mV
29.25 302.4 26.06mV -60. mV

Thus, at 25°C, a 10:1 change of I would produce a 59.16mV
change of E_; an e:1 change (2.7183) of I would result in a
25.69mV change of E,.

Such a diode would be very useful. Since it is a 2-terminal device,
it can be used for currents of either polarity; a number of them
could be “stacked up” in series to obtain greater voltage; it can
operate away from ground. Unfortunately, most diodes that are
available as two-terminal devices have a limited range of logarith-
mic behavior. At the high end, ohmic bulk resistance produces an
additional voltage drop:

v =%r 1n(I/,) + IRy 3)

At the low end, the slope undergoes one or more changes of a
multiple m* (1 <m<4)to

V= m%T 1n (/1) )

Since both the magnitude of m and the value of voltage at which
the slope changes are functions of the individual device (within a
family), general-purpose diodes are impractical for accurate
*This factor has been attributed to diffusion current flow in extended regions such as

surface inversion layers or channels and to generation-recombination mechanisms in
space-charge regions.
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logarithmic operations over more than 1 or 2 decades, even though
it is possible to devise a circuit to balance out the ohmic
resistance. And special-purpose diodes are hardly price-competitive
with diode-connected monolithic dual transistors.
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Figure 1. Ideal-log-diode circuit

THE TRANSDIODE CONFIGURATION

Figure 2a shows a transistor connected in the feedback path of an
operational amplifier. The collector current is determined by the
input current or voltage. The operational amplifier ideally main-
tains the collector current equal to the input current and holds the
collector voltage at zero. Since the base is grounded, the collector
and base are at the same potential, though the base current flows
independently. The amplifier output voltage, which is also the
emitter-to-base voltage, must be whatever value is necessary to
meet the collector constraints, while furnishing any necessary
amount of emitter current.

Let us now investigate the relationships governing this circuit. The
modified Ebers and Moll equations! for emitter and collector
currents of a grounded-base bipolar transistor are

Ve/kT Ve/kT V; kT
I =L T — 1) a1 (27O = 1)+ Sy (e T _1365)
IC =—O‘N IES (GqVE/kT" 1) + ICS (GqVC/kT" 1)
+ 1 (I - 1) ©)

CSj

1“Mu1tiplication and Logarithmic Conversion by Operational-Amplifier-Transistor
Circuits,” by W. L. Paterson, The Review of Scientific Instruments, 34-12, December
1963.
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where

Vg and V¢ are the emitter-base and collector-base voltages

Igg and Iog are the emitter and collector saturation currents
oy and o are the current-transfer ratios in the normal and
reverse directions
m; > 1, m; > 1 are “uncollected” current components that
flow through the base circuit.
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Figure 2. Transdiodes and diode-connected transistors
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For the circuit of Figure 2a, since Vo is held at zero, the
relationship between collector current and emitter voltage (6)
becomes

I qVE/kT _

c =0y IEs (e 1 (6a)
Since the operational amplifier holds the collector current equal
and opposite to the input current, the output voltage, Vg must be

KT *
Vg =5 ndly /Tgg) -Kliney (6b)

for Iy /Tgg >> 1. Typically, Iyg is of the order of 10713 A orless for
most of the silicon planar transistor types used for log operations;
therefore the relationship of (6b) should be valid over a very wide
range of current. oy is very nearly unity and essentially constant
over the range of current for which (6b) is valid; therefore the
(1n o) term is negligible (if agy = 0.99, its contribution is about
¥%mV of constant offset). oy in this equation should not be
confused with the commonly-used grounded-base current gain a =
Ic/Ig: Since the emitter current includes both the collector
current and the m; > 1 terms, o = I /Ig, always less than oy, is a
function of emitter voltage that decreases substantially at low
values of current. Figure 2c shows plots of Vg and « for two
dual-transistor types widely used in logarithmic circuitry. Note
that fidelity to logarithmic response is excellent, even at currents
for which o is much less than 1.

If the collector and base of a transistor are connected together, a
two-terminal diode is created (Figure 2b). Since the current that
flows through it is the emitter current, its behavior, according to
this model, is governed by (5). The first term is very nearly equal
to the collector current, the second term is zero, and the sum of

*For PNP transistors, the input current Iy is positive in the direction shown. If the

input current is positive in the opposite direction, an NPN transistor is used. The
polarities of the currents and voltages in equations (5) and (6) are reversed.
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the m; > 1 terms is therefore equal to the base current. Because

- - 1
Ly =Ic -1 = [1 +H;—E]

- qVE/kT 1
=aylz(e B —1) [1+1¥£] (M

it is reasonable to consider that 1/hgy is a measure of the m; > 1
terms. From (7),

kT kT 1
Vg =-CI- ln(IIN/IES)—-q— In [:aN(l +H;;:-)j| (7a)
1/hpg is equal to (1 —a )/, therefore the error term is equal to
+kT/q In(a/eqyg). Typical values of error, according to this model,
are ’

hpp ofon —lil—T- In (a/ay)
(g =1) mV @ 25°C
o 1 0
1000 - 0.999 0.03
200 0.995 0.13
100 0.99 0.26
50 0.98 0.51
19 0.95 1.32
11.5 0.92 2.14
9 0.9 2.7
4 0.8 5.7
3 0.75 7.4
1 0.5 17.8

It is clear that a transistor to be used as a log diode should have
high hgg and maintain it over a wide range of emitter current.
Figure 2c¢ shows a comparison of AD812 (a high-hpg dual
monolithic transistor) and AD818 (a large-geometry dual-
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monolithic transistor having low bulk resistance), connected as
transdiodes and as 2-terminal diodes. Though the AD818 would
appear to have poor performance as a log diode at low current, its
low series-resistance makes it suitable for log operation at currents
exceeding 1mA, more than an order-of-magnitude better than the
ADB812 at high current.

OTHER SOURCES OF ERROR

If Vo # 0, the other terms of equation (6) will contribute error
currents that may significantly affect V¢, especially for low values
of input current. From (6), in the forward conducting region,

kT Iv Ios  qyeir
V. =—1n + € € =1) + = (etc.) 3
E q [aNIES oy Igs

For grounded-base applications, the amplifier offset voltage V
will bias the collector voltage, as will any common-mode input
voltage. For applications with the base driven, the designer should
ensure that the expected swing of Vg and the desired low-
current range are compatible for the device employed in the
application. The magnitude of the effective collector-current
errors may be determined experimentally by comnecting emitter
and base together, and applying a voltage V.* The collector
current will consist only of the ¥ # 0 terms, since Vg = 0. This
measurement with the collector-base diode forward-biased is
worst-case, since error current is extremely low with reverse bias.
Care should be taken to avoid applying excessive currents or
voltages. ’

Amplifier bias current, I, will cause linearity errors, referred to
the input, and log-conformance errors at the output (Figure 3).

*Vp positive for PNP transistors, negative for NPN’s.
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Figure 3. Offset voltage and bias-current errors

INPUT ERROR

Iy +1, kT n Iy +1 ——lnI—ni
In q ‘alpg Igs

0.9 - 2.7 mV

0.99 — 0.26mV

0.999 —26. uv

1.000 . 0

1.001 26. uV

1.01 0.26mV

1.1 2.45mV

Amplifier offset voltage Eqgg will develop an error current in the
feedback path, as a function of the input resistance: Eqg/Ryy-
This current will have the same effect as bias-current error. For
measurements of current sources, where 1/Ryy =0, the major
contribution of Eq g will be through its effect on V.

Bias current errors may be reduced in several ways. The most
effective and obvious is the choice of an amplifier having
appropriate specifications. However, an amplifier with more
modest performance (and price) may be used. In the configuration
of Figure 4a, a compensating current is summed, nulling the bias
current error at one temperature. In the configuration of 4b, a
compensating resistance in series with the positive input provides
tracking bias-current compensation (if the amplifier inputs track)
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_ R,
“Io=In + Ib, - Ibz_ﬁ; )

If, for example, I, =1I, and Ry =Ry, —Ic =Iy. Ip,R, should
not be large enough to cause V¢ effects to be significant. This is
seldom a problem for current levels that permit the use of
bipolar-transistor-input op amps.

g —lc =hn

hn

e 3
>—o
| + Eo
V¢
R

b. Nulling the effects of Iy through symmetry
Figure 4. Bias-current nulling

Offset-voltage-caused current errors are reduced at one tempera-
ture (and—to some degree—over the temperature range) by zeroing
the amplifier. Otherwise, either the ambient temperature should
be controlled or an amplifier having appropriate performance
should be specified. Because Igg may be at 107%A or less, it is
important that careful consideration be given to the selection of
an operational amplifier, and to sources of summing-point leakage
current, since the lower limit of the log-performance range is
usually determined by the amplifier input characteristics and the
designer’s skill in circuiting.

There are two additional sources of error, inherent in the use of
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single transistors and diodes, that can be minimized by the circuit
techniques to be discussed later in this chapter. They are the -
temperature variation of Igg (doubling per ~10°C increase) and
the proportionality of kT/q to temperature (0.33%/°C at 25°C),
amounting to about 2mV/°C, an intolerable 8%/°C (per €) change.

CLOSED-LOOP STABILITY

In operational amplifier circuits, a necessary condition for stability
is that phase shift around the loop be less than 180° at the
frequency at which the loop gain AB drops through unity. On a
Bodé plot for a circuit using minimum-phase (RC) networks, this
implies that A and  have slopes differing by less than 40dB/
decade when they cross at unity loop gain (Figure 5). In
operational amplifier circuits with passive feedback components,
1/8 is never less than unity. Therefore, if the amplifier gain rolls
off at 20dB per decade to unity, the circuit must be stable with
resistive feedback.

However, in the transdiode connection, the feedback path, both
active and nonlinear, may have voltage gain at the higher
input-current levels, and even purely-resistive feedback (if pos-
sible) would not insure stability, since the unity-gain crossover
may occur at a frequency at which the amplifier gain is
considerably less than unity, accompanied by large phase shift.
Moreover, the fact that gain is a function of signal level may force
a choice between stability at high levels and bandwidth at low
levels.

The effective feedback admittance, for small changes of the
emitter voltage, is
I
c _1
0026 1, 19

IR

i, “xTlc

Since the emitter and collector currents are nearly equal at the
high end, the resistance looking into the emitter circuit is also
0.026/I¢.
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AMPLIFIER OPEN-LOOP PHASE

IDEALIZED EXAMPLES:
1. Unity gain follower: 90° phase shift at unity gain; Stable
2. Unitdag rofloff: 180° phase shift at unity gain; Unstable
3. Same as {2), but with phase lead: 90° at unity gain; Stable
4. Rolioff, but amplifier has phase lead: 90° at unity gain; Stable
5. Fastamplifier rolloff + feedback rolloff: 240° st unity
gain; Unstable
©. Gain in feedback path (like transdiode}; no feedback rolloffs
at ail, but phase shift is 250° because of amplifier; Unstable
7. {6) with rolloff and lead: 90° phase shift at unity gain; Stable
Figure 5. Bodé-plot stability analysis showing stable and un-
stable Joop-gain (Ap) situations. AB = A/(1/B). On log scale,
loop-gain can be estimated graphically {log AB=Jlog A -
log (1/8)), 0 dB at crossing. Numbers indicate

idealized examples.

The range of rg is quite large: for example, it is 26 ohms at 1mA,
and 26 megohms at 1nA. Therefore, it is impractical to seek to
stabilize the circuit by the conventional tactic of connecting
capacitance directly across this feedback element. For example, to
obtain a break frequency of 1.6MHz at the high end, 0.039uF
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would have to be paralleled with the log transistor. This means
that at the low end, the break frequency is 1.6Hz! Furthermore,
the amplifier might have difficulty driving a 26-ohm load, even if
to only about 0.6V maximum. (Most op amps are rated for loads
of 1k or more.)

A simple solution to this dilemma is to connect a resistor Ry in
series with the amplifier output and the emitter (Figure 6). It
unloads the amplifier and serves as an attenuator between the
amplifier output and the emitter. The feedback capacitor C,,
connected from the amplifier output to the summing junction, can
now be considerably reduced in magnitude; however, since the
.output is still taken from the emitter (and still servo’d by the
loop), the circuit will be considerably faster in response. Rg
should be as large as possible, consistent with the output
specification of the amplifier. Since the current through it is equal
to the emitter current plus the load current, and the maximum
diode voltage is about 0.7V, then, for a 10V amplifier,

9.3V

R
E- T +1,

IR

(11)

Ry also protects the junction against excessive values of forward
voltage.

-t e
o O

: — %/T Re 1 Ré“

Figure 6. Transdjode circuit with stabilizing elements
Rgand Cc

The choice of feedback capacitance depends on the summing-
point capacitance and the maximum and minimum current levels.
Its value can be determined from the Bodé plot (Figure 7),
obtained as follows:
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The small-signal response of the feedback portion of the loop,

B = AV;/AE, can be obtained from

\'
= (1 +RCp) = (AE, —AV)C,p + AL

s

where
Al = ArEo - RA]-E;Al' *
E E ' 'E
Solving for 3,
AVf R, 1+(Rg +15)Cp

b=XE, "R,* L, TTR(G 7 Cop
If the input is a current source (Rg = =)

1+ (R +1)Cp
B=®, +1,) (G, + Cop

At high frequencies (p = jw >> 2nfy)

CC
b=,

At low frequencies, for the voltage case (R finite)

R
B=g—r
RE+rE

(12)

(13)

14

(15)

(16)

Noting that ry is inversely proportional to I (from 10), the time
constants containing rg will be proportional to rg for low values

of I and constant (=Rg) for high values of 1.

*The effect of load resistance can be included by adding rERE/Rf, to (Rg + rg)

wherever it appears.



178 NONLINEAR CIRCUITS HANDBOOK

In order to achieve small-signal stability, the numerator break
frequency w. =1/(Rg + 1g)C, should be at least 1 octave less
than (i.e., }2) the frequency at which 1/ = 1 + C;/C, crosses the
amplifier’s open-loop gain plot, at the highest value of 1.

For example,if Rg = 2.2k, w, = 107 rad/s, C; = 10pF, 1y (@1mA)
= 26152,

11 an
2200C, “ 21+ G,IC,

[

Solving for C, gives: 88pF; hence, 100pF would be a reasonable
value. '

AV,
31 %¢ p=—t
A — OEa

sExf Re oE, AV,
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RS e sle ng. ks

a) Model for stability analysis
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b) Bodé magnitude plot

Figure 7. Bodé plot stability analysis of transdiode circuit
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PRACTICAL CIRCUITS

The basic circuits that we have considered so far are of little
practical value because of their temperature sensitivity. Also, the
output level depends on the value of the reference current,
algg, which differs from device to device, and is in any event
quite sensitive to temperature, approximately doubling for each
10°C increment. The scale factor, kT/q, changes in proportion to
absolute temperature, 0.33%/°C in the vicinity of room tempera-
ture (27°C).

For two matched transistors (Vg match for constant collector
current and temperature) the ratio of the algg terms tends to be
constant with temperature. For this reason, log transistors are
nearly always used in pairs, in order to compensate for variations
of alp ¢ with temperature. Compensation is achieved by perform-
ing the subtraction:

k. L okt Lo kTl L g
X1 1n X 1n In-t+ In—=2| (18)
q “IEsl q “11332 q [ L algg,

The error term is a constant very nearly equal to 1n(1) = 0; if it
cannot be ignored, it can be biased out by a fixed value of voltage
or current in a subsequent stage.

The subtraction may be performed with a subtractor, as in Figures
8 and 9, or by connecting the log elements in series opposing, as
shown in Figures 10, 11, and 12.

In Figure 8, the outputs of Al and A2, shown with NPN
transistors,

I
g = kT b 5 __kr, b

01 q IES > oy q IE82

19)

are subtracted in the circuit of A3 to obtain the output

B, =2 R (n [ ]+const) const. >0 (20)
1
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Figure 8. Log ratio circuit with temperature-compensated 1gs

Performance of this log ratio circuit is now independent of I g, if
the transistors are adequately matched. For a single input, I, the
ratio reference I, may be fixed at whatever value is desired to
normalize I;. That is, if I, =1;, 1n(I; /I,) = 0. I, may be set, for
example, at the upper or lower end of I;’s range, or at the
geometric mean, for symmetry.

Since kT/q is not usually considered a convenient value of voltage,
R,/R; can be scaled to provide an appropriate value of gain. If,
for example, it is desired that the output of the circuit have a scale
factor of 1V/decade

E, =Klog (I, /L) = 1.01og (I, /1,) 2n

then R, /R; = q/(kT 1n10) = 16.903 at 25°C.

If the temperature sensitivity of this circuit (0.33%/°C) is too
great for the desired stability and range of temperature variation,
it may be followed by a gain stage having an equal-and-opposite
temperature coefficient. In Figure 9, the unity-gain subtractor is
followed by a follower-with-gain circuit. The resistor Ry is
chosen so that the gain equation

R3
G=1+2= (22)

Rpc
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has a sensitivity of —0.33%/°C. For example, if G = 16.9, and Ry
= 1k at 25°C, Ry = 15.9kQ, and the temperature coefficient of
Ry =+0.35%/°C.

For the convenience of the circuit-designer, the Model 751
logarithmic circuit element contains a pair of matched transistors
(751P: PNP’, 75IN: NPN’s) and a resistive divider designed to
provide a temperature-compensated gain in log transistor circuits
(See Chapter 4-1).

~® s
B
V 3

I2 :: -
A2 Eo=[1+ Rg:{Rz KT 1 /

o i,

Figure 9. Log ratio circuit with compensation for both IS
and k T/q

Rrc | R1 ¢ 2

The circuits of Figure 8 and Figure 9 were shown without the
dynamic stabilization elements Rg and C_, for clarity in presen-
tation. However, they would be used in the manner of Figure 6 in
the circuits of both Al and A2.

While the circuits of Figures 8 and 9 are workable, they tend to be
expensive to implement and are rarely used by designers of
constant-reference logarithmic converters. The circuits of Figures
10 and 11 are somewhat more representative. With minor
modification, they can be used for antilog operations. They differ
from the circuits of Figures 8 and 9 in that they perform the
subtraction by a series-opposing connection of the log diodes.

Figure 10 demonstrates the principle. I; is the input current; it
may be furnished by a current source, or it may be developed
through an input resistor Ry by an input voltage Viy. I, is either
a reference or a second input current furnished by a current
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source. The emitter-to-base voltage of QI is —kT/q In (], /O‘IES1)
Assuming that Q2 has high hpg (and that the base current is
therefore negligible), the emitter-base voltage of Q2 is —kT/q In

(I, /g g5).
Vin Rq
o L
E _{ q lesq
Iy ov ‘\
> Ryt o
8] +
R
kT I2 Va2 2 /
V2 = ——In T ; £
Iz_@ PN Are,
vz N\ & A /
Rre
A2 —_
Iy T Rz B °

Figure 10. Temperature-compensated log circuit

Inasmuch as the base voltage of Q2 is E,Rrc/(R; + Ryc), the
base voltage of QI is 0, and both emitters are at the same voltage,

kT 2 kT I
V, — == 1In— =-—21in — (23)
2 q algg, q olgg,

R R | kT, |1 ks
E =jl+s5=|V, == |1 +5—| = In|+ =—=2| (249
° [ Ryl 2 R | a I, olgg,
The “bootstrap™ connection of V, to the reference input of A2
ensures that the collector-base voltage of Q2 is held at zero, since
the negative input of A2 follows V,. However, it also requires that
I, be furnished from either a current source, a voltage source

referenced to V5, or a high voltage source in series with a large
value of resistance.

The resistive divider compensates for the temperature variation of
kT/q and provides a magnified scale factor. If (1 + R,/Ry¢)
= 16.9, at 25°C,
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I
E, = — 1V -log, Tl- (25)
: 2

)

Figure 11 shows a similar circuit, with a fixed current reference,
for accurate log conversion of a single current or voltage input
signal (or sum). The reference current is equal to Vg ' /Rs.

1 A

IN IN
E = Klog,, — = Klog,, v (26)
° 10 Tore 10 Eper

where

and

Rin

Vi o——W. o
I C

v a
Ipgr = —1 Rre
Ry a—3a Rz
o~ ::;\ /'_‘l
02

Rs

Rg

A 4

Figure 11. Temperature-compensated log circuit with internal
current reference
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Resistor R6 allows the high end of the dynamic range to be
extended beyond 1maA; its negative-resistance effect tends to
cancel the voltage drop of the bulk resistance of QIl. It is
calculated by the formula of (27)

o Es Recky
¢ TRy Ryt R,

where Ry = Bulk Resistance.

@7

INVERSE OPERATION

If the positions of the input resistor and the log element are
interchanged, the same basic circuit configuration may be used to
obtain the antilog

Vi /K ~Voi/Kio
B, = FBpgp e N = —Bppe (10) W

o)

(28)*

In Figure 12, assuming that Q2 operates with a value of reference
current sufficient to ensure logarithmic operation unaffected by
base-voltage variations of +600mV,

kT E, Ric kT Leer
— = In = Viwa —— In 29
q [RlaIES] |:R2 + RTC:I IN q [O‘IEsz

gl Bre fy o]l s 30)
KT} Ry # Ryl "IN RyIppr g,

or, to base 10,

_ E, O‘IEsz
= —(1n 10)log10 R—;I;EF aIEsl G

*Eper = IREF R1
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If algg, = aIESI, and

kT R, _
T[l + EZ] 1n 10—K10

then
_ Vi /K
E, = R I .. (10) 710 €3y

22}

kT Eg

- n
o q R1 lgsq

Ed
a

>
>

W

<
L -
4

Eo

f/R;c kTN
Q e Vi - — in SREE

!
Rz2+Rtc q  lesp

IRer

~VIN/K
Eo =Ry lper (10) '™

wHERE K =T 1n 10 [1 + 2 ]
q Rrc
Rre

Figure 12, Antilog (exponential} circuit
LOG MODULES

The circuit of Figure 11 is similar to the circuit used for Models
755 (N and P) and 752 (N and P). The principal difference
between the two families is that the 755 is a complete, self-
contained log circuit, including output amplifier Al, with fixed
choices of K (2/3, 1, and 2) and fixed (but modifiable) Iz g,
specified for operation over 4 decades of voltage and 6 decades of
current, while the 752 has a 7-decade range of input current,
requires an external amplifier, and has an approximately 10:1
range of adjustment for both K and Iz g (Figure 13). Since the
major source of error in the 755 at the low end is the amplifier,
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the 752 can be used with a choice of operational amplifiers to
obtain a wider current or voltage range. It also permits greater
flexibility of parameter choice and can be used in complementary
pairs to assemble sinh or sinh™ (“bipolar log”) functions.

Vse

K=1v

Vs.

MA—T—VW———0 Kk=2v

s Irer ® RrcS
TS LOG FEEDBACK
OR
ANTILOG INPUT
ICONNECT
TOGETHER FOR
K=2/3)

755N

LOG INPUT

ANTILOG FEEDBACK T hn I
Vin MW - [N
Rin +
I O 1
—
TRIM Eos \/\)Rﬂ 6

Figure 13. Comparative block diagrams of log/antilog
modules (simplified)

A\

NOMENCLATURE AND CHARACTERISTICS (N vs. P)

For all logarithmic devices that offer a choice between an “N” and
a “P” version, N signifies that an NPN transistor is used as the
basic log element; P signifies a PNP transistor.

For N versions (Figure 14),

® Input voltage or current for the log connection is always
positive.

® Output voltage for the antilog (exponentlal) connection is
always positive.

- ® Output voltage for the log connection is negative for Vi >
EREF or IIN > IREFS pOSitiVC for VIN <EREF or IIN <
IREF-

@ Output voltage for the antilog connection is more positive
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than Eg g ¢ with negative inputs, less positive than Eg g with
positive inputs, equal to Eg gy for zero input.

@ In the log connection, output approaches positive limits as
Vin or Ijy approach zero.

® In the antilog connection, output approaches zero when the
input has large positive values.

@ 10

8

U
e
OUTPUT VOL
o

4
2
)
-10 A
0AA -
-4
-6
8
MODEL 755P MODEL 755N
—INPUT CURRENT —10 +INPUT CURRENT
W
LOG OF CURRENT =
K=-2 o
>
[~
2
K=-1 £
K=-2/3 o

MODEL 755P
—INPUT VOLTS
(——

LOG OF VOLTAGE

MODEL 755N
+INPUT VOLTS

Figure 14. Output vs. input of Model 755N & 755P
in log connection (log input scales), showing voltage,
and polarity relationships

For P versions,

@ Input voltage or current for the log connection is always
negative.

@ Output voltage for the antilog (exponential) connection is
always negative.
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e Output voltage for the log connection is negative for Vyy >
EREF* or IIN > IREF’ pOSitiVC for VIN < EREF or IIN <

IRgr-

® Output voltage for the antilog connection is more positive (less
negative) than Ep g with negative inputs, less positive than
Eg g With positive inputs, equal to Eg g for zero input.

e In the log connection, output approaches negative limits as
Vin or I;y approach zero.

@ In the antilog connection, output approaches zero when the
input has large negative values.

SPECIFYING LOGARITHMIC DEVICES

Errors of logarithmic devices may be referred to either the input
or the output. Since it is a useful property of the logarithm that
equal ratios of input produce equal output increments (for a given
scale factor) we may translate percentage errors at any level of the
input to millivolt-level changes at the output, or vice versa. For the
purpose of specifying log devices, it is conservative to assume that,
if the direction of an error is unknown, it be considered to reduce
the magnitude of the argument (i.e., log 0.8, 20% low, is —0.097,
while log 1.2, 20% high, is only 0.079). The following tablet relates
percentage input errors (low) to millivolt output increments for 3
commonly-used values of K. K is in volts/decade (volts per
change-by-a-factor-of-ten).
TABLE OF EQUIVALENT ERRORS

Output error (mV)
Error R.T.L Error RTO=-K 10g10 (l - RTI/IOO)
% low K=1V K=2V K=2/3V

0.1 0.43 0.87 0.29
0.5 2.18 4.35 1.45
1.0 ' 4.36 8.73 2.91
3.0 13.2 26.5 8.82
4.0 17.7 35.5 11.8
5.0 22.3 44.6 14.9

10.0 458 91.5 30.5

*i.e., VN more positive or less negative than Epgp
tSee also Table 4, Chapter 4-1
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For intermediate values, linear interpolation is quite adequate.

It is not considered good practice to state (log)'output error in
percent unless it is clearly stated that the error is in percent of .
nominal K or of full-scale (= nK) or of some other such measure.

When applying devices such as the Model 755 (used as our
example here), a firm understanding of the error sources associ-
ated with log amplifiers is beneficial for achieving best results. The
principal error sources are of two kinds:

1. Parametric errors, due to tolerances and changes in the
constants of the ideal log equations, including offsets.

2. Log conformity error, the error that remains when all
parametric effects have been removed by nulling and cali-
bration.

Parametric errors are stated separately for voltage and for current
operations, as defined in the equations

Vin—E
IN 08
E, Klog10 Eoor
and
L -1
IN 0s
E = XKlog,, — (32)
° 10 Igggp

Scale Factor (K) is the voltage change at the output for a decade
(i.e., a 10:1) change at the input, when connected in the log mode.
Error in scale factor is equivalent to a change in gain, or slope, and
is specified in percent of the nominal value. K is positive for “N”
types and negative for ‘“P” types. Its specification for Model 755 is
1% maximum tolerance and 0.04%/°C maximum change with
temperature (0°-70°C).

Offset Voltage (E,) depends on the operational amplifier used for
the log operation. Its effect is that of a small voltage in series with
the input resistor. For current logging operations with high-
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impedance sources, its error contribution is negligible. However,
for voltage logging, it modifies the value of Vyy. Though it can be
adjusted to zero at room temperature, its drift over the tempera-
ture range should be considered. In the 755, E,, is zero +400uV,
with a maximum drift of £15uV/°C.

Reference Voltage (Exgy) is the effective internally-generated
voltage to which all input voltages are compared. It is related to
the internally-generated reference current Iz g by the equation:
Ergr = IrgpRin, Where Rpy is the value of input resistance.
Typically, Iz g is considerably less stable than Ry ; therefore,
practically all the tolerance is due to Iz g . In the 755N, Eg g is
nominally +0.1V * 3% (3mYV max), with a maximum temperature
coefficient of 0.1%/°C. In the 755P, Egxpp =-0.1V, same
tolerances.

Offset Current (1,,) is the bias current of the amplifier, plus any
stray leakage currents. This parameter can be a significant source
of error when processing signals in the nanoampere region. For
this reason, it is held to within 10pA (doubling per 10°C increase)
in such devices as the 755.

Reference Current (Iggg) is the internally-generated current
source output to which all values of input current are compared.
Iz g tolerance errors appear as a DC offset at the output. For the
755N, Iggg is +10uA £ 3% % 0.1%/°C max (polarity of Iz is
negative in 755P). From the table, +3% tolerance of this input
parameter corresponds to £13.2mV at the output, an offset that is
independent of input signal and removable by adjusting the
reference current (where possible), adding a voltage to the output
by injecting a current into the scale-factor attenuator, or simply
by adding a constant bias at the output’s destination.

In addition to the parametric errors, log-conformity error must be
considered. When the parameters have been adjusted to compen-
sate for offset, scale-factor, and reference errors, the output will
be found to still deviate from ideal logarithmic behavior (princi-
pally at the extremes of the range). Since the behavior of an ideal
log device is linear on a semi-log plot, log conformity error is the
deviation from a straight line on a semi-log plot over the range of
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interest. For Model 755, the best linearity of the log relationship is
found in the middle 4 decades of the current range (10nA to
100uA). For this range, the log-conformity error is +0.5% RTI or
2.18mV RTO (K =1).

It should be obvious that the large number of degrees of freedom,
both parametrically, and in terms of the user’s variables, would
make it difficult to summarize a log devices’s specifications in one
overall number. As an alternative, sufficient information is
provided to calculate performance to fit the desired range. While
the Model 755 specifications were cited for the sake of example,
the reader should naturally seek to acquaint himself with the
properties of devices available at the time he initiates a design
effort, via data sheets, the A D Product Guide, and other media.
Complete specifications of the 755 are listed at the end of this
chapter, to aid the reader’s understanding of device behavior.
Applications information about specific devices is available in
great detail on their data sheets.

LOG AND ANTILOG DEVICES

In logarithmic circuits of the type we have been discussing, we can
view the causal explanation of what basically happens as follows:

1. Current is applied at the input of the circuit, developing an
amplifier input voltage.

2. The amplifier output voltage changes in the opposite direc-
tion.

3. The amplifier output voltage, applied to the input (Vg ) of
the log diode, causes a collector current to flow that balances
the amplifier’s input current, and holds the input voltage at
Zero.

4, The amplifier’s output is proportional to the log of the input
current; but the log diode’s output current is proportional to
the antilog of its input voltage.
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Thus, we can consider any log device as consisting of an
operational amplifier and an antilog (exponential) circuit. As
noted earlier, if we interchange the input resistor and the feedback
element, we will therefore have a circuit that develops an antilog
input current at the summing point, and a corresponding antilog
voltage at the output.*®

In the antilog connection, the same sources of error are present
and can be considered in the characteristic equation

-V /K
= I
E, = Eppp(10) W

+
0 “Eos

(33)
Errors appearing as constant increments of input will give rise to
constant percentage errors at the output.

The 755 can be connected for either log or antilog operation. The
752 can be connected for either log or antilog operation when
used with an external operational amplifier. The chart (Figure 15)
compares the operating ranges of the 752, with a variety of op
amp types, and the 755, subject to the constraint of +2% error
over a £10°C range. A chopper-stabilized amplifier (233J) maxi-
mizes the voltage range; a low-bias-current FET (42J) maximizes
the current range; a general-purpose FET (40J) minimizes cost.

LOG MODULE 755 752 OPERATING WITH OP AMP
233 424 404
Op Amp Type —z= internal-High Chopper Electrometer Economy
Performance FET Stabilized FET FET

{nput Range for
*2% Error, Over +10°C

Vin! 3.5mV to 10V 500uV to 10V 37.5mV to 10V 25mV to 10V
Eqs Drift 150uV 10uv 750V 500uv
fin 1nA to 1mA 3.5nA to 1mA 50pA? to TmA 5nA to TmA
Ios + Igg Drift 20pA 70pA 1pA 100pA
Selection Criteria Complete log Extends lower Extends lower Lowest-cost
amplifier, high limit of voltage {imit of current for a complete

performance,
trimmed internally

range. Minimum
drift and offset
errors, long term
stability

range

log amplifier

Relative Costs {1-8)

100%

140%

104%

80%

lVsslu«s selected are consistent with a 10ks2 input register. .
2 Log conformity error restricts the lowest input signal to 100pA.

Figure 15. Comparison of capabilities of 755 complete log/
antilog module and 752 log/antilog transconductor

*It is also possible to consider the log diode as a current follower, isolated from the
amplifier’s output voltage by R, that develops the log voltage as an output (by-product)
1CrOss Ig.
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For applications calling for a variable reference, or the log of a
ratio, the 756 has been designed. It has log ratio conformity of
1%, typically over 7 decades (4 decades of numerator change, 3
decades of denominator). Figure 16 shows typical % error, referred
to the ratio, as a function of Iy, for 4 values of Ip .

+
Py

a
b
L=

s T R = 7 + P B o
e—

I
|
1

ERROR — %
REFERRED TO INPUT

)
-

10nA 0.1uA Iy = T8A 100A 0.1mA
o =1000A ———e—  102A TwA B.1pA -

Figure 16. Log-conformity errors of Model 756 log-ratio module

DYNAMIC ERRORS

Speed and frequency response of logarithmic devices depend on
scaling, the signal level and the direction of change. Typically,
above 1uA, the response is dominated by the integrator time
constant, changing little with signal level. Below 1uA, rgC,
dominates the response, reducing speed in proportion to the input
current. A tabulation of typical 755 response time follows. It is
interesting to note that response time is shorter for increasing
signal magnitude than for the same decreasing increment, because
the new current value determines the speed.

I}y (Increasing) Time Iy (Decreasi’ng) Time
InAto 10nA 1ms 10nAto 1nA 4.5ms
10nA to 100nA  100us 100nA to 10nA  400us
100nA to 1uA Tus 1¢A to 100nA 30us
luAto 1mA 4us ImAto 1pA Tus

The logarithmic response will of course distort wide-ranging
sinusoids, as will the asymmetric and nonlinear delay times,
Frequency response is therefore given in terms of small-signal
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response at differing current levels. Typical frequency response
(—3dB) of the 755 is

Iy -3dB frequency

1nA 80Hz

1A 10kHz
10A 40kHz

ImA 100kHz

TESTING LOG DEVICES

The following equipment (or its equivalent) will be found useful in
performing the basic tests to be discussed.

Picoampere Current Source Keithley 261

Precision dc Voltage Standard Electronic Development Corp. 100N
Function Generator Hewlett-Packard 3310A

Digital Voltmeter : Hewlett-Packard 8300A
Oscilloscope Tektronix 543B

with Type 1AS preamplifier

In this section, circuits and techniques will be discussed for the
evaluation of some of the basic log-device parameters, such as
Scale Factor, Log-Conformity Error, Reference-Current accuracy,
Response Time, Bandwidth, and Input Offset (to the degree that
they apply to a given log device). For the 755, which is a
complete, self-contained ‘“black box,” all of these parameters
apply; they will be discussed in the context of measurements of a
755.

For brevity, pin-number connections will be referred to. The
relationship between pin connections and circuit functions can be
seen in Figure 17, a simplified functional diagram of the 755N.
The principles, however, are applicable to all similar devices. The
results will depend on the care with which measurements are
performed.

Scale Factor (K) has been defined as the change in output voltage
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ANTILOG

Y Irer — ELEMENT

! Iin <
S - ‘ -
+ 3
FET

+15v |COM -15V  Epg TRIM
o
6 8 9

Eour

Figure 17. Connection diagram of model 755

for a decade (10:1) change at the input, when connected in the log
configuration. It is the slope of a semi-log plot of the output.

Scale factor is most-easily measured using a current source (Figure
18). Apply a value of current I; to pin 5 (input summing point)
and measure the output. Increase the current by a factor of
exactly 10 to 10I; and again measure the output. The scale factor
K is simply the difference between the two measurements.

hn
R 5 3
CURRENT MODEL g
SOURCE 755 Eo | VOLTMETER
6 7 8 |
10 g I K|=1Eg1-Eoz|
Inz = OR
1/10 iy POWER
SUPPLY -

Figure 18. Scale-factor measurement with current input (shown
fork=1)

If it is desired to measure scale factor in the voltage mode, it is
first necessary to carefully adjust the input voltage offset to a
value near zero. A sensitive adjustment can be performed using the
circuit of Figure 19, with the voltage input (pin 4) grounded.
Using an external 100k 10-turn trim pot, the output is adjusted
(K =1) to a value between +4V and +5V, for N-type devices. (For
755P, the value would be between —4V and —5V.) Since Eg g is
1071V, an output voltage between 4V and 5V, with the input
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grounded, indicates that E is between 4 and 5 decades lower, or
1-10uV.

After adjusting the offset voltage, the scale factor can be measured
in the same way as for a current input (Figure 18), by taking the
difference between the outputs for successive values of input
Vin X and 10Vyy . applied to pin 4.

1
4 K=1 4V<|Eg I<BV

MODEL € 3
755 o

+Vg COM Vs TRIM

6] 7 8 9

Jv\mom Eos TRIM
\r

J

METER

POWER
SUPPLY

Figure 19. Trimming EQs in the Jog mode

Reference Voltage is the input voltage at which the ratio of
input-to-reference becomes unity; the log output at that value
should be zero. The value of reference voltage for a given unit is
thus measured by empirically applying precisely-determined
voltage to the input (4) in the neighborhood of Eggg (0.1V for
755N), and adjusting for zero output. The reference voltage can be
modified either by connecting an external resistance of appropri-
ate value to the current input (5) and using it as the input resistor,
by modifying the current reference, or by adding a constant in an
external summing amplifier at the output. In any of these
instances, the new value of reference voltage can be calibrated by
applying precisely the value desired at the input, and adjusting for
zero output.

Reference Current is the value of input current at which the ratio
of input-to-reference becomes unity; the log output at that value
should be zero. It is measured similarly to reference voltage, by
applying a precisely-measured adjustable input current and adjust-
ing for zero output. Iz g for 755N is about 10uA. Iggp can be
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modified by adding a constant in an external summing amplifier at
the output or by modifying the reference source. It is an input
variable in the 756 log ratio unit, adjustable in the 752 log/antilog
transconductor, and fixed in the 755. However, it can be modified
in the 755 by applying a current from a current-source to an
unused K pin (1 or 2). The value of current required is 66uA per
decade of shift. If it is required for correction only, 0.29uA per
1% change is the approximate sensitivity; for small shifts, the
current may be developed by voltage in series with a high value of
resistance (= 2.2M%Q2).

Log Conformity error is the difference between the actual output
voltage and the output voltage predicted by the log transfer
equation, with the effects of offsets, reference shifts, and scale
factor either nullified or taken into account. A plot of output vs.
input on semi-log paper should be a straight line. Any deviation
from a straight line is log conformity error. (Output is measured
on the linear scale, input on the log scale.) Apply enough input
voltage or current values over the range of interest to allow a
smooth curve to be drawn connecting the plotted values of
output. The input should be accurately determined, the output
accurately measured, and the paper sufficiently large to permit
tolerances of the magnitude of interest to be observed. A “‘best
straight” line may then be drawn; the deviations from it represent
log-conformity error.

A more sensitive way of plotting is to subtract the expected value
of output from the actual value and plot that result (the total
error) on the linear scale vs. input on the log scale. A ““best straight
line” will then show the average slope and offset error, and the
deviations from it the log-conformity error. Output error may be
referred to the input via the Table of Equivalent Errors (p. 188).

Dynamic Measurements are performed by observing small changes
from or about an appropriate bias level. The current input may be
used to sum a dc bias and a voltage input (in series with a large
external resistance) for incremental changes (Figure 20).
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For example, to measure the response time for I; increasing from
10nA to 100nA or decreasing from 100nA to 10nA, apply 10nA
to pin 5 (of the 755N). Through a 10MS2 resistor, apply a 0.9V
square pulse, starting from QV. This will produce an incremental
current step of 90nA, and an overall input swing of 10-100nA.
Assuming that the pulse is of adequate width, response to both
increasing and decreasing steps can be seen at the same time. At
the output (K =1), the increasing-input step response will swing
from +4V to +3V; the decreasing-input response will swing from
+3V to +4V.

FUNCTION

GENERATOR
B I >

> 1m0
OR “AFPFx <>* 1
3

o o1 MODEL O
cuRRenT | 51A5 1= 5 755N
SOURCE = C.R.O.

& 7 8 IB

Nad
+0.9V
| | BV

s SUPPLY v

.9V
Al —— =
¥ Tom 90nA

= 10nA to 100nA

Figure 20. Performing incremental response measurements

Frequency response is measured typically by using a *5%
sinusoidal deviation about a fixed input value. For example, at the
1pA level, the deviation will be +50nA. Apply 1pA dc to the
current input (5), and sum it with 100mVp-p through a 1M
resistor. The output swing at low frequencies should be
43.5mVp-p. Increase the frequency, maintaining the input ampli-
tude constant, until the output amplitude is 30.5mVp-p. This is
the frequency at which the output amplitude is down 3dB from its
low-frequency value.
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CONCLUSION

Logarithmic devices have been summarized in Part 1, and
applications have appeared throughout Part 2. This chapter has
discussed the basic properties of logarithmic devices, techniques
for obtaining thermal and dynamic stability, some commonly-used
circuits, specifications and definitions, and means of adjustment
and test. Chapters 4-1, 4-2, 4-3, “Aids for the Designer,” will
provide further information, as well as guidelines for selection and
use of devices for log, log ratio, and antilog applications.
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APPENDIX TO CHAPTER 3-1.
COMPLETE SPECIFICATIONS OF A TYPICAL LOG/ANTILOG
MODULE (MODELS 755N & 755P)

(typical @ +25°C and +15VDC unless otherwise noted)

TRANSFER FUNCTIONS DYNAMIC RANGE OF INPUT
Log of Current 120dB
E =Xl L —Iog 1nA to 1mA (755N)
° N —1nA to —1mA (755P)
Log of Voltage 80dB
Ein —Eos 1mV to 10V (755N)
E_ =-Klog, —p—0 o
° 1 T Eppr —1mV to —10V (755P)
Antilog of Voltage
E =B, 10 W :g —2<E, [K<2
o REF =*0s Bt ? U
TRANSFER FUNCTION PARAMETERS
Symbol Value Tolerance Drift Note
K 2/3,1,2V 1% max +0.04%/°C max 1,2
S 0.1V 3% max 0.1%/°C max 2
| SO, 10uA 3% max +0.1%/°C max 2
Eqg 0+tol. +400uV +15uV/°C max 3
Iog 0+ tol. +0,-10pA max 2x/10°C
LOG CONFORMITY ERROR REFERRED TO INPUT
Input Current Conformity Input Voltage  Conformity
Range Error Range Error
1nA to 10nA +1% max
10nA to 100uA +0.5% max ImVto 1V £0.5% max
100uA to 1mA *1% max 1Vto 10V +1% max
1nA to ImA (Total Range) +1% max
RESPONSE TIME
Ii n (increasing) Time Iin (decreasing) Time
1nA to i0nA Ims 10nA to InA 4.5ms
10nA to 100nA 100us 100nA to 10nA 400us
100nA to 1uA Tus 1uA to 100nA 30us

IuA to ImA 4dus 1mA to 1uA Tus
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SMALL SIGNAL FREQUENCY RESPONSE

Inv(Level) 3dB Down At
InA 80Hz
1uA 10kHz
10uA 40kHz
ImA 100kHz

NOISE REFERRED TO INPUT, 10kHz BANDWIDTH

Noise Voltage 2uV ms

Noise Current 2pA rms
RATED OUTPUT (Note 4)

10V, +5mA

POWER REQUIREMENTS (QUIESCENT)

+15V, regulated £1%, 7TmA
TEMPERATURE
Operating 0°C to +70°C
Derated ~25°C to +85°C
Storage -55°Cto+125°C
MECHANICAL
Case Size 157X 15" X 04"
Weight 38.1 X 38.1 X 102 mm
1 0z. (28.3g)
PRICES
(1-9) $55.00
(10-24) $49.00
NOTES:

201

1. Use terminal 1 for K = 1V, terminal 2 for K = 2V, terminals 1 and 2 (shorted

together) for K = 2/3V.
. Parameter is + for 755N, — for 755P.
. Externally adjustable to zero.
. No device damage due to any pin being shorted to ground.
. Specifications subject to change without notice.

;oW






Multipliers

Chapter 2

An analog multiplier is a device that produces an output voltage
or current that is proportional to the product of two or more
independent input voltages or currents

Vi Vy/V, =K V,V, )

The proportionality constant, 1/V,, has the dimension vl V, may
be identifiable with a specific voltage or current in the circuit, or
it may be independently determined. It is usually fixed at 10V.

The operating range of a multiplier may be defined in terms of its
inputs. For two inputs, and a possibility of two polarities for
each input, there are four combinations of polarity. They can be
visualized as the four quadrants of the X-Y plane (Figure 1).

Y

& vy Max
/ / i

Vx MIN Vx MAX
/ A
: l
: il x |

L]

Vy MIN
Figure 1. Multiplier operating coordinates
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A pair of inputs within the operating region uniquely determines
the multiplier’s output voltage. A multiplier that can accept all
four combinations of inputs and provide outputs of appropriate
polarity isreferred to asa ““4-quadrant multiplier.” “Two-quadrant”
multipliers respond to a * signal at one input and a unipolar
signal at the other. For instance, if a multiplier responds to +V,_,
but only +V,, will it operate in the half-plane of quadrants I and
1], indicated by shading.

One-quadrant multipliers respond to unipolar inputs in a single
quadrant only. If both V, and Vy are limited to positive values,
the multiplier operates in the first quadrant. Occasionally, one
will find a multiplier that responds to the appropriate number of
quadrants, but with inverted output polarity. Its equation is
E, = -KV,V,. A multiplier that responds to one or more of its
inputs in a single quadrant can be used for multiple-quadrant
operation by being preceded by an absolute-value circuit, and
followed by a sign-magnitude output circuit, with output polarity
determined by input polarity (a procedure almost as cumbersome
as it sounds but typical of such devices as some multiplying D/A
converters). Multi-quadrant operation can also be achieved by
offsetting the inputs and output (see Figure 21).

TECHNIQUES OF MULTIPLICATION

At present, the two most-common means of performing electronic
analog multiplication are variable-transconductance and pulse-
width, pulse-height modulation. A third method, log-antilog, is
gaining in popularity, particularly for low-speed high-accuracy
calculations.

The circuit design, and the factors affecting overall performance
of these three types of multipliers will be discussed in detail in
this chapter.

Many other types of multipliers and modulators have been, and
still are, used in analog-computing, communications, and instru-
mentation circuits. Examples of these are quarter-square, diode-
ring, FET, and magnetic (e.g., Hall effect). The design of these
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types will not be covered here; however, much of the discussion
of specifications and testing could be applied to them.

CHARACTERISTICS OF MULTIPLICATION

Since the algebraic properties of multiplication are the determining
factors in the design and specification of analog multipliers, a
review of a few of these properties and their correspondence .to
physical multiplier performance will aid understanding.

One of the most salient properties of multiplication, with direct
implications for design and characterization, is the fact that the
product is zero for three kinds of input pairings.

Input Theoretical

State Output Error Parameter
1 0-0=0 Offset
2 0-Y=0 Y-Null, or Y Feedthrough
3 X-0=0 X-Null, or X Feedthrough

Another important property is the relationship of the magnitude
of the product to the inputs. If we assume that both products
are always less than V| (i.e., V; is full scale), as is the case for most
popular multipliers, then the product is always less than or equal
to V;

4 0<1V,, Vy| é V. Input Constraint 2)

5 IVx + Vy/ViI<V,  Output Constraint 3)

If the two inputs are not equal, the product will be less than the
smaller input, if the conditions of (2) are met, i.e., if

\ARIVA &)

and
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IV V, Vi <V, (5)
then

ViV, [V, < Y (6)

Equations 2-6 illustrate that the output of an ideal multiplier is
well-behaved for small inputs: the output goes to zero as either
or both inputs are reduced to zero. The aralog multiplier circuits
discussed in this chapter come surprisingly close to following this
ideal behavior, assuming that the first-order (or linear) errors are
adjusted to zero. The reason for this is that the nonlinear com-
ponent of error (f (Vx,Vy)) is a continuous function of V, and Vy
that goes to zero as V, and Vy are decreased to zero. The follow-
ing sections, describing the sources of multiplier errors, and the
relationship to circuit design, will show why this is so.

The multiplication function can be represented by a surface in
three dimensions embodying the equation

Z=XY N

The shape of the surface can be outlined in terms of the follow-
ing characteristics

1. Output (Z) iszero along the X and-Y axes (zero feedthrough).

2. If one input is constant, then the output is linearly propor-
tional to the other input, with a slope (“Gain”) determined

by the constant input.

3. If the two inputs are equal (X =Y, or X =-Y), then the out-
put is proportional to the input squared. This produces two
tangent parabolas of opposite polarity at right angles corres-
ponding to the diagonals in I-III and II-IV.

The surface that fits these requirements is the hyperbolic para-
boloid, or “saddle-surface,” as sketched in Figure 2. The parabolic
branches correspond to the intersections of the surface with verti-
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cal planes through the diagonals and parallel to the diagonals (con-
dition 3). The straight-line elements correspond to the intersec-
tions of the surface with vertical planes parallel to the X and Y
axes (condition 2), and the surface passes through the X-Y plane
along the X and Y axes and their intersection of 0 (condition 1).

TOP VIEW

e Vy MAX
3 2
juss It
.
Vy
jiva T auabranT

Figure 2. Four quadrant multiplier — input/output surface

Horizontal planes intersect the function in hyperbolas. That is, a
contour map would show a family of right hyperbolas climbing
hills along diagonal I-III and sinking into valleys along diagonal
II-IV (Figure 5).
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The corners of the surface labeled 1, 2, 3, 4 in the figure represent
the maximum outputs of the multiplier in the respective quadrants.
These maxima occur at the four combinations of £X and =Y.

To some, the thought of a multiplier as a nonlinear device may
seem paradoxical, despite the fact that it is clearly nonlinear.
After all, any practical measurement of a multiplier’s gain charac-
teristics, performed at constant values of X or Y, will yield a
linear output-input relationship, that is, the multiplier acts as a
linear amplifier with gain KX. In fact, one thinks of a “linear”
multiplier as one that obeys the ideal relationships of (1).

Clearly, with one input fixed, the multiplier is indeed a linear
device and could, in concept, be replaced by a fixed-gain amplifier.
The signal input can not cause the gain to vary, so it will be
linearly reproduced at the output.

If both inputs are varied, the response is indeed nonlinear. For
example, if the same input is applied to both X and Y, the output
will be proportional to the square of the input. This is clearly
nonlinear behavior, fitting neither the proportionality nor the
superposition criteria for linearity (see p. 1).

If Viy =V, Equ: =KV, 2 (8)
If Viy =V, E . =KV,? 9)
V=V, +V, Eoue # K(V, 2 +V,?) (10)

The geometrical interpretation is that the hyperbolic paraboloid
is a developed surface, a curved surface that can be constructed
from straight-line elements — like the cylinder or the cone.

That the ideal analog multiplier is a linear device, if one input is
maintained at a constant value, is a useful fact, one that makes it
easy to characterize, adjust, calibrate, and measure the behavior of
real multipliers in linear terms despite their inherently nonlinear
nature.
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ERRORS IN PRACTICAL ANALOG MULTIPLIERS

The output of a practical multiplier will differ from the theoretical
product of its inputs by a generally unpredictable amount, €, as
defined in the equation )
E, = KV, Vy £ e(Vy, Vy) (1D

It will be quite helpful in discussing multiplier circuit properties
to expand the error indicated symbolically in (11) into terms
directly related to error sources in the circuit. There are four
primary sources of static (or dc¢) error in an analog multiplier
(dynamic errors are discussed later, in the section on multiplier
specifications)

Error Symbol
1.  Input Offsets , X, Yos
2.  Output Offset Z,s
3.  Scale Factor AK
4. Nonlinearity f(XY)

The influences of these errors can be applied as follows
E, = (K + AK) {(Vx X0 (Vy + Yo) # 2+ (X)) (1)
Multiplying out and combining terms

E,=KV,V, +AKV, V, + (K +AK) § V, Yoot Vy Xoot Yo Xoot Zo HAX, V0
v
e(X,Y) 13)

This Iengthy array of error terms can be untangled by considering
each separately:

Term - Description Dependence on Input

KV, Vy True Product Goes to zero as either or both
inputs go to zero

AKV, V, Scale-Factor Error GoestozeroatV,,V, =0
X'y y
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Strictly speaking, the following terms are multiplied by K + AK,
but the effect of AK can be ignored, since the product of AK and
another error is a second-order error, and hence negligible.

VY, Linear “X” Feedthrough  Proportional to V,
Due to Y-input dc Offset
Vi Xos Linear “Y” Feedthrough  Proportional to V,
Due to X-input dc offset
Kos Yos Output Offset due to Independent of Vy,Vy
X,Y Input Offsets
Zos Output Offset Independent of V,,Vy
FXY) Nonlinearity Depends on both Vx s
Vy. Contains terms
dependent on V,Vy,
their powers and cross-
products.

The error of a practical analog multiplier, e(X,Y), can be visualized
as a surface representing the difference between the actual multi-
plier output and the theoretical value. The error surface will be,
in general, warped, twisted, and not level, much like a section of
hilly countryside. Figure 3 shows a hypothetical error surface for
a four-quadrant multiplier. The elevation, or Z coordinate of the
graph, represents the error, e(X,Y) defined by

e(X,Y) = E (actual) — KV, V, =E, — V, V; [V, (14)
where
E, = measured value of multiplier output voltage
V; = X input voltage
Vy =Y input voltage
KV, V, = Ideal output voltage

e(X,Y) is the measured voltage corresponding to the sum of the
error terms in (13).
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VieVy A Verror

Va

Verror = Eout measuren —

XeeeoTHROUGH

o

YEEEDTHROUGH

XNONLINZARITY.
Vy =FULL SCALE

YHNONLINEARITY .
Vy = FULL SCALE

Figure 3. Multiplier error plane

Using an error surface to describe the static error of an analog
multiplier may seem awkward, but it is the easiest way to visualize
the whole three-dimensional effects of the individual error com-
ponents in (13).*

For example, consider the effect of “linear” X feedthrough V, Y.
Assuming that Y, is a small positive quantity, then as V, increases,
the output of the multiplier will increase in proportion. As V; goes
negative, the output will go negative. This effect is clearly indepen-
dent of the Y input, since equation 10 shows V4 Y4 as an additive
error. The result of the linear X feedthrough is to tilt the plane about
the Y axis, as shown in an end-on view of the XY plane, Figure 4.

Similarly, the effect of X offset (“linear” Y feedthrough) is to
tilt the whole error plane about the X axis. The effect of dc off-
set, X, Yo T Z,,, is to move the whole plane up or down on the Z
{output) axis.

*The error surface is primarily an aid to visualization, It, and the 2-dimensional contour
representation (“iso-vers”: iso-equal, ver(ity)-accuracy), have been used for this pur-
pose., However, because of wide differences in form of the error function from unit to
unit, and for a given unit under various stages of adjustment and thermal environment,
error surfaces are of little use as compact presentations of data for individual devices.
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—

Figure 4. Linear X feedthrough, can be viewed as section of
the error surface atY =0

The effect of the scale factor, AK, considered alone, is to create
an error surface defined by

e(XY)g = AKV,Y, (15)
Y
100mv forov +100mV
B -&'Jnfv—-;’_m/ // / / ST TT1 \\\+8}<‘—+90mv
sy ¥R
v 50 ,/ / /|t 150 N
7 s ad |, 1 +49
A [+30
- 7 7 |-20 V4 +20
7 A e 1 \+1o
L~ g > 4
,// // 1 \\
//
10V ) L, v

— -
NG T A -
+10 + - - .
7 L -
+20 \ T ; 2] 7~ _ -
+30 7/ 30 P
+40 T ! / /‘ @0 /A
+50 1 4 7 /5 p
/60 7
N0 TS P A
+aomv— \ t V77 oy
100 N N L [ [ LY /27 Toov

Figure 5, ISO-VER representation of 1% positive-scale-
factor-error surface (all other errors zero), contour inter-
val: 10mV :
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This is just a scaled-down version of the multiplier output
V, = KV, V;. Therefore, the scale-factor error surface must be a
hyperbolic paraboloid, as sketched in Figure 2, but much smaller.
Figure 5 is a 2-dimensional contour (“Iso-ver’’) representation. The
effect of nonlinearity, f (X,Y), is to introduce curvature on the
nominally-straight-line elements parallel to the X or Y axis. That
is, a section through the multiplier output surface parallel to the
XZ or YZ plane is no longer a straight line (Figure 6).

z
A

Figure 6. X nonlinearity can be viewed as section of the
error surface at any value of Y

To summarize, a two-input analog multiplier has 4 sources of
“trimmable” static error. Referring to (13), these are

X-input offset (Linear Y feedthrough)

Y-input offset (Linear X feedthrough)

Output offset

powon o

Scale-factor error

The effects of these four errors can be reduced to zero by intro-
ducing equal and opposite offsets for errors 1, 2, 3, and by precise
adjustment of the scale factor, or gain, for 4. After the four errors
are adjusted to zero, the remaining error will be due to the inherent
nonlinearity of the multiplier, f(X,Y). The nonlinearity is generally
irreducible; however, in certain cases, a large percentage of it can
be cancelled, as will be described in the transconductance multi-
plier section.
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TRANSCONDUCTANCE MULTIPLIERS

The variable-transconductance multiplier is the simplest type of
analog multiplier, at least in concept. One input variable controls
the gain (transconductance) of an active device, which amplifies
the other input in proportion to the control input.

A wide variety of active devices, such as transistors, FET’s, vacuum
tubes have been used, with varying degrees of success, to make
“¢ransconductance” (or ““transresistance”) multipliers and modu-
lators for analog computing or communications signal-processing.
However, almost all of the ‘“‘transconductance” multipliers avail-
able today use silicon junction transistors as the active elements,
because of the transistor’s linear and consistent relationship
between collector current and transconductance, given by equa-
tion (16)

dI, q
=41 16
dVye KT ° (10

where

I. = collector current in amperes

Vb; = base-emitter voltage, in volts

q = unit of electronic charge = 1.60219 X 10-1% coulombs
k = Boltzmann’s constant = 1.38062 X 1023 joules/°K

T = absolute temperature, degrees Kelvin = °C +273.15°
a/kT = 1/(25.69mV) at 25°C

The multiplicative property can be seen for sufficiently small
increments Al, AV, (Figure 7)

AL =gk L - AV, a7
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l'c

le=alig

b

Figure 7. NPN transistor nomenclature

Equation (16) is derived by differentiating the simplified junction
equation™

I, = ayIpg (70T ) (18)

ay = charge transport factor = 0.99
Igg = emitter saturation current, 10-12 to 10-14 A @25°C

with the assumption that the collector-base voltage of the tran-
sistor is zero,

IC
— >>1,

Igs
yet the current levels are low enough so that ohmic resistances
(e.g., base spreading resistance, emitter contact resistance, and
bulk resistance) are negligible. For a typical monolithic dual tran-
sistor, this means collector currents of 100uA or less. At 100uA,
the transconductance is about 1/260mho at 26°C; parasitic resis-
tances of about 39, typical of monolithic transistors, reduce the
transconductance by about 1%.

A simple, 2-quadrant variable-transconductance multiplier can be
constructed from a pair of transistors and a few resistors, as shown
~ in Figure 8. If the output of this multiplier is considered to be the
difference between the collector currents of Q1, Q2, then equa-
tions 19 and 20 define the output-input relationship for this cir-
cuit

g Yy +06

) = Tt ——— -3
Icl - Ic2 Al KT 27 x 103 107 Vy (19)
Al = 83 X 106 (V, + 0.6)V, at 25°C (20)

*See equation (6), Chapter 3-1.
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4.7k

Vy (NEGATIVE)

1

Figure 8. Simple 2-quadrant variable-transconductance multiplier

As (20) shows, the output collector-current difference is propor-
tional to the product of the input voltages, Vi, Vi, with the
following limitations:

1.

The Y input has a 0.6V offset due to the assumed (constant)
Vig’s of QI and Q2. Thus, the most-positive value of V, that
can be accepted is -0.6V. Also, V. is not constant. The
Ve of Q1, Q2 increases as [V increases, introducing non-
linearity on the Y input. Both problems can be fixed by
using a more-elaborate voltage-to-current converter to replace
the Y-input resistor.

The scale factor is a function of temperature, decreasing at
-0.33%/°C near 25°C. This might be fixed by using temper-
ature-compensating resistors on the X input, but it is hard to
get precise compensation.

The X input is nonlinear, due to the exponential relationship
between collector current and base-emitter voltage (18). The
1000:1 attenuator on the X input reduces the £+10V range to
£10mV between the bases, so that the actual X signal is less
than the junction constant kT/q (25.69mV @ 25°C). How-
ever, even this small signal can result in 7% nonlinearity for
X-input signals. The nonlinearity can be decreased by increas-
ing the X-input attenuation, but at the cost of decreased
signal-to-noise.
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For the above reasons, the differential pair is not particularly use-
ful or attractive as a high-level analog multiplier. However, it is
quite effective as a mixer in RF applications, where the incoming
signal is already quite small (millivolts or less).

There is a good, inherently simple solution to the nonlinearity,
limited-dynamic-range, and temperature-coefficient problems of
the simple differential pairl. Gilbert’s circuit has rapidly gained
universal acceptance, because of its low errors (~1%), wide band-
width (100MHz possible), and relative simplicity. In fact, it
has become synonymous with “transconductance’ multiplication.
The basic circuit, shown in Figure 9, uses the logarithmic pro-
perties of diodes (or diode-connected transistors) to compensate
for the exponential nonlinearity on the base inputs (hereafter
Iabeled “X’* input, for convenience) of the differential pair.

The balanced X input currents, Ip,, Ip,, flow through diodes D1,
D2, establishing voltages V;, V,, which are proportional to the
log-of-current (ay = 1)

I
kT Dy
V,==— In —— 21
Vg T I, )
2 q " Igs,

Figure 9. Linearized 2-quadrant multiplier (principle)

1«A New Wide-Band Amplifier Technique,” by Barrie Gilbert, IEEE Journal of Solid-
State Circuits, December, 1968, Volume SC-3, No. 4, pp. 353-365,
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Since the collector currents of Q1 and Q2 are exponential func
tions of their base-emitter voltages (18) or the differential input
voltage (Vgg, — Vpg,), it is reasonable to assume that the loga-
rithmic inpu% voltages provided by D1, D2 will cancel some, if
not all, of the exponential nonlinearity of Q1 and Q2, resulting
in a linear relationship between Ip ’ Ip., and IC1’ I, In fact, the
linearization is perfect in theory, and almost pérfect in practice, a
surprising and useful result that can be demonstrated as follows:

Assumptions:

1. Pairs Q1, Q2 and D1, D2 have zero differential offset voltage
if ICl = IC2 and IDl = IDz.

2. Ql1,Q2,Dl1, D2 obey the ideal junction equation (18)

The sum of the voltages V; to V, around the loop from the
cathode of DI to QI, Q2, and the cathode of D2, must be zero

V,—V;+V, —V, =0 23)
Vi—-V,=V; -V, (24)

The base-to-emitter voltages of Q1, Q2 are proportional to the
logarithms of their collector currents

I
=v. =XkT G
Vg, =3 =" In Tesq, (25)
I
- _kT Cy 26
VBEZ —\/4 —-—CT In IESQ2 ( )

Substituting for V1 through V4 in (24)

Ip Ip Ic Ic
ML Al 2Ky, L KTy 2 (g
q es;, 9 les, 4 Igso; 4 Iesq,
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Cancelling the kT/q terms and rewriting the differences of logs as
logs of ratios

Ip, Ies Ic Ieso
158 C1E8% (28)
Ip,Igs, Ic,Iesq,

The constants will all be equal if the transistors and diodes are
matched, as has been assumed

Ip 1 ICl

In— = In 7
L, I,

(29)

If the logs of the ratios are equal, then the ratios must be equal

J! I :
D _ & (30)

b, L,

This important result states that the ratio of the “output™ currents
Ic;, I, is linearly proportional to the ratio of the input currents,
IDl, Ip,, irrespective of temperature or the magnitudes of the
currents! In other words, the linearization is ideally perfect, and
the input-output transfer of X is constant with temperature.

The multiplier relationship can be derived directly from (30). The
X input is assumed to be a difference 2A1, between the two diode
currents Ip, and Ip,. The Y input controls the emitter currents
Iz gp- The multiplier output is the difference 2A1; in the collector
currents of Q1 and Q2.

Ip, =1, + AL (31)
Ip, =k — AL (32)
—I, <AL <1, (33)

Icl +IC2 = OlIREF = Iy (0[ = 1) (34)
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Q1, Q2 and D1, D2 are assumed matched, and Q1, Q2 have high 8
100, a=1).

Iy = Iy/2 + Aly/2 (35)
Ic, = Iy/2 — Alg/2 (36)
1y2 <A <Iy/2, Iy>0 37

Substituting for I and I, in (29)

Ix+AIX = Iy/2+AIC/2

Iy —Aly  Iy2—Alcf2 (38)
with a little bit of algebra,
Al -1
Al = XI 4 39

X

The output current is proportional to the product of the X input
difference current AI, and the Y input current, and inversely
proportional to the X static current I,, which can be seen to
determine the scale factor as a linear 2-quadrant multiplier (bi-
polar AX input and unipolar Y input). The circuit can also func-
tion as a two-quadrant divider, with I, constant, a unipolar
denominator (I,), and a bipolar numerator (AL). This linearized
multiplier (Figure 9) has outstanding performance, and it repre-
sents a great improvement over the simple differential multiplier
in the following ways.

1. Wide bandwidth: the circuit is basically “current-mode.” At
current levels of several mA, bandwidths over 100MHz can
be obtained. At the lower current levels (< 1mA) normally
used in multipliers, bandwidths of 1 to 10 MHz are readily
achieved.

2. Excellent linearity: (39) indicates that the input-output rela-
tionship is exact for multiplication. In practice, there are
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some small errors, < 1%, that will be discussed later. Never-
theless, it is greatly improved over the unlinearized multiplier.

3. Excellent temperature stability: (39) indicates that the input-
output relationship is independent of temperature. In a prac-
tical circuit, there will be some slight temperature dependence
due, in part, to the change in 8 of transistors with tempera-
ture (we have assumed 8 effects negligible in arriving at (39)).
Changes in gain with temperature can be held to 0.02%/°Cor
less — more than an order-ot-magnitude improvement over the
simple differential multiplier (0.3%/°C).

4. Wide dynamic range: Since the X (base) input is linearized,
the ratio of X input currents can be varied over a range almost
equal to -I; < Al < I, allowing much greater input signals
than the differential pair.

As a consequence of these advantages, the linearized “gain cell”
has become almost universally accepted as a general-purpose multi-
plier building-block. With slight modification, it can be used
directly as a 2-quadrant multiplier circuit.

Two-Quadrant Multiplier

The circuit of Figure 10 is an example of a workable 2-quadrant
multiplier. The differential X input current is obtained from a
differential pair Q6, Q7 with emitters coupled by resistor R1.
Constant-current sources Q8, Q9 provide the I, bias to the emitters
of Q6, Q7. The 100k emitter resistor R1 determines the differ-
ential X current, Al,, per volt of input, V,.

The X input current drives the emitters of the diode-connected
transistors Q2A-B, rather than the collectors (or anodes) as in the
circuit of Figure 9. This “inverted” connection is much easier to
drive, since the emitters present low impedance and readily accept
the current from the X input stage, Q6, Q7. The only practical
difference between the ““inverted” circuit and the basic current
cell is that the output will also be inverted (i.e., “180° out of
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phase with the input”). This is easily corrected by proper phasing
of the output amplifier.

The Y input current is derived from the closed-loop controlled
current source A1-Q5. If Q5 has very high g (& 400), then the
_ collector current of QS5 will be V, /R,, with negligible error. Diode

D1 protects the base-emitter junction of Q5 from breakdown, in
the event of positive Y input voltage. The differential output
current (between the collectors of Q1A-QIB) is converted to a
single-ended voltage by the dynamic bridge R3, R4, R5, R6, and
A2. The resistances must be very closely matched (0.1%) to mini-
mize output voltage errors due to changing common-mode input
voltage with the Y input signal.

+15V
10k 10k 10k
Rs Re 100k
Rg
} O Eo
¢
Rs
100 1:.

A, A, AD741Y
Q,,0, AD818
ALL RESISTORS
+1% 1/8W METAL-FILM

GAIN

2TO +10V

ZOOMAl
1

0k 0k 10k

< < <

-15v

Figure 10. Practical 2-quadrant variable-transconductance
multiplier

The two-quadrant multiplier is especially useful where very low
feedthrough on one input is required. With the Y input at zero,
the output is effectively disconnected from the input, providing at
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least 80 dB attenuation of any X input signal. Along with this
advantage goes a disadvantage: as the Y input is reduced in magni-
tude, the current in Q1A and Q1B decreases, and the bandwidth of
the circuit is reduced.

Four-Quadrant Multiplier

The basic two-quadrant linearized multiplier circuit can be
extended to operate in 4 quadrants, accepting bipolar signals on
either the X or Y inputs. This is accomplished by adding a second
differential pair, Q3A-B, with bases connected in parallel with the
bases of Ql, as shown in Figure 11. The collectors of the added
pair are cross-connected to the collectors of Q1A-B. The single-
ended Y current source of the 2-quadrant multiplier is replaced
by a differential current source, Q10, R2, Q11, identical to the X
current source.

Yos

N
|
Iol l'o l Io io l v.f.

Figure 11. 4-quadrant variable-transconductance multiplier
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One output of the paired Y current source is connected to the
emitters of QI A-B, the other to the emitters of Q3A-B. V, now
varies the ratio of the currents through the differential pairs,
Q1A-B, and Q3A-B, and therefore controls their relative gains.
For example, if Y = 0, then I; = L, and the gains of the two
pairs are equal. Since their collectors are cross-coupled (bases in
parallel), the outputs subtract, so there will be zero net gain for a
signal on the X input. In this ““balanced” condition, the X input
experiences null suppression

E, =V, -0=0 (40)

if v, =0.

If a non-zero voltage is applied to the Y input, then the currents I
and I; will be unbalanced

I =110 + Vy/R, (41)

I; =135 — Vy/R, (42)

This unbalance allows an X input signal to appear at the multi-
plier output, since the gains of pairs Q1 A-B and Q3A-B no longer
cancel. For a positive Y input, I; will be greater than I, and the
gain of Q1 A-B will predominate; this will produce a positive out-
put voltage (for positive X). On the other hand, the gain of Q3A-B
predominates for negative Y inputs, causing a negative output
voltage for a positive X input, or a positive output voltage for a
negative X input.

The signal transfer operation from Y input to output is analogous
to that in the 2-quadrant multiplier. If the X input is zero, and
transistor pairs Q1, Q2, Q3 are matched, there will be zero output
for any value of Y, since the change in currents I; and I3 will
divide equally between the sides of Q1A-B and Q3A-B.

E,=0-V, =0 (43)
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The overall output-input relationship of the multiplier can be
developed from (39) as follows (I, = I, ). The output of Q1A-B
is

AL I
Alg, = ~’}°1 44)
Similarly, for Q3A-B,
AL L
AL, = ’;3 (45)

(8]

Since the collectors of Q1A-B and Q3A-B are cross-coupled, the
output currents will subtract. The difference is AI:

AIC =AIC1 —'Alc3 (46)
AL
AL =2 — 1) (47)

(o)

Substituting for I; and I; from (41) and (42)

Al
Al = —I" (Ijp + Vy /Ry — I35 + V, /Ry) (48)
0

Since 110 = 130
Alc =2 Alx , Vy (49)
Io R2
The net differential output current will be converted to a single-
ended output voltage by Al and R3, R4, RS, R6, just as for the

two-quadrant multiplier

Eo = Al R3 (50)
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(50) can be reduced to

2R3
Eg=—23 __ V
°"RiRpIg ¥ Vy GD
~I,R, <V, <L,R, (52)
~I,R, <V, <L R, (53)

The scale factor of the multlpher is set by R3/R;R,1,, which
has the required dimension of V-1

Performance of the 4-Quadrant Transconductance Multiplier

The overall performance of the variable-transconductance multi-
plier is excellent, making it the most popular type of electronic
analog multiplier. The reasons for the success of the Gilbert
linearized multiplier are threefold

1. Good accuracy: Overall error of less than +1% of full scale
(100mV in 10V) is easily achieved. Errors are proportional
to input levels and tend towards zero as the inputs go to
zero (except for dc offsets, which can be adjusted to zero).
In fact, the “nonlinear” errors can be bounded by a simple
linear equation

€
XY)= Vi + V - (54
LX) =156 1% 4
where
€, = specified % nonlinearity on X input

€, = specified % nonlinearity on Y input
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2. Wide bandwidth: up to 10MHz for voltage-output multipliers,
over 100MHz with current output. Bandwidth is independent
of signal level or input path (X or Y), for bandwidths
< 10MHz.

3. Relative simplicity and low cost: The variable-transconduc-
tance multiplier can be constructed using “discrete” com-
ponents, or it can be made in “monolithic” form. In either
case, the inherent simplicity and consistency of performance
of the circuit make it less expensive than any other four-
quadrant multiplier. We will discuss each of these factors in
more detail, to relate them to the practical circuit and limita-
tions of the components.

Factors Affecting Accuracy of the Transconductance
Multiplier

So far, in our discussion of the variable-transconductance multi-
plier, we have assumed that the transistors obey the ideal junction
equation, are perfectly matched, and have infinite current gain.
We also assumed that all currents in symmetrical paths are equal,
except for differences caused by injection of signals. In a practical
circuit, the transistors and resistors are not *““ideal” and are never
(well, hardly ever) perfectly matched. These mismatches and
departures from ““ideal” behavior give rise to linear errors (input
and output offsets, scale-factor errors) and nonlinear errors (2nd
and 3rd harmonic distortions).

The linear errors can be theoretically adjusted to zero, and prac-
tically adjusted to negligible levels, as discussed in the introduction
to this chapter. Four trim points are indicated in Figure 11:

1. X Offset: used to adjust linear Y feedthrough to zero
2. Y Offset: Adjusts linear X feedthrough to zero
3. Output Offset

4, Scale Factor, or “gainf’



228 NONLINEAR CIRCUITS HANDBOOK
Nonlinear Errors

The primary source of nonlinearity in the variable-transconduc-
tance multiplier is current unbalance or offset-voltage mismatch
between the two differential pairs, Q1A-B and Q3A-B. A 500uV
mismatch between the offsets of these pairs will cause 1% (of
full-scale) nonlinearity and feedthrough on the X input. This non-
linearity will be proportional to Vx, as illustrated in Figure 12.
Fortunately, since it is possible to “match-up” pairs in a discrete
circuit, or lay out “identical” transistors in an integrated circuit,
for an average offset mismatch less than 500uV, the X nonlinearity
is usually less than 1%.

B
RS IR

X oo Y .'h"u"".-
EEETE
Eai e

X=+10 X=0 X=-10

Figure 12. Parabolic X nonlinearity

Because the second-order X nonlinearity is relatively independent
of the Y input signal amplitude, the X? nonlinearity can be signi-
ficantly reduced by cross-coupling a fraction of the X input signal
into the Y input, as will shortly be described.

Another source of potential X2 nonlinearity is unbalance of the
currents through the diode-connected transistors, Q2A, Q2B, when
V, = 0. The currents can be equalized by using closely-matched
resistors in the X current sources.

The X input can exhibit considerable third-order (S-shape) non-
linearity under some conditions, as Figure 13 illustrates. The
cubic distortion is caused by an ohmic component of emitter
resistance in the differential pairs Q1A-B, Q3A-B. The ohmic (or
constant) resistance decreases the transconductance from the
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theoretical value of gl /kT and thus causes nonlinearity. Since
high-speed multipliers are operated at high current, these ohmic
nonlinearities will be seen to force a speed-vs.-accuracy tradeoff.

The Y input of the transconductance multiplier has relatively
low nonlinearity, typically £0.1% to £0.2%. The offset-voltage
mismatch in the differential pairs, Q1A-B and Q3A-B, and the
initial Y input currently unbalance have negligible effect on the Y
nonlinearity and feedthrough, so it is consistently low.

X NONLINEARITY
20mV/DIV.

X=+10 0 X=-10

Figure 13. Cubic X nonlinearity

The X and Y input-voltages to differential-current converters can

introduce nonlinearity if the emitter resistors are not large com-
pared to kT/ql_ (26Q atI = ImA, T = 300°K).

Dynamics of the Transconductance Multiplier

The transconductance multiplier has wide bandwidth and fast
transient response, since it is basically a current-mode circuit.
Current-output bandwidths of 100MHz and greater can be obtained
by operating the multiplier transistors at emitter currents of 10mA
or more. However, circuits designed for the best dc¢ accuracy
operate at much lower currents: 10uA to 1mA, with bandwidths
of 1 to 10MHz. The bandwidth limitation is primarily due to the
output amplifier, which converts the difference of the collector
currents to an output voltage.

The bandwidth of the 4-quadrant variable-transconductance multi-
plier is the same for the X or Y input, and is independent of
signal level, except for the slew-rate limit of the output amplifier.
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Linearizing the Transconductance Multiplier

The 4-quadrant variable-transconductance multiplier circuit, Figure
11, has predominantly second-order nonlinearity and feedthrough
on the X input, for the reasons discussed above. The nonlinearity
on the Y input is usually negligible compared to the “X” distor-
tion. If all of the first-order errors — linear feedthrough, output
offset, scale-factor error — are adjusted to zero, then the multi-
plier input-output relationship can be closely approximated by

E, =KV, V, £5V2 f(V,) (55)

If the nonlinear term, & V2 f(Vy) isindependent of (or not strongly
influenced by) V,, then the 6V2 nonlinearity could be cancelled
by adding or subtractmg a portlon of the X input signal to the Y
input, as shown in Figure 14.

Fortunately, the §X? nonlinearity is not a strong function of the
Y input (.e., f(Y) is nearly constant), so the cancellation scheme
works reasonably well in practice. Usually, the X? component of
feedthrough (Y = 0) can be reduced to less than 0.1% of full
scale (60dB null suppression), and the X nonlinearity (Vy = 10V)
can be reduced by a factor of 2, with a corresponding reduction
of overall error.

MULTIPLIER

X X KveVy &
(r—
=3 +5V2
K v
EolKX(V—Ti—XH-SXz
5
y—{Z Y- X =KXY-5X2+5X2

=KXY

Figure 14. Improving linearity by cancelling second-harmonic
distortion

A method of applying the X linearization to a multiplier is shown
in Figure 15. This approach relies on fairly low source resistances,
1002 or less, and the availability of both + and - (differential) Y
inputs. On many multipliers (e.g., all Analog Devices multipliers of
this type), the Y, trim terminal can be used as the -Y input, for
the linearization circuit (but not always with the same sensitivity).
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X o——?—!> X
RaZR | kv (Vys -V
A <, Rpe -
R > ‘l) x {Vy1 - Vyz) o =KXY
Y A\ +Yq 15V 2
_EW' -Yz
= R Ep,Y=0
SELECT Rg IF 5Vx?2 ISPOSITIVE wo—p» X
Eo,Y=0
SELECT Ra IF §Vx? IS NEGATIVE ——p» X

Figure 15, Applying linearization to a multiplier

Figures 16 to 18 show the results of applying the linearization to a
multiplier. Note especially the reduction in both low-frequency
and high-frequency feedthrough.

The cross-coupling linearization technique could be applied to the
Y input, but the Y nonlinearity is generally already so low that
“diminishing returns” sets in.

435

XNULL
20mv/div
{VERTICAL)
2V/div
(HORIZONTAL}

435

XNULL
20mV/div
(VERTICAL)
2v/div
(HORIZONTAL)

b. After

Figure 16. Effect of X-linearization of a transconductance
multiplier X =10V, Y = 0, 20mV/div. vertical scale
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XNONLINEARITY
Y =+10V
20mV/div
{VERTICAL)
2V/div
(HORIZONTAL}

Xnon+INEARITY
Y =410V
20mV/div
{VERTICAL}
2V/div
{HORIZONTAL)

Figure 17. Effect of X-linearization of the same multiplier
as Figure 16. X =210V, Y = +10V, 20mV/div. vertical scale

o (I S B
Y =-10V

.
(VERTICAL) Ly L,

2V/div w: . "-" ‘.
(HORIZONTAL) et - . . |

XNONLINEARITY
Y =-10V
20mV/div
(VERTICAL)
2V/div
{HORIZONTAL)}

b. After

Figure 18. Effect of X-linearization of the same multiplier
as Figure 16. X = 10V, Y =—10V, 20mV/div. vertical scale
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The cross-coupling linearization technique can be applied to any
multiplier that has second-order nonlinearity on one or both inputs.
The amount of reduction of overall error will depend on the
degree to which the nonlinearity on one input is independent of
the signal level at the other input.

In general, complete cancellation of the second-order nonlinearity
on one input will occur for only one value of the other input. For
example, the second-order component of X feedthrough (X = £F.S.,
Y = 0) may be completely cancelled, but the second-order X
nonlinearity will be partially cancelled, or may even increase under
some circumstances.

LOG-ANTILOG MULTIPLIERS

The log-antilog multiplier is an electrical analog of the C and D
scales on a slide rule, since it forms the product of two or more
variables by addition of their logarithms

X.Y=€(h1X+InY) (56)

The accuracy and temperature-stability of log-antilog multipliers
is excellent, approaching the performance of the more-complex
pulse-modulation multipliers. Errors of less than 0.25% of full-
scale, with drifts of 0.01%/°C are readily achieved. Although
operation of the basic log-antilog multiplier is restricted to one
quadrant (typically the first quadrant), it can be offset to operate
in four quadrants, as will be explained later. (The offsetting tech-
nique, or absolute-value-sign-magnitude technique mentioned ear-
lier, can be applied to any 1-quadrant multiplier.) ’

Circuit Description

The log-antilog multiplier circuit is closely-related to the transcon-
ductance multiplier circuit, in that it relies on the logarithmic pro-
perties of silicon-junction transistors.
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The basic building block of the log-antilog multiplier is the Pater-
son diode, or ““transdiode™ log amplifier, described in detail in
Chapter 3-1. This circuit makes the best use of the log properties
of the transistor (especially at low currents) and is also the easiest
to combine into more-complex circuits, such as an analog multi-
plier.

The operation of the basic transdiode log amplifier, Figure 19,
will be reviewed here for convenience.

LAl Eo
+
kT Vin
R Fom g ""Rlo

Figure 19. Basic transdiode log amplifier

If we assume that operational amplifier A1 has zero offset current
and voltage, then the collector current of Q1 will be V,, /R. The
output of Al drives the emitter of QI, so that the emitter-base
voltage of Q1 is '

V/R
lfC;_FInIN

E, =Vg, =— 7

aylgg

I = emitter saturation current, ~10714A

Let anlgg =1
The output of Al is therefore proportional to the logarithm of the
input voltage, and also variable with temperature, both through
kT/q and through I . The temperature-dependence will be can-
celled when the log amplifier is used in a multiplier circuit.

A schematic of a two-input log-antilog multiplier can be seen in
Figure 20. The two inputs, V_, Vy, drive two independent trans-
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diode log amps, A1-Q1A and A2-Q2A. The base of Q2A is at
ground potential, while the base of Q1A is tied to the emitter of
Q2A. Therefore, the voltage at the emitter of Q1A will be propor-
tional to the sum of the logs of V_and V as follows

(58)
(59)
(60)
y (61)
LALETN
(62)
o Vx Vv
Eo - ;lii
R} GAIN
Bk 10k Vaar
100k EF.
1002 OFFSET
*Ry Al A1TOAS ADZAWORK
+ -
100k / g: S§ ?3914 OR EQUIVALENT
100k RESISTORS 1ox 1/4W CARBON
Yo % 50ppm METAL FILM
10002 I

Figure 20. Log-antilog multiplier
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The next step is to take the antilog of V,, in a way that will cancel
the temperature-dependence. Note that V3 appears across the
base-emitter circuits of the “B” sides of Q1 and Q2 in series.

V3 = Vepia ¥ Vesoa = Vepis t Venzs (63)
Assuming a constant reference input, Vypr
V.
kT REF
Vesm =~ 5 0 gy (64)
T 02B
Solving (63) for Viyp
Vess = Vepia ¥ Vesoa — Vess (65)
T V V. Rr I o0n
Veps = = In (66)

q REFI%(RonZA ()

For Vip,p > 100mV, the collector current is exponentially related
to the base-emitter voltage,

V. kT
I =1, ¢t EBipT 67)
1B
Combining (66) and (67),
VYR,
L= exp)=2 Xy (68)
C1B "o “PIKT q T Vege RyR I IIA
I I V.V.R
logp =~ (69)
oA 02A Vrer ReRy
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If transistors Q1 and Q2 are monolithic duals, the I, terms cancel

o]
g}

°i8  °2m -1 (70)
°ia SPTN

The output amplifier A4 and feedback resistor R4 will convert
Ioqp to avoltage

B, =R, ~Icp (7D
R,R V.V
Eo={ 4 I} X'y (72)
R
Ry Y. Vrer

Ve Vy >0, Vgee >0
Thus, the circuit of Figure 20 will multiply and divide with a scale
factor that is independent of temperature (to the degree that the
resistances track, which can be excellent). The output-input transfer
function is also independent of the transistor current gains (8).

Performance of the Log-Antilog Multiplier

The actual performance of a practical log-antilog multiplier closely
approaches the ideal as given. The static accuracy error and tem-
perature drift are very low. The primary sources of static errors in
the log-antilog multiplier are:

1. Transistor log conformity errors: For X or Y inputs near
full-scale, the current in the log transistors, Ql A, Q2A, is
about 100uA. At this current level, the effects of ohmic
emitter resistance become noticeable and will result in about
0.1% nonlinearity. Limiting the full-scale current to 100uA
prevents greater nonlinearity.
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2. Input current and offset voltage of the operational ampli-
fiers, A1-A4 introduce “offset” errors at the X, Y, and refer-
ence inputs and signal outputs. Of the order of about 5mV,
these offsets can be easily trimmed to less than 0.1mV by
offsetting the reference (i.e. ““+”) inputs of amplifiers A1-A4.

3. Resistance tolerance: this causes an error in the scale factor,
which can be adjusted by the “gain” pot.

4. Offset voltages in transistor pairs Q1A-B, Q2A-B cause scale-
factor error of 4% per millivolt of offset. Gain-trim removes
this error.

The temperature stability of the log-antilog multiplier is excellent.
The scale-factor drift will be about 0.01%/°C with 50ppm resistors
for R, Ry, R, and R,. The input and output offset drift is deter-
mined by the op amps, and so will be about 20uV/°C for
Vger = 10V. For lower values of Vggp, the input offset drift will
be multiplied by 10/Vyp at the output.

As is true for other log circuits, the bandwidth of the log-antilog
multiplier is proportional to the magnitudes of the inputs. This
effect is due to decreased loop gain, with a corresponding increase
in loop time constant, at reduced currents. Typically, the multi-
plier will have 100kHz bandwidth for 10V inputs, decreasing to
1kHz at 0.1V.

The total error of the log-antilog multiplier will be less than +10mV
(out of 10V) when the input and output offsets and scale factor
have been adjusted. The error will decrease with decreasing inputs
and will typically be less than 0.1% of output, plus a fixed output
offset, over the 0 to +10V output range.

Offsetting a 1-Quadrant Multiplier for
Operation in 4 Quadrants

Any l-quadrant multiplier may be made to operate in 4 quadrants,
by properly offsetting the inputs and output. The multiplier
itself remains a I-quadrant device, operating about a bias point



3-2 MULTIPLIERS 239

centred within its usual unipolar range. The offsetting scheme
can be developed by considering the effect of an offset on the X
and Y inputs.

E, =K, (V, +X ) (Vy +Y.) (73)

E, =K, (VxVy + XOSVy +V,Y +X Y ) L))
The effect of the input offsets is to introduce an output offset
X, Y,, and two linear feedthrough terms, X V and V.Y . If
X > Vil and Y > IVy [ ax> then V. and can be either
positive or negative, and E; in (74) will still be positive. If the
undesired terms — those other than K,V V_ — are subtracted
from (74), then E | can be positive or negative: the desired result.

Eo = Klvxvy + K1 (Xosvy + VXYOS + X Yos) _KO - KZVx —K3\§'

0SS 0S8
(75)
IfK,=K,;X, Y. K, =K, Y ,and K, =K, X then
E, =K, V,V, (76)

for V, and Vy of any polarity.

The offsetting and input coupling are shown in the block diagram,
Figure 21. This offsetting scheme can be used with the log-antilog
multiplier shown in Figure 20. It adds considerable complexity to
the initial adjustment of the multiplier, and the reference voltage
(Vggp) must be constant, or the “feedthrough” and offset will not
stay cancelled. In addition, the 4-quadrant log-antilog multiplier
will be slower for negative X and Y inputs (less current in the log
transistors) than for positive inputs, making the scheme less effec-
tive for waveforms symmetrical about zero.

In spite of these shortcomings, the offset multiplier can be adjusted
for errors of 0.1% of full scale, with nonlinearities of the order of
0.05%. '
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Xos
| Kg =- Ky Xgs Yos
l Kq Yos 1
V!
Vx X , =
V,
wr | K Vi'Vy' Vour =K Vx Vy
Y
Vy «I—@—A Y
K2 Xos
| Vx [+ Xos | < Vx'MAX
Yos I'Vy 1+]Yos | < Vy'MAX

Kos SVx S+Xos, 0K Vy'< Vx MAX
Yos €Vy €+Yos.  g< vy’ <Vy MAX
Voutr’ < 4K, Xos Yos

~Xos Yos < Vour <+ Xos Yos
Figure 21. Offsetting 1-quadrant multiplier for 4-quadrant

operation. Scale factor change in multiplier produces out-
put offset and feedthrough shift at summed output

PULSE-MODULATION MULTIPLIERS

The pulse-modulation multiplier operates on the principle that
the area under a rectangular pulse is proportional to the product
of the pulse amplitude and pulse duration (Figure 22).

AMPLITUDE
[

A

ATt AREA=A®T

TIME
0 T

Figure 22. Basic principle of pulse modulation

Itvthen follows that the average magnitude of a train of rectangular
pulses is proportional to the product of the pulse amplitude and
ratio of on time to period (duty cycle). (Figure 23).

A multiplier may be constructed using this technique. One input
is used to control the amplitude of the pulse, the other the duty
cycle. The resulting pulse train is low-pass filtered, yielding the
average value, which is proportional to the product of the two
inputs. A block diagram of a simple, two-quadrant pulse-modula-
tion multiplier is shown in Figure 24.
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AMPLITUDE

1 v e 1T ——
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Figure 23. Average value of train of square pulses is
proportional to product of amplitude and duty cycle
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Figure 24. Two-quadrant pulse-modulated multiplier

block diagram
The Y input controls the duty cycle of a pulse train, which in
turn drives a switch S1. The switch alternates between the input
and ground, dwelling at the input for a time proportional to the
duty cycle. The output of the averaging filter will be proportional
to the product V Vy. The X input can be either positive or nega-
tive, but the Y input is limited to positive values, since the duty
cycle, 7/T, cannot be “negative.”

The pulse-modulation technique can be extended to four-quadrant
operation by using a “balanced” switching and duty-cycle gen-
erator, so that a zero Y input results in a 50% duty cycle, as the
block diagram in Figure 25 illustrates.

Performance of the Pulse Modulation Multiplier

Pulse-width-pulse-height modulation is inherently the most accurate
method of performing analog multiplication. Errors of less than
0.1% of full scale and nonlinearities of 0.02% can be readily
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Figure 25. Four-quadrant pulse-modulation multiplier

achieved. The high accuracy is the result of using the nonlinear
elements (FET’s or transistors) as switches, rather than relying on
the exact relationship between their “gain” and input voltage.

Though the pulse-modulation multiplier is ideally 100% accurate,
there are several sources of error that limit the accuracy of prac-
tical multipliers. Most of the limitations arise from the non-ideal
behavior of real switches and duty-cycle generators. However,
there is one limitation inherent in the modulation technique
itself: the signal frequency must be much less than the averaging
frequency to allow sufficient averaging time. Analog averaging
will always leave a finite (but usually negligible) ripple component
on the output. Generally, the carrier/frequency should be at least
10 to 100 times the signal frequency.

The carrier frequency is in turn limited by component-determined
€ITOorS:

1. Capacitance between the switch-control terminal and the
signal path, e.g., gate-to-channel capacitance of a FET. This
capacitance couples a charge into the signal path each time
the switch is turned on or off, resulting in an offset voltage.
The offset may change with signal level, resulting in a non-
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linearity. The “dumped charge” effect can be minimized by
using low-capacitance switches or lower carrier frequency to
reduce the average charge (current) coupled into the signal
path.

On-off resistance of switches: FET or CMOS switches (even
reed relays) have measurable on and finite off resistance. As
long as the ratio of off to on is high (> 10,000), errors from
this source will be small. If the ratio is low, then some of the
input signal will leak into the output when the switch is off,
increasing the feedthrough.

Linearity of the duty-cycle generator: The variable duty-
cycle pulse generator is potentially the most significant source
of nonlinearity. The controlling input, i.e., Vy, must deter-
mine the ratio of on to off time precisely, over a fairly wide
range, especially in a 4-quadrant multiplier. As the duty cycle
is reduced, any fixed timing errors, e.g., delays, become a
more-significant portion of the on time, as shown in Figure
26, introducing nonlinearity.

’/ A7 DUE TO DELAY
} 1

| !
t |
I 1

Figure 26. Nonlinear error produced by fixed delay
asymmetry in duty-cycle-generator-plus-switch. AT is
the same whether 7 is large or small, a deviation from
proportionality.

The nonlinearity of the duty-cycle generator can be reduced to an
arbitrarily-low level by using a closed-loop circuit, illustrated in
the block diagram of Figure 27.

The input voltage, Vg, is compared to the average value of a
chopped reference voltage. The output of the comparator controls
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the on to off time of the chopper, so that the average value of the
voltage out of the chopper will equal V,, in the steady-state.

Vy — Ve .
- —alV,
| T ¢

—————— TO “X” SWITCHES

o r T
7T Vg Va | sTaBLE

Low (X} VOLTAGE

PASS REFERENCE

Figure 27. Closed-loop duty-cycle generator

The relationship between duty cycle, 7/T, and comparator output
voltage is not important, as long as it is single-valued. The linearity
of the overall system is determined by the threshold accuracy of
the comparator and the averaging time. Nonlinearities of less than
0.01% can be achieved by this approach.

MULTIPLIER SPECIFICATIONS

Perhaps the best way of gaining an understanding of multiplier
specifications and their dependence on multiplier circuit design is
to review the specifications as set forth in a multiplier data sheet.
The accompanying comparative table lists specifications for
modular multipliers using the three techniques discussed in this
chapter: transconductance (432, 429), pulse-modulation (427),
and log-antilog (434).

The 432 is a low-cost 4-quadrant transconductance multiplier,
with 1%-2% error, good bandwidth, and small size. It is com-
parable to the integrated-circuit AD533 with external trims, draw-
ing a little more power than the internally-trimmed AD532.

The 429 is a fast (10MHz), 4-quadrant transconductance multi-
plier with low error (0.5%) and low nonlinearity. It is a no-com-
promise discrete design that uses monolithic dual transistors in the
multiplier section and a fast discrete-component output amplifier.

The 427 is a high-accuracy (0.25% error) pulse-modulation 4-
quadrant multiplier. The use of a high-frequency carrier (3MHz)
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allows a signal bandwidth of 100kHz, 100 to 1000 times greater
than the usual bandwidth for pulse-modulation multipliers.

The 434 is a 1-quadrant log-antilog multiplier that combines high
accuracy (0.25% error) and versatility, since both multiplication
and division can be performed simultaneously.

SPECIFICATIONS (pp. 246-247)

The first four lines of the comparative-specification table™ sum-
marize the salient features of the multiplier, to guide the reader
immediately to the ones most likely to fill the needs of his applica-
tion. The *“Aids for the Designer,” Chapter 4-4, provides consider-
able detail on multiplier selection, so it will not be covered here.

MULTIPLICATION CHARACTERISTICS

This block of specifications deals with overall static errors from all
sources that are covered in detail in the succeeding Specification
blocks (Offset, Scale Factor, Nonlinearity, Feed-through).

Output Function: Defines the ideal functional relationship between
the two input voltages, V..Vy, the output voltage E, and the
scale constant, V.. All errors are defined as deviations from this
transfer function and are specified as percentages of full scale,
10V. A typical transfer function is

V.V
E =22
° 10V 77
For V, =V, =10V,
10X 10
= =10V 78
° 10 (78)

*This table is an abbreviated example involving a few contrasting modular multiplier
types, with information valid as of Summer 1973, For further information on these or
the many more types available within each class, as well as the many IC types, it is sug-
gested that the reader consult the most recent edition of the Analog Devices Product
Guide or supplements.
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MULTIPLIERS/DIVIDERS (Discrete}

SPECIFICATION SUMMARY (Typical @ 25°C and +15VDC unfess otherwise specified)

MULTIPLICATION TECHNIQUE
Model?

Price *¥1-9

Price 10-24

Full Scale Accuracy?
Divides and Square Roots

Multiplication Characteristics
Qutput Function
Error, Internal Trim (%)
Error, External Trim {t)}
Accuracy vs. Temperature ()
Accuracy vs. Supply (£)
Warm up Time to Specifications

Output Offset (¥)
Initial
Average vs. Temperature 0°C to +70°C
Average vs. Supply

Scale Factor (%)
Initial Error

Non Linearity (¥}
X Input {X = 20V p-p, Y =+10VDC})
Y [nput (Y =20V p-p, X =£10VDC}

Feedthrough
X=0,Y =20V p-p 50Hz
with external trim
Y =0, X=20V p-p 50Hz
with external trim
Feedthrough vs. Temperature, each input

Bandwidth
~3dB Small Signal
Full Power Response
Slew Rate
Small Signal Amplitude Error ()
Small Signal Vector Error (£}
Settling Time for £10V Step
Overload Recovery

Output Noise
5Hz to 10kHz
5Hz to 5MHz

QOutput Characteristics
Voltage at Rated Load (min)
Current {min}
Load Capacitance Limit

Input Resistance
X/Y/Z Input

Input Bias Curgent
X/Y/Z Input

Maximum Input Voltage
For Rated Accuracy
Safe Level

Power Supply (V,)
Rated Performance
Operating
Quiescent Current

Temperature Range
Rated Performance
Operating
Storage

Package Outline
Case Dimensions

TRANSCONDUCTANCE
Economy Accurate Wideband
432)  {(432K) 429A (429B)

$29 ($45) $109 {$139)
$27 ($43) $104 ($129)
2% (1%) 1% (0.5%)

YES YES

XY/10 XY/10
2%(1%) max 1%{0.5%) max
1.0% (0.6%) 0.7% (0.3%)

0.06%/°C (0.04%/°C) 0.05%/°C (0.04%/°C max)
0.1%/% 0.03%/%
1 min 1sec

20mV {25mV max}
2mV/°C (1mV/°C)
10mV/%

1%(0.5%)

0.8% (0.6% max)
0.4% (0.3% max}

80mV (50mV) p-p max

30mV p-p

120mV (100mV) p-p max
N/A

imV p-p/°C

1MHz
700kHz
45V fusec
1% @ 40kHz
1% @ 10kHz
1usec to 2%
3usec

600uV rms
3mV rms

10V
+5mA
0.001uF

10MS2/10k2/36kS2

2uA each

+10.1vV
Vs

*15V
+12 to 18V
+4.5mA

0°C to +70°C
-25°C 10 +85°C
~55°C 10 +125°C
Qac2
1.1 X 1.1” X 0.4”
28X 28X 10.2mm

20mV (10mV) max
2mV/°C (1ImV/°C max)
imV/%

0.5% (0.25%)

0.5% (0.2%} max
0.3% {0.2%) max

25mV (10mV) p-p max
8mV {5mV) p-p
50mV (15mV) p-p max
35mV (10mV) p-p
2mV p-p/°C

120V /usec min,
1% at 300kHz min
1% at 50kHz min
0.5usec to 1%
0.15pusec

500uV rms
2.5mV rms

11V
+11mA
0.01uF

10k2/11k2/27kQ
+100nA/+100nA/£20nA

+10.5V
t16V

+14.7 to +15.3V
+14 to 16V
+12mA

-25°C to +85°C
-25°C to +85°C
-55°C to +125°C

FA-4
1.5 X 1.5” X 0.6”
38.1 X 38.1 X 15.2mm

*Summer, 1973. Price is listed here as a measure of relative cost, not primarily as a com-
mercial inducement. Those interested further should consult recent Product Guides or
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High Accuracy
4274 {427K)

$159 ($210)
$143 ($189)

0.25% (0.2%)
YES

XY/10
0.25% (0.2%) max
0.15% (0.1% max)
0.02%/°C max
0.02%/%
1 min

5mv
0.2mV/°C (0.2mV/°C max}

1mV/%
0.1% {0.05%)

0.08% (0.04%) max
0.08% (0.04%) max

20mV p-p max
4mV p-p

20mV p-p max
5mV p-p

0.2mV p-p/°C

100kHz
30kHz
2V /usec
0.1% at 4kHz
1% at 700Hz
20usec to 0.1%
10usec

50uV rms
imV rms

+10.2v
£*7mA
0.014F

10k€2/10k2/33kQ2
T3uA/E3UAEIOA

+10.5V
+16V

+14.8 to 15.3V
+14.8 to £16V
+16mA

0°C to +70°C
-25°C 10 +85°C
-55°C to +125°C

D-2
1.67X3.0"X 0.6”
40.6 X 76.2 X 15.2mm

MULTIPLIERS

LOG-ANTILOG

434A  (434B)

75(87)
69(77)

0.5% (0.25%}
YES

YZ/X
0.5% (0.25%) max
0.3% (0.1%)
0.02% (0.02%/°C max)
0.02%/%
1 min

2mV (2mV max)

1mV/°C (1mV/°C max)
TmV/%

0.2% (0.1%)

0.2% {0.1%)2
0.2% (0.1%)2

+2 mV Peak Max

+2mV Peak Max

100kHz3
30kHz
2V /usec

40usec to 0.1%
20usec

300uV rms
1mV rms

+11V
+5mA
0.01uF

100kS%/90kS%/100kE2

10nA/100nA/10nA

247

NOTES:

+10.5v
216V

+14.4 to *15.6
10V to £ 18V
+10mA

-25°C to +85°C
-55°C to +125°C
-55°C to +125°C

1.5X1.5X 0.6
38.1 X 38.1 X 16.2mm

TParentheses indicate specification for

the high performance (K version) model
of each multiplier when it differs from
the J or A version. For example, order
Modet 427J for 0.25% accuracy,

Model 427K for 0.2% accuracy.

2434 is a one quadrant device: specs are

for inputs between 0 and +1QV only

3Bandwidth depends on level of input.

Specs given for 10V

price lists, or the nearest Sales office, since prices are subject to change. Sée also Table 2

in Chapter 3-3.
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A scale factor (1/V,) of 1/10/V is almost universal at present, but
others, such as 1/V, 1/5/V, or 1/100/V have been used. The scale
factor can also be adjustable (or even variable over a wide range,
as shown for the 434 log-antilog multiplier). Where the scale factor
is adjustable or variable, the multiplier specifications are usually
given for a 1/10/V scale factor, and deviations from these limits
are elaborated as a function of scale factor.

Actual error (V) and percentage error (of 10V F.S.) are related as
follows:

%Y,

€ = Vmeasured — 10V (79)
€

E =100 =10- 80

% Error oV € &0

Error, Internal Trim: the maximum difference between the multi-
plier’s actual and ideal output values for any pair of dc input
voltages within the multiplier input range at 25°C without the
intervention of any external adjustments. The error is expressed
as a percentage of full scale (80); thus, 1% erroris 0.01-10V=100mV.

The maximum error almost always occurs for full-scale inputs
(£10V), as discussed in detail under nonlinearity. The error includes
offset, feedthrough, nonlinearity, and scale-factor errors. This
specification characterizes the ““accuracy” of the multiplier.

As a practical matter, the measurement is made at the “end-points”
of the four quadrants, (V, Vy) = (+10V, +10V), (-10V, + 10V),
(-10V, -10V), (+10V, -10V).

The maximum error for the 432J is +2%, which implies that full-
scale output may be between £9.8V and 10.2V; the 427K has
one-tenth the maximum error of the 432, ie., £0.2% or +20mV
(untrimmed).

Error, External Trim: the error remaining after the X and Y feed-
throughs and output offset have been nulled out using external
potentiometers or voltage dividers. This is a measure of the irreduc-
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ible component of error, approximately equal to the nonlinearity
(see also scale factor and nonlinearity).

Accuracy vs. Temperature (Error vs. Temperature): The rate at
which the error, as defined above, changes with temperature. It is
expressed as a percentage of full scale (10V) per degree centigrade.
This coefficient includes the effects of output offset drift, feed-
through drift, and scale-factor drift, and so can be used to predict
the maximum error expected over a temperature range as follows
(e.g., Ty > 25°0)

A(% error)
51— | T

Error(V) = -1% {l% errorl 2sC + I — 25°C)} @8N

For example, the 429B has an error of 0.5% maximum at 25°C,
and an error drift of +0.04%/° C(max). To calculate the maximum
error at 70°C:

1
xpe = 7o {0.5 +0.04 (70 — 25)} (82)
exgfc = 0.1(0.5 + 1.8) = 0.23V = £230mV 83)

The error calculated in this fashion represents error at or near
full-scale output, where error due to scale-factor drift predom-
inates. If both inputs are less than 1/3 of full scale (1/10 full-scale
output) the drift is considerably less, since output offset drift
predominates.

Accuracy vs. Supply (Error vs. Supply): the sensitivity of the
multiplier output voltage to changes in power-supply voltage,
expressed as %(full-scale)/%(supply-voltage change). It includes the
effects of scale factor, feedthrough, and offset vs. supply at dc.
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Example: for the 432, this error is specified at £0.1%/%A V.
0.1% (full scale) = 10mV
1%AV, = 150mV

Therefore, the output of the 432J will change

10mV
150mV

= +0.067V/V = 67TmV/V &4

Another way of looking at power-supply rejection is to recognize
that the multiplier’s internal reference circuit attenuates changes
in the power-supply voltage. This ranges from a power-supply
rejection ratio (PSRR) of 15:1 (PSR = 23dB) for the 432 to
75:1 (= 38dB) for the 427K. In general, the more accurate the
multiplier, the less sensitive it is to supply changes.

Warmup Time to Specifications: The time elapsed after the dc
power is applied to the multiplier, before the errors are expected
to be within the specified limits. While this does not include the
time required for the multiplier to stabilize completely, it does
indicate how long it will be before changes in output due to
warmup will be small compared to the specified error.

In general, most modular multipliers are operating at their rated
specifications within a few milliseconds after turn-on, since their
internal temperature rise is only a few °C. Also great care is taken
in the design and packaging to minimize the temperature coeffi-
cients and internal thermal gradients.

OUTPUT OFFSET

Initial Qutput Offset: the output voltage for V, =V, =0V. This
specification gives the maximum offset at 25°C with no external
adjustment. In all cases, this offset can be adjusted to zero with an
external potentiometer or voltage divider. Offset is the principal
error when the output is less than 1V,
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Initial offset has a non-zero value due to shifts in encapsulation
and tolerances of internal trims. The higher the accuracy rating
of the multiplier, the less the initial offset.

Average Offset vs. Temperature: the dependence of the output
offset on temperature. Unlike operational amplifiers, the average
offset vs. temperature in multipliers is independent of the initial
offset.

Example — 429B: Offset = +10mV max untrimmed
Offset vs. temperature = +1mV/°C max

To calculate maximum offset at 70°C,

E

AE"OS [ o
0s70°C ~ IE0325°C| + AT (70°C - 25°C) (85)

E  70°c =10mV + 1(45) = +55mV max (86)

Average Offset vs. Supply: the sensitivity of output offset to.
changes of supply voltage, expressed as millivolts per % change
of supply voltage at dc. Like the total error vs. supply, this
quantity can be expressed in volts/volt, inversely as power-supply
rejection ratio (PSRR) for offset, and in log (dB) form: PSR =
20log; (PSRR. For example, the 429 and the 427 have offset
sensitivity of 1mV/1%AV,, or 1mV/150mV. The offset PSRR is
thus 150, and the PSR is about 43dB.

SCALE FACTOR

Scale Factor — Static, or low-frequency — The difference between
the average scale factor and the ideal scale factor of 1/10/V. Errors
due to this factor are expressed in % of output signal; that is, a
0.5% scale-factor error will cause a 50mV error at E, = 10V, and a
SmV error at E; = 1V. The scale-factor error includes only the
average linear gain error (i.e., the error in the slope of a “best
straight line” through the range of output for one input constant,
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the other swinging through its range). The nonlinear component
is discussed under nonlinearity.

The scale-factor error can be adjusted to zero at any one point.
However, the nonlinearity makes it impossible to adjust the
scale-factor error to zero over the entire X-Y operating range.
The average scale-factor error can be adjusted for minimum error
over limited regions (e.g., one or two quadrants), or for the best
compromise over all values of input.

NONLINEARITY

Nonlinearity: the irreducible component of error. The specifica-
tion represents the peak difference between the multiplier output
and the theoretical output with the average scale-factor error
adjusted to zero under the specified test conditions. Schemes for
testing nonlinearity will be found in Figures 40, 46, and 47 at the
end of this chapter. Since the output and input waveforms should
have the same shape (one input constant), the test circuit displays
the difference between the multiplier output voltage and an input
that swings over the entire range, while the other input is held
constant. The average scale-factor error (slope) is adjusted out.

Typical nonlinearity curves for the 432 and the 427, measured in
this way, can be seen in Figures 28 a-d, for one polarity of constant
voltage. For each of these curves, corresponding curves exist (not
necessarily of the same shape) for the opposite polarity. Note
that the curves are smooth and without discontinuities at the
origin. The parabolic shape of the 432’s X nonlinearity indicates
that the X input has primarily second-harmonic distortion (proper-
tional to X?). The S-shaped 427 nonlinearity curves indicate pre-
dominantly cubic distortion.

FEEDTHROUGH

Feedthrough. Ideally, the output of the multiplier should be zero
if either input is zero, independently of the signal applied to the
other input. Actually, a certain fraction of the non-zero input will



3-2 MULTIPLIERS 253

a. Model 432 X-input nonlinearity ~ b. Model 432 Y-input nonlinearity
for *10V input signal, for £10V input signal,
Y = 10V, vertical scale: 20mV/div. X = 10V, vertical scale: 20mV/div.

eeaencs
BEfEDY

¢. Model 427 X-input nonlinearity d. Model 427 Y-input nonlinearity
for X710V input signal, for 210V input signal,
Y = 10V, vertical scale: 10mV/div. X = 10V, vertical scale: 10mV/div.

Figure 28. Typical nonlinearity curves

“feed through” and appear at the output. The feedthrough signal
is composed of two components, one linear, the other nonlinear.
The linear component is the product of the voltage on the varying
input and the effective offset voltage of the “zero” input. This
can be trimmed to zero by introducing an equal and opposite
offset at the trim input (X,, Y,).

The nonlinear component, which cannot be reduced by zero by

an offset adjustment, is due to the nonlinearity of the multiplier
circuit. Graphically, it is the intersection of the nonlinearity sur-
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face with the XZ and YZ planes (Figures 3 and 4, this chapter).
Figures 29 (a-d) show typical X and Y feedthrough waveforms for

a. Model 432 X Feedthrough, b. Model 432 Y Feedthrough,

X =210V, Y = 0, vertical Y =70V, X = 0, vertical

scale: 50mV/div. scale: 50mV/div.
L
L
B e

Rl

L e
e
R

c. Model 427 X Feedthrough, d. Model 427 Y Feedthrough,

X=x10V, Y =0, vertical Y =2%10V, X =0, vertical

scale: 10mV/div. scale: 10mV/div.

s
=3
o
o

-
o
o

7 e. Model 429

N,

T Veox=20V pop Feedthrough vs. frequency

4

T

3

X=0,Y=20V p—-p

FEEDTHROUGH.mV p—p (INTERNAL TRIM)

1

2
103Hz

4 68 2 4 68 2 4 58 2 4 68
10%Hz 105 Hz 10%Hz 107Hz
FREQUENCY

Figure 29. Typical feedthrough curves
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the 432 and the 427. Note that the 432 has pronounced parabolic
X feedthrough, which greatly resembles the nonlinearity at the
extremes.

Feedthrough vs. Frequency. Feedthrough increases with frequency,
due to capacitive coupling between the inputs and the output
stage. Figure 29e is a plot of both X and Y feedthrough vs. fre-
quency for the 429,

BANDWIDTH (High-Frequency Dynamic Parameters)

Bandwidth, -3dB Small-Signal: The output frequency at which
the scale-factor of the multiplier has decreased to 0.7 times its
dc value. “Small” signal usually means an output of less than
5% of full scale, e.g., 1Vp-p for a £10V(FS) multiplier. Bandwidth
is usually measured with a full-scale dc voltage on one input, a
1Vp-p sine wave on the other. It can be seen on the chart that the
two transconductance multiplier types have wider bandwidths
that either the pulse-modulated or log-antilog types.

The term “output frequency” is significant. For example, the
low-frequency output of a multiplier connected as a squarer
(X =Y), for sine-wave input, is a double-frequency sine wave
with an amplitude of one-half the square of the input amplitude,
biased by a like amount. The output amplitude will be down 3dB
for an input of lower frequency than for the dc X sine case,
because of the frequency doubling. On the other hand, the “dc”
component of the output can remain unaffected up to considerably
higher frequencies.

Full-Power Response: the maximum frequency at which the multi-
plier output can product full-scale voltage at rated current, with-
out noticeable distortion. This is measured by applying 10Vdc
to one input and a 20Vp-p sine wave to the other (and vice
versa). Again, the transconductance multipliers are much faster
than the pulse-modulation or logarithmic types.
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Slew(ing) Rate: the maximum rate of change of output voltage
for large signals. It is measured with one input at 10V, the other
a step swing of 10 or 20V. A typical 429 step response, showing

the slewing rate, is shown in Figure 30. The approximate relation-
ship between slewing rate and full-power bandwidth is

S zAA 2 ™ fP
where

S = Slewing rate, in volts/microsecond
A = Peak sine-wave amplitude, in volts

fp = Measured frequency for full output, in MHz
For example, the 429 has f, = 2MHz(min). For A = 10V,

S=10X 27 X 2=126V/us (88)

Figure 30. Step response, showing slew rate of Model 429.
Voltage scale: 5V/div; time scale: 200ns/div.

V= 20V p-p 400kHz square wave

Vy =+10.0V

Small-Signal Amplitude Error. This is the frequency at which the
amplitude response, or scale factor, is down by 1% (0.1%, for
high-accuracy types), measured with a “small” signal, e.g., 10%
of full-scale. If, for a given type, this frequency turns out to be
1/3 or less of the full-power frequency, then signals as large as
full scale fit the definition of “small signals.” For example, f_;4
for both the 429 and the 432 is less than 1/6 of fp; therefore
f_14 applies to any signal in the whole +10V range.
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The 1% error bandwidth is related to small-signal bandwidth and
the rolloff rate (depending on the number of poles in the transfer
function). For responses governed by a single pole, the -1% error
bandwidth occurs at about 1/7 of the -3dB bandwidth

1
= . &9)

Al =0.99 =

1 +jw/w0
whence (w/wg) = 1/7

It is interesting to note that the output bandwidth or speed of
transconductance and pulse-modulation multipliers is essentially
independent of signal level (except for slewing rates), or of choice
of input (X or Y). And, of particular interest, the measured band-
width is independent of any dc bias level added to the measuring
“small” signal.

Vector Error: the frequency fy at which the instantaneous, or
vector difference between an input signal and the output, of the
same frequency, becomes equal to 1%. For a-single-pole rolloff
(first-order lag), it is the frequency at which the phase shift
becomes 0.01% of a radian, or 0.57° — 1/100 of the -3dB fre-
quency. Vector error is due primarily to phase shift, since the
attenuation of magnitude at fy is only 0.05% (Figure 31).

AMPLITUDE

3 A ERROR — 0
>

L e
/ -
/9/ I-‘— INSTANTANEOQUS ERROR
Vs
v
e

eyt VECTOR ERROR = E sin 0

outPuT>
PHASE
ANGLE

INPUT

Figure 31. Vector error (at unity gain), a measure of
instantaneous error
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Settling Time for +10V Step: the time required for the output
voltage to approach within a specified percentage of its final value,
in response to a 10V (full scale) input step. The time is measured
from the instant the step is applied, until the output has entered
the specified error band (for the last time), and therefore includes
transport delay, slewing time, and linear-settling time.

_ Overload Recovery: the time required for the output of the multi-
plier to return to within its linear region, after a 50% over-voltage
(where permissible, 15V for 10V-scaled devices) has been removed
from the input.

OUTPUT NOISE

Output Noise: The rms value of the noise at the output of the
multiplier, in a 5Hz to 10kHz bandwidth, measured with both
inputs at zero. Noise is not appreciably affected by input voltage,
so the specified value can be applied to any input level in the
operating region. Peak-to-peak noise is usually taken to be about
6.6 times the rms level for Gaussian noise (see Figure 14, Chapter
2-3); multiplier noise can usually be safely assumed to be
Gaussian.

Wideband Noise: For low-bandwidth multipliers, this includes any
out-of-band effects, such as carrier leakage to the output of pulse-
height-pulsewidth types (like the 427). The variable-transconduc-
tance types have fairly constant noise spectral density over their
bandwidth, with no out-of-band components.

OUTPUT CHARACTERISTICS

Output Voltage at Rated Load: the minimum output voltage
range at dc with the multiplier supplying the specified load current.

QOutput Current: The minimum current available from the multi-
plier output at full-scale output voltage.
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Load Capacitance: The maximum value of capacitance that can be
connected to the output, with no oscillations resulting, in the
multiply mode.

INPUT RESISTANCE

The resistance between the input terminal and power common.
This may be an actual resistor, or the effective input resistance of
an input-amplifier circuit. Typically, input resistance is in the
10kQ to 100k range, a reasonable level, since multipliers are
usually driven from low-impedance sources, such as closed-loop
op-amp outputs.

INPUT BIAS CURRENT

The curtent flowing into or out of the input terminal with zero
volts at the input. This is due to the bias current of the internal
circuit, e.g., base current of input transistors.

MAXIMUM INPUT VOLTAGE

For Rated Accuracy: the maximum voltage that, when applied to
either or both inputs, will produce an output voltage within the
specified error limits. Usually, it provides a slight overrange
capability. The multiplier will work with higher inputs, as long as
the product of the inputs is within the output voltage range.

Safe Level: The Maximum Voltage that Will Not Damage the Input
Circuit. The notation +V, means that the input can be no greater
than the supply; if the supply is zero (or disconnected), the input
must be zero (applicable especially to IC multipliers and the 432).
For the other types, it is stated as an absolute-maximum voltage;
ie., the 429 will be safe with £16V in and zero or rated supply
voltage.

POWER SUPPLY

V, for Rated Performance: the power-supply voltage at which
all min/max error specifications are guaranteed; normally +15V,
+2%. '
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Operating: the range of power-supply voltages over which the
multiplier will operate normally, but with increased error, as
calculated from the power-supply-rejection coefficients. Over this
range, the multiplier will accept +10V inputs and provide 10V
output. For some multipliers, graphs of input and output voltage
swing vs. V are provided.

Quiescent Current: the current drawn from the +V, supplies, with
the inputs and outputs at zero volts. Under full-output conditions,
this current will increase by an amount approximately equal to the
load current, since most multipliers have Class AB output stages.

TEMPERATURE RANGE

Rated Performance: the range over which the temperature coeffi-
cients apply, and other parameters remain within min/max limits.

Operating: the temperature range over which the multiplier will
operate, with generally slight degradation of specified temperature
coefficients.

Storage: the maximum temperature extremes that the multiplier
can withstand, without power applied.

PACKAGE OUTLINE

This refers to a standard Analog Devices drawing, showing the pin
configuration and mechanical dimensions; since multipliers vary
widely in size and pinout, it is a good idea to check this out.

Case Dimensions (self-explanatory). The higher-accuracy, pulse-
modulation types (427) are at present larger than the transcon-
ductance or log types (429, 434). The smallest modular case is
the transconductance IC type, such as the 432. IC’s are available
in TO-116 hermetic 14-pin dual in-line and TO-100 10-pin metal-
can packages.
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CHECKLIST OF MULTIPLIER PARAMETERS
A. Static or Low-Frequency Errors ( Accuracy)
1. Output Offset Voltage

2. Xand Y Feedthrough

3. Xand Y Nonlinearity

4. Total Error

5. Changes of Above Parameters with Temperature or Power-
Supply Voltage

B. Dynamic Performance

-3dB Small-Signal Bandwidth
Phase Shift vs. Frequency
Full-Output Bandwidth
Slewing Rate

Rise Time

Settling Time

Frequency for 1% Vector Error

N

.

Frequency for 1% Amplitude Error

PN s w

Nonlinearity vs. Frequency

e
e

Feedthrough vs. Frequency
. Differential Phase Shift
12. Overload Recovery Time

ey
ey

C. Input and Output Characteristics

Input Resistance
Input Current
Output Voltage
Output Current
Output Resistance

Input and Output Voltage Limits vs. Power-Supply Voltage

A A R S

Quiescent Current
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TESTING

TEST EQUIPMENT

Depending on the parameters to be measured, and the number of
multipliers to be tested, the equipment used to test multiplier
characteristics can range from a self-contained multiplier test set
to a simple arrangement of ordinary laboratory instruments.
Some of the most-useful test equipment is listed below:

1.

Digital Voltmeter — essential for measuring dc offsets, and
input and output voltages for determining “accuracy” of
multipliers. 4%-digit resolution, with <#0.02% error is
adequate for most measurements. 1Vdc and 10Vdc ranges
will be the most used.

Precision dc Voltage Reference — to supply input voltage
for ““accuracy” measurements, stable reference for non-
linearity tests. Should be capable of supplying both plus and
minus 10.000V at 1mA simultaneously, adjustable in 100mV
steps down to zero volts.

Function Generator — provides low-frequency sinusoidal
input signal for crossplot tests, and square waves or pulses
for dynamic tests. Generator output voltage should be
adjustable from zero to 20Vp-p into 1kQ over frequency
range of 1Hz to 1MHz (5 or 10MHz is desirable for testing
the faster multipliers).

Variable dual 15-volt Power Supply, S0mA output current,
with adjustable current limit. A variable supply is useful for
measuring multiplier input and output voltage limits as a
function of supply voltage.

Oscilloscope — for crossplots and dynamic tests. Calibrated,
dc-coupled vertical and horizontal inputs are required for
crossplots. Vertical deflection factors of SmV/cm (for testing
“high-accuracy” multipliers) to 5V/cm are most useful.
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Horizontal deflection factors of 0.5V/cm to 5V/cm are
adequate. Bandwidth of 100kHz on both axes is sufficient
for “static” error measurements.

A wideband oscilloscope — at least 10MHz bandwidth — is
essential for dynamic tests

6. Precision adder/subtractor — for measuring nonlinearity.
This can be constructed according to the schematic Figure
32.

Vi & Ay AN
Rz R

Vs & AN ol 6
Ry —

vz o AW\~ 31 E- 0K Eo=VitVa-Vs-Vi
Re

Vi o—’\N\f‘—‘_'V\N'_‘j
Rg Rg

R1 TO Rg: 10kS2 PRECISION RESISTORS, TOLERANCE £0.1%,
TEMPCO < 50ppm; ratio-match Ry AND R; TO R; AS CLOSELY
AS POSSIBLE, DO THE SAME FOR Ry AND Rg TO Rg.

Figure 32.High-precision adder subtractor
TEST CIRCUITS

The crossplot is one of the most powerful and useful techniques
for performing sensitive adjustments and measuring multiplier
errors, for example feedthrough and nonlinearity, by plotting such
quantities as a function of the input variable. This is most easily
done by displaying the error on the vertical axis of the oscilloscope
and using the multiplier input signal to drive the horizontal input.

A crossplot test setup for measuring X feedthrough is shown in
Figure 33. In this case, the X input of the multiplier (an X-Y
plotter could be used in place of the oscilloscope, to obtain a
large-scale permanent record) is driven by a 20Vp-p 10Hz sine
wave, and the Y input is grounded. The output of the multiplier
is connected to the vertical channel of an oscilloscope with
sensitivity of 20mV/cm, direct-coupled. The sinusoidal X drive
signal is connected to the horizontal input of the oscilloscope,
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sensitivity 2V/cm direct-coupled (x10V F.S.). The oscilloscope
trace is centered on the screen (zero input and zero feedthrough

is at the Origin).

OSCILLOSCOPE

SINE WAVE

Vx Vy
10

*| HORIZONTAL

1 VERTICAL

~ P X
_E\-‘

Figure 33. Cross plot test setup connected to measure X

feedthrough. For Y feedthrough exchange X and Y inputs.

A photograph of the X feedthrough of a transconductance multi-
plier produced with the aid of this test setup is shown in Figure
34. The symmetrical parabolic shape indicates that the nonlinear
component of X feedthrough is proportional to X2. The peak
value of X feedthrough is 50mV, occurring at X = +10V and
-10V. Figure 35 illustrates the effect of an additive linear com-
ponent to the X feedthrough, produced by Ys. The parabola is
no longer symmetrical; the +10V end is higher than the -10V

TABLE: MULTIPLIER TEST MATRIX

Test

Offset

X Feedthrough
Y Feedthrough
X Nonlinearity
X Nonlinearity
Y Nonlinearity
Y Nonlinearity
Full-Scale Errors

1
i
L
v

V,

X

20V pp

20V p-p
20V p-p
+10V
-1ov

+10V
-10vV
-1V
+10V

+10

+10V
-10v
-10v

+i0V e
-10Ve
+i10V x e
-10Vte

Read Error
On

DVM

Scope
Scope
Scope
Scope
Scope

Scope

DVM
DVM
DVM
DVM
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end, with a difference of 40mV. This indicates that there is
20mVp-p of “linear” X feedthrough (that can be cancelled out
by a Y, adjustment).

Figure 34. Measurement of X feedthrough showing nonlinear
{parabolic) component only, X = £10V. Vertical scale: 20mV/div.

The Y feedthrough can be cross-plotted by interchanging the X
and Y inputs on the test setup.

Figure 35. Measurement of X feedthrough with Y ¢ not optimized,
X = x10V. Vertical scale: 20mV/div. Additive linear term = 40mV
p-p; Y gs=20mV.

The crossplot technique can be extended to the measurement of
nonlinearity, as illustrated in Figure 36.

Figure 37.
Figure 38.
Figure 39.
Figure 40.

DC Accuracy (Error), Vour, Iours Zour
Offset
Low-Frequency Feedthrough, Crossplot

Nonlinearity, Crossplot
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Figure 41. Vector Error, Settling Time

Figure 42. 1% Error Bandwidth, Nonlinearity vs. Frequency
Figure 43. Feedthrough vs. Frequency

Figure 44. Phase Shift, Differential Phase Shift

Figure 45. fp, f,, Slewing Rate, Overload Recovery, Rise Times
Figure 46. Sophisticated Nonlinearity Test

Figure 47. Multipurpose Multiplier Test Box

OSCILLOSCOPE
20v
ot HORIZONTAL
SINE WAVE
Vx
Vi =
X Eo - Vx
V. Vx Vv VERTICAL
v 10
v 2
10.000V
DC ——
REFERENCE

Figure 36. Cross plot setup for measuring X nonlinearity
atY = 10V, For Y =-10V, summing block should compute
E,+ V. Interchange X and Y to measure Y nonlinearity.

PRECISION

pC
REFERENCE Mu-T.
X Eo DIGITAL
X g voLT
v |
oc I i
REFERENCE
Ry

METER
TRIMS

IF
REQUIRED

Figure 37. Test setup for measuring DC accuracy,
output voltage and current range at rated load, output
resistance.

M.U.T.

X
X Eo VOLT
METER
Y

Figure 38. Qutput offset measurement
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M.UT.
SIGNAL
GENERATOR © X
50Hz X CRO.
20V p-p Y HORIZONTAL
_T_ {2V/DIV.)
(ZERO-CENTER) — VERTICAL
- TYPICALLY
50mV/DIV.
INITIALLY;
REFINE AS
j’_ NEEDED

Figure 39. Lou:frequency feedthrough crossplot

£,
SIGNAL 1
GENERATOR
10-50Hz ATT.
2Wep § © MUT.
)
X E
X P %es 2 cro
DC + oe—{Y : v H
REF.
i 0 TYPICALLY v/
1ICAL V/DIV.
= Eo +K Eg, Erer <0 50mV/DIV
O Eo - K1 Eg, Ener >0
Figure 40. Nonlinearity crossplot
SIGNAL 4,99
GENERATOR A )
10Hz TO WA
1MHz
MUT. 499k y
ke O] X
15V 0 X ) C.RO.
Ot—r—y Y = TIME-BASE
5000 Lo TRIGGER.
' VERTICAL SET TIME
BASE AS
SCALE
. J_ WE 20mV/DIV. REQUIRED
I 20v TYPICALLY

Figure 41. Vector (instantaneous) error, settling time

K2 45k |
SIGNAL ¢ < CRO.
GENERATOR
10Hz TO MUT. R TRIGGER
MHz — A~ Sa9%kae SET TIME
% ¢ BASE AS
REQUIRED
v ADJUST C, TO NULL
PHASE OR VECTOR ERROR
10v COMPONENT

Figure 42. 1% error bandwidth, X nonlinearity vs.
frequency (3rd & 4th quadrants)
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SIGNAL
GENERATOR
10Hz TO
10MHz

1=

-

X

X

)

In

Y
M.U.T.

C.R.0.
TRIGGER

Figure 43. X feedthrough vs. fr_equency

SIGNAL
GENERATOR
10Hz TO
10MHz

DC
REF.

X

M.U.T.

PHASE
METER

REFERENCE

Figure 44. Phase shift, differential phase shift

FUNCTION
GENERATOR

i

10Hz TO
10MHz

DC

X

10V

REF.

X

M.U.T.

C.R.O.
, TRIGGER

Re VERTICAL: 5V/DIV.
{f,, SLEW RATE, OVERLOAD)

== 0.5V/DIV. (f,, RISE TIME)

Figure 45. Full-power frequency, slewing rate,
overload recovery; small-signal amplitude response
and rise time; output current and voltage

SWEEP

SIG. GEN.

REAST™ X m2

10-50Hz X
Y CROSSPLOT
REFERENCE
MULTIPLIER > C.R.O.
425K ERROR HORIZONTAL
+0,1% ERROR [

PRECISION
SUBTRACTOR
SCANNING — X M
SIG.GEN. =@ X
SLOW 1Hz v
Vx Vy Vx Vy
ERROR = 10 +eq ] - 0 +e2
MAY BE SWITCHED MUT
ECADE- E -U.T.
DECADE-REFERENC| ¥ e ERROR - s

RATING - ! 2

Figure 46. Sophisticated X nonlinearity test, using accu-
rate multiplier as reference. The X input is swept at a
“reasonable” frequency, and the Y input signal swings
slowly over its range. The inputs are reversed to check Y
nonlinearity. If Y is swept continuously, the signal
envelope is the worst-case error magnitude.
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Low- v[
FREQUENCY
SIGNAL l
GENERATOR
—_l_ I o St MU.T.
| ° X
1° X
| s
90— Y
+10.00V % 1 J‘,o
DC REF.
-10.00V & o
L
= | = = PS.
I FIXED OR
I ADJUSTABLE
[_ - ——— — — — ADDERSUBTRACTOR: A1l — -—— —— =
£o 1 R R
| FROM o AN, '
M.U.T. 2 R
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| AN © A
H
| 2: {NEGATIVE REF. INPUT — - V)5 - Eg) - |
3: (POSITIVE REF. INPUT =——— -V} +Eg)

Figure 47. Multipurpose test box

Note: These test circuits are principally designed for testing 4-
quadrant devices. Testing of single-quadrant devices is in some
respects similar: however, here are a few differences:

1. Testsusing a negative voltage at one input and passive summa-
tion of input and output, taking advantage of the negative
gain of the device in the 2nd and 3rd and the 3rd and 4th
quadrants, cannot be used. Either precise subtraction or CRO
differential inputs (if sufficiently accurate) should be used.

2. Single-quadrant devices generally require half-scale biasing of
the input signal generator output; peak-to-peak swing is 10V
(for 0 to 10V devices).

3. For a complete response picture, logarithmic devices may

require several sets of small-signal tests, employing small
signals biased at intervals, e.g., 9V £1V, 0.9V 0.1V, etc.






Dividers
(Ratio Circuits)

apter 3

An analog “divider” circuit produces an output voltage or current
proportional to the ratio of two input voltages or currents. For
convenience and clarity, in this chapter, it is to be assumed that
the inputs and outputs are voltages (unless noted otherwise).

Vv V.
E =]:<—z =V —Z 1

v, Y, ¢y
The denominator is denoted V,, the numerator V,, and the
output E,. The dimensional scale factor K (or V), is usually 10
volts. If the ratio of the inputs is unity, the output is equal to K.
The input/output relationship for an ideal analog divider is
summarized in Figures 1, 2, and 3.

Vz O} 2
—e  QUT [0} Eq
VXO-—_ x

vz
Eqg =K —=
° Vx

K =SCALE FACTOR (VOLTS) = 10V (MOST COMMON}
K=1V ISUSEFUL FOR Vz > Vy

Figure 1. Block diagram of divider

The operating region of the variables (quadrants of operation) is
defined by the polarity and magnitude ranges of the numerator
and denominator inputs, and of the output. Figure 2 depicts the
operating region of the inputs of a 2-quadrant divider with normal
polarity relationships (bipolar numerator, positive denominator).
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TOP VIEW

$
Vz Vi MIN A 45° IF Eqmax =K

)\

———
e —
e EE— /Vz=Vx

Eo MAX
K

\
“1

A N
1 QUADRANT (1st)
OPERATION 4 v,

+
Figure 2. Top view of 2-quadrant divider-function sur-
face, showing constant-denominator elements.
If the numerator and denominator are both restricted to a single
polarity (usually positive), the divider is said to operate in a single
quadrant, indicated by shading. Generally, the denominator is
restricted to a single polarity, since the transition from one
polarity to another would require the denominator to pass
through zero, which would call for infinite output (unless the
numerator were simultaneously zero).*

Besides excluding the vicinity of Vx = 0, the operating region of a
practical analog divider does not cover an entire quadrant or
half-plane, because the maximum allowable numerator magnitude
depends on the denominator magnitude and either the output
range or the scale factor.

(2)

In the case, where Eo.x = K (= 10V), the input region is bounded
by the 45° line, V, < V,. For small values of V,, the operating
region is further Iimited by the minimum value of denominator

Vimin that will allow reasonable performance.

The input-output relationship of an ideal divider can be visualized
by imagining the three-dimensional surface relating the three
*It is possible to construct a 4-quadrant divider that accepts bipolar numerator and

denominator (except for a “forbidden zone” in the vicinity of zero denominator) and
provides an output with proper polarity relationships, but it has few useful applications.
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variables. Figure 2 is a top view of the surface, showing the
constant-x elements; for each value of V,, the output is linear in
V,. Figure 3a is a view of the surface in perspective. It is a
developed surface generated by two sets of straight-line elements,
(1) constant V, and (2) constant E,. Figure 3b is a top view
showing the contours of constant E . E, is seen to be equal to
zero along the V, axis, equal to K at the intersection of the V, =V,
plane and the E; = K plane, and linearly proportional to V,

Vz
Eg—K—\;x—

DENOMINATOR

a. Two-quadrant divider input-output surface, showing
constant-denominator elements

+10V +5V -5V =10V

+Vz

b. Contours of equal Eg, 1V contour interval, for
Eo = 70Vz/Vx, VX >0

Figure 3. Two quadrant divider — input/output surface
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where it intersects any plane perpendicular to the V, axis. E  is
inversely proportional to V, where the surface intersects any
plane perpendicular to the V, axis. The surface approaches
verticality as V, approaches zero, tending towards + o for positive
V., and towards — « for negative V,; however, it is truncated
considerably earlier by the intersection of the E, = K plane and
the V, =V, plane.

Theoretically, the output will approach the value K as ¥V, and
V, approach zero together

lim
KV

-z =K 3
V,I=V,~0  Vy @)

In contrast with the theory, the output of real dividers is generally
undefined for denominators smaller than some minimum value,
typically in the range from 10mV to 1V, depending on the
properties of the device.

ERRORS OF ANALOG DIVIDERS

Division has long been the most difficult of the four arithmetic
functions to implement with analog computing devices. This
difficulty stems primarily from the nature of division: the
magnitude of a ratio becomes quite large, approaching infinity, for
a denominator that approaches zero (and a non-zero numerator).
Thus, an ideal divider must have potentially “infinite” gain and
infinite dynamic range. For a real divider, both of these factors are
limited by the magnification of drift and noise at low values of V,.

In other words, the “gain” of a divider for the numerator is
inversely dependent on the value of the denominator (Figure 4).
On the other hand, if the ratio of numerator to denominator
remains constant as their magnitudes vary, the quotient is constant
(Figure 5).

The output of a practical analog divider will differ from the
theoretical ratio of its inputs by an amount that is, in general,
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\-

Vx

05

1.0 K

NORMALIZED DENOMINATOR

Figure 4. Divider gain as a function of denominator voltage

Eo

10

= AK

Va2
Vx

Vz = AV

"

OUTPUT = K

Vx

-]

to denominator

5

10

DENOMINATOR
Figure 5. Divider output for constant ratio (A} of numerator

dependent on the magnitudes of the inputs. The overall error is
the net effect of several factors, of which the most important are:

Type of Error

1. Numerator offset, Z

2. Denominator offset, X

3. Output offset, E
4. Scale-factor error, AK
5. Nonlinearity, f(V,, Vy)

Approximate Range of
Magnitude
1% to 0.001% of V,,
max
1% t0 0.001% of V
max
1% t0 0.01% of E,
max
1% to 0.05% of K
5% t0 0.05% of V,, V4
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The effects of these errors can be seen more plainly when they are
introduced into the “ideal” divider equation

E, —(K+AK)V:—§<93 +E  +f(V,, V) )]

The equation can be rewritten to sort out the effects of the
combined errors on the output

Vv, K + AK)Z
E,=X+AK + 9% + EB,, +f(V,, V)6
( )V T X, S o os  TI(V5, V) (5)
Nz’ Ve Nz oz
scale- ratio input offset output non-
factor error referred to stage linearity
error output offset
—T T T— -

total output offset
Considering these terms separately,

1. The scale-factor error, AK, is independent of the level of V,
or V. However, as will be shown, there is an additional error due
to X,,, which may be viewed either as an additional X-linearity
error or as a variable scale factor on V,, depending on the
interpretation of V, and the portion of the range that is used. If
Xos = 0, the term simply represents the ideal division, with a AK
error. As X, becomes more significant in relation to V,, if affects
the slope of the E,/V, relationship. If X, is negative, (and V,
non-zero), as V, approaches the positive value, -X,;, the ratio
tends to “blow up” (Figure 6). If V,, is precisely zero, the output

GAIN =

Vx + Xos

GAIN
—

Xos <0

—K— (IDEAL GAIN)
Vx

1
0 Vx
Xos DENOMINATOR

Figure 6. Divider gain error at output as a function of
denominator X {Xos<0)
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will be limited to K + AK, small comfort, since X is usually full
scale, and an infinitesimal deviation of V, from zero will drive the
output into limits. If X is positive, the gain will not become
infinite within the range of V,, but large linearity errors will result
for small values of V, (Figure 7). In particular, at V, = X, the
gain will have halved.

K
v {IDEAL GAIN)
x

GAIN

\ GAIN=——
\ Vx * Xos

Xos >0

0 > X

X:)s
Figure 7. Divider gain error at output as a function of
denominator X (Xgs > 0)

2. The “input offset” error, referred to the output,

z Z
(K+AK) oS o~ 0Ss
VX +XOS VX +XOS

The numerator offset, Z, is subjected to a gain K/(V, + X (). If
X, is zero and Z is non-zero, this term tends to “blow up” as
Vi approaches zero; in any event Z,, will be magnified for all
Vx < K. The value of X, serves to modify the “blowup point”
(asymptote): if X, is negative, the offset error will become
“infinite” when V, has the positive value -X . If X ¢ is positive,
the offset error will become high, but not infinite (small comfort
again!). If Z_¢ = 0, then the input offset error, referred to the
output, will be zero (except at V, + X,, = 0, when it becomes
equal to K).

3. The output-stage offset is independent of V, and V,, and,
since it undergoes no magnification, it is generally a negligible
source of error, compared to the output errors produced by the
input offsets. Its contribution is most salient in such applications
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as linearizing, where the dynamic range of the denominator is not
usually large; for such applications, E,, should be trimmed to
zero, and the effect of its temperature coefficient should be
considered.

4. The output nonlinearity f(V,, V,) is identifiable in terms of
the nonlinearity of the straight-line elements (Figure 3), with all
other errors tweaked to zero. V, (numerator) nonlinearity is the
departure of E, from proportionality to V, at constant V, . Figure
8 is a typical plot of numerator nonlinearity, measured by
subtracting KV, /V, from the output. Nonlinearity as a function
of denominator (actually as a function of ratio) is defined in terms
of deviation of the measured ratio from the theoretical ratio as V
and iVy are varied together in a constant ratio (the radial
‘“‘spiral-staircase” straight-line elements in Figure 3b).

1 ERROR = Eg -K %

-10v

Figure 8. Nonlinearity as a function of numerator voltage
(V). Denominator = constant '

Besides these easily-determined deviations, stated in terms of the
familiar concept of linearity, it is also possible (but less practical)
to consider the fidelity to hyperbolic form, comparing the output,
as a function of V, (V, held constant), with the ideal output.
Errors due to denominator offset, numerator offset, and scale-
factor error are excluded. Generally, the nonlinearity takes the
form of limited gain at small values of denominator voltage, as
shown in Figure 9. Gain, K/V,, is plotted vertically against V,
horizontally, for constant V,. As V, is reduced, the gain increases
hyperbolically, until, at small values of V,, a peak is reached, then
the gain decreases to zero at V, = 0. This kind of gross
“denominator nonlinearity’ is fairly common in analog dividers,
since a zero X-input may correspond to shutting off a current or
voltage in the circuit, reducing the gain to zero.
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GAIN

IDEAL GAIN = X
V;

X

GAIN LIMIT
Guaxt

Vx
Vx min

Figure 9. Gain limit at low values of denominator voltage
Divider Errors — Summary

Based on all of the above considerations, a good analog divider is
identified by the following properties: :

1. Fidelity to the Ratio Function: “Gain” (X/V,) must vary
inversely with the denominator over a wide range of denominator
values.

2. Numerator and denominator input errors, such as offsets,
noise, and drift, must be much less than the smallest input signals.

3. If requirements (1) and (2) are met, the output of the
divider should be constant for constant ratios of numerator and
denominator, independent of their magnitudes. For example,
10/10=0.01/0.01 =1, and 1/10=0.001/0.01 = 0.1.

DIVIDER CIRCUITS

This section deals with three of the most common divider circuits.

1. Inverted multiplier
2. Direct variable-transconductance divider
3. Log-antilog divider

The design of these circuits is largely based on the multiplier
circuits discussed in Chapter 3-2; they are similar in principle, in
circuitry, and in physical appearance; in fact, some are identical.
While other techniques for division exist, the three listed above are
the most popular, and a detailed discussion of their design and
performance should provide adequate insight into analog-dividers-
in-general to suit any practical purpose.
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INVERTED MULTIPLIERS

The “inverted multiplier” is by far the most commonly-used
analog divider circuit. Nearly all general-purpose 2-input multi-
pliers can (and most do) use this technique to achieve division.
The circuit consists of a multiplier connected as the feedback
element of an operational amplifier configuration, as shown in
Figure 10. The forward transfer function of this circuit will be the
inverse of the feedback function; thus, the multiplication function
is inverted to form a divider.

R V. [ ————————Q Vx (IN
WAL KMXYX 'x (IN)

— Y Vy

R
V2@ Wv ~ov -
— A1 O Eo
+
‘r-l/ Vy =Ku Vx Vy
Vy =Eq

IN THE STEADY STATE, THE SUMMING JUNCTION OF A1
MUST BE NULLED. THEREFORE
Vi Vg

R R
Vi =-Vp
KuVxEg =-Vz
1 vy v
Eg=-rm — L= K22
0 K Vx Vi Vx>0

Figure 10. “Inverted-multiplier” divider circuit

In more specific terms, the multiplier, like a voltage-controlled
potentiometer, controls the loop gain of the negative feedback
circuit around the op amp. As the X input voltage to the
multiplier is decreased, the gain from the Y input to the multiplie1
output is reduced proportionally, reducing the negative feedback
(and the loop gain). Since the multiplier output must balance the
Z input, the multiplier Y input must be increased proportionally.
Since the multiplier Y input is supplied by the output of the
circuit, the Z input is magnified in the same ratio that X is
decreased.

If the X (or denominator) input is reduced to zero, then the
feedback is zero, and the gain between the Z input and the
amplifier output will be the open-loop gain of the op amp. If the
op amp and the multiplier are “ideal,” then the forward gain will
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be infinite for zero denominator. Of course, real op amps do not
have infinife gain, and real muitipliers always have finite feed-
through, so real dividers have finite gain for zero denominator
(however, noise and offset errors tend to render the finite-gain
question academic, at least for low frequencies, where op amps
generally have plenty of open-loop gain).

Any multiplier circuit, whatever its operating principle, can (in
concept) be made to divide in this manner. But practical problems,
such as stabilizing the closed loop, incompatible forms of inputs,
slow response, high cost, etc., tend to narrow the field. Since it is
the case (as we have shown in Chapter 3-2) that the variable-
transconductance multiplier offers an excellent overall combina-
tion of cost, speed, accuracy, and (in I.C. form) size, it is
reasonable to assume that inverting such multipliers to form
dividers would be popular as a means of division.

Performance of Practical Inverted-Multiplier Dividers

Any multiplier can, in concept, be converted into a divider by
adding an operational amplifier and two resistors, as shown in
Figure 10. However, most general-purpose, 4-quadrant multipliers
include an output amplifier and associated resistors, and call for
external closure of the output-amplifier loop. They can readily be
inverted to 2-quadrant dividers by reconnecting the multiplier
inputs and the feedback resistor, as shown in Figure 11.

The performance of the inverted-multiplier divider circuit depends
primarily on the performance of the multiplier, since (except for
wideband devices) the op amp usually has insignificant errors
compared to the multiplier. Depending on the desired divider
performance, variable-transconductance multipliers, with errors
ranging upwards from 1%, or the more-accurate pulse-modulation
types, with errors in the vicinity of 0.1%, might be used.
Characteristics and circuitry of these multipliers are discussed in
Chapter 3-2.

A 1% multiplier usually has appreciable offsets and nonlinearity;
as a divider, the dynamic range of its denominator is limited to
about 10:1, i.e., a 10X magnification of error and drift. The lower
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a. Multiplier connection, showing effective location of

Ep = Ku Vx Vy

offset errors
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Eo
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© = Ka Vx
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b. Divider connection, showing equivalent divider offset
errors

Figure 11. Relationship of multiplier and divider errors
in “inverted-multiplier” divider

errors and drift of the 0.1% multiplier will increase the useful
denominator dynamic range to 100:1, but the errors and drift are
still significant beyond a 10:1 range (Figure 12).

Specified multiplier performance can be used to predict divider
errors. Their relationship is outlined in Table 1. Equation (5) can
be rewritten in terms of the multiplier parameters to describe
divider performance based on multiplier specs:

1 v, 1 _E
= . __&S__.*-Y + E,V
E Kn, —AK V, + X Km Vi + X5 I(Eo, V) O

where K, is the multiplier scale constant = 1/V,
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Figure 12. Total error vs. denominator for 1% and 0.1%
“inverted multiplier” dividers

TABLE 1. RELATIONSHIP OF DIVIDER PARAMETERS TO
MULTIPLIER PARAMETERS

Corresponding Divider Principal Output
Multiplier Parameter Parameter Component of Divider
A. “Linear” Effects
1. Output offset, Numerator offset, Zos KEge/Vy
Eos
2. X-Input offset, Denominator offset, X KV /(Vy + X
Xos
3. Y-input offset, Output offset, Eos Yos
Yos
4. Scale factor, Scale factor, K= V, KVz/Vx
K =17V,
B. Nonlinear Effects (other errors minimized)
5. X Nonlinearity Nonlinearity of constant  (KV,Vy, — Ej)/Ki Ve (Vy, const)
ratio, Vy =Eq XNL/KmVx
6. Y Nonlinearity Numerator nonlinearity (KmVxVy — Egl/KmVx (V const)
YNL/KmVx

C. Dynamic Error (incremental)
7. Bandwidth Bandwidth fagpVy/K
{-3dB frequency) {—3dB frequency)



284 NONLINEAR CIRCUITS HANDBOOK

Figure 13 is a graph of incremental frequency response for two
representative dividers at unity gain (K/V, = 1) and higher gains
within their respective practical ranges of division.
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Figure 13. Small-signal response as a function of denominator
voltage for two multiplier-dividers connected in the “divide”
mode

Since “inverted-multiplier” dividers have such limited perform-
ance, and present many pitfalls to the unwary designer, their use
(involving low-cost general-purpose IC multipliers, at any rate)
should be limited to such applications as linearizing, that involve a
small dynamic range of denominator variation, and where lowest
device cost is essential. The following guidelines are offered to
make the best of a “bad thing.”

1. Avoid using an “inverted-multiplier” unless low cost is
essential and adequate pains can be taken to be sure of best
results. Be prepared to consider as an alternative a specialized
internally-trimmed 1- or 2-quadrant divider that has guaranteed-
maximum error specifications over the expected denominator and
ambient-temperature ranges.

2. If a general-purpose multiplier/divider is used as a divider,
some thought should be given to performance, primarily in the
areas of bandwidth, accuracy, and drift errors vs. denominator.
For many applications, a faster or more-accurate multiplier will be
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found necessary than may have been expected at first. If possible,
external trims should be provided for input and output offsets,
and the trim procedure outlined in Testing and Adjusting Dividers
(later in this chapter) should be followed. The following specific
points should be considered in applying Guideline 2.

A. Allow for increasea error, at room temperature, as the
denominator magnitude decreases. Always use preamplification
for small signals to scale the denominator to 10V full scale; use the
smallest dynamic range of denominator that the application will
tolerate. Use a multiplier/divider having higher accuracy than is
required at full-scale denominator: As a rule-of-thumb, a multi-
plier used for division will have about 3X larger total error (than
multiplication) at V, = 1V, if external trimming is used. Without
external trimming, it will have 10X greater total error. For a
graphical comparison of divider errors, among a number of
devices, see Figure 24.

Example: A system requires a 2-quadrant divider with less than
1% (of 10V full-scale) error and a 1V to 10V denominator range.
Choose a multiplier with approximately (1/3)% error (e.g., one
might consider 427J-0.25% or 426L—0.5%) if trimming is per-
missible (one objection to trimming might be that it would com-
plicate field replacement, since each replacement unit would have
to be “tweaked-in™). If trimming is excluded, a multiplier divider
with (1/10)% error would be required; stated another way, a 0.1%
multiplier/divider will have a +1% = 0.1V error in the divide mode
with a 1V denominator.

B. Allow for increased offset and scale-factor drift, and increased
noise, at decreased denominator magnitudes. As discussed earlier,
the noise and offset drift errors are inversely proportional to
denominator magnitude. Furthermore, the scale factor will also
drift, because of the effect of denominator drift on the magnitude
of the apparent scale factor.

Example: System requirements dictate a maximum offset of
+20mV for a 10:1 denominator range and +5°C temperature
range. Allowable multiplier offset drift is:

20mvV 1V
X — = 0.4mV/°
soC X Tov - 04mV/C
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Figures 26 and 29 provide information about the drift of specific
devices with temperature, as a function of denominator voltage.

C. Allow for decreased bandwidth as denominator decreases. The
small-signal bandwidth of all “inverted-multiplier” dividers is
directly dependent on denominator magnitude. Since most of
these dividers have -6dB/octave gain rolloff, the bandwidth is
linearly related to the denominator level:

f =f &
K

€ "Cmax

where f, is the -3dB bandwidth, and K is the divider scale factor,
usually 10V,

Bandwidth vs. denominator data for several dividers are plotfed in
Figures 27 and 28.

D. Provide adjustments for numerator, denominator, and output
offsets, if possible. A scale-factor trim may be used, but it is often
unnecessary, because scale factor can be adjusted elsewhere in the
system, as a gain adjustment on either input variable or at the
destination of the output. For best accuracy, trim the divider
according to the procedure outlined in Testing and Adjusting
Dividers. If all three offset trims cannot be used, choose at least
one of the following:

1. Numerator offset trim (Z,; or E, ) controls the shift in
output offset with varying denominator. This trim is essential
when the denominator range is greater than 3:1.

2. Output offset (Y, if the feedback is via the Y-input of the
multiplier) controls the fixed portion of the total output offset.
The Y, adjustment can be used to minimize the total output
offset for a denominator range of 3:1 or less.

3. Denominator offset (X, if the X input is the denominator)
controls the change in apparent scale factor as the denominator is
varied. The X, trim can be eliminated if the range of V, is
expected to be limited to about 3:1 (from full-scale input).
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2-QUADRANT VARIABLE-TRANSCONDUCTANCE DIVIDER

The direct variable-transconductance divider is based on the
linearized variable-transconductance multiplier circuit explained in
Chapter 3.2. The basic input/output transfer equation for the
multiplier circuit is

V,Vy

® Kyplrgr

If Iy gp is used as an input, then the circuit becomes a 3-input
simultaneous multiplier-divider. The schematic of the 2-quadrant
variable-transconductance divider appears in Figure 14, which is

+15V

10k 10 100k
R3 < ra
N748 R6

Al Eo

4.99k RS
QA Q28 -
I 3
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Q1,Q2: AD818
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Figure 14. Practical two-quadrant variable-transconductance
divider
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quite similar to Figure 10, Chapter 3-2. The current Iz g
determines the standby current through the diode-connected
transistors (Q2). As I; gy increases, the dynamic resistance of the
diodes decreases

kT
Ig = )
E alggr

The X input voltage produces a division of the total current
between the two diodes (and hence a greater voltage drop across
one than across the other). The difference current is

Al= 2% ®)

Clearly, if an increase in Iz x¢ produces lower resistance in the
diodes, the incremental voltage drops across each caused by Al
will decrease. Conversely, as I gr decreases, the change of voltage
across the diodes, as a function of V, , increases.

The difference in diode voltage is amplified at fixed gain (assuming
constant Y input) by the differential pair Q1 A-B. Thus, the
overall gain is inversely dependent on Izgg (as Eq. 7 indicates),
and the ideal division equation will be followed over a fairly wide
range of I gy, typically 20:1. The dynamic range of response to
Iz g is limited primarily by the §’s of the diodes and differential
transistors, and by the increase in emitter resistance of the X-input
amplifier as I g g is reduced.

This version of the variable-transconductance divider has very wide
bandwidth; up to 5SMHz can be achieved, and the bandwidth is not
strongly dependent on the denominator magnitude. For instance,
the ADS531 integrated-circuit multiplier-divider uses just this
scheme for division — it has a nearly constant bandwidth of
750kHz for a 20:1 range of denominator. Discrete versions of this
divider can have SMHz bandwidth over a 10:1 range of denomina-
tor. The accuracy of this circuit can be reasonably good, with
errors of about 0.5% af Iz g = 200pA and 2% at Iz g = 10uA.
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IMPROVED 2-QUADRANT VARIABLE-TRANSCONDUCTANCE
DIVIDER

The accuracy and dynamic range of the 2-quadrant transcon-
ductance divider described above can be greatly improved by a few
refinements. The modified circuit can divide accurately over a
1000:1 (10mV to 10V) denominator range and can easily achieve
less than +0.5% error over a 100:1 range without requiring
external trimming. In addition, the numerator nonlinearity is
extremely low, £0.05%, and independent of denominator mag-
nitude.

The variable-transconductance circuit can also be considered as a
log circuit and analyzed in terms of the logarithmic behavior of its
elements, since the slope of the natural logarithm of a number is
inversely dependent on the magnitude of the number (rp in Eq. 8
is such a slope).

d(n x) ___1_ 10)
X

1
f;dx=1nx+C (1)

In the variable-transconductance divider, the denominator controls
the magnitude of x (Izgg) and therefore the “gain” for the
numerator, or V, (in Fig. 14) signal.

The improved 2-quadrant divider uses a differential log-antilog
function to directly synthesize the division function. A simplified
schematic of the divider circuit, similar to that of the Model 436
Divider, is shown in Figure 15.

The denominator voltage, V, is applied to two symmetrically-
arranged transdiode log circuits (see Chapter 3-1), Ql1A-Al &
Q1B-A2, through R1 and R2. The numerator voltage, V,,
applied to QlA-Al directly through R3, and mverted (-V)
through R4 to Q1B-A2.

The numerator, V,, and denominator, V,, voltages are converted
to currents that are summed at the inputs of Al and A2. Since R3
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Ry =Ry =R
R3 =Ry =2R

Figure 15. Two-quadrant variable-transconductance divider

and R4 are 2X Rl and R2, the currents in Q1A and QIB are
proportional to V, + 3V, and V, — %V, . The output voltages of
Al and A2 are therefore proportional to the logarithms of the
sums and differences, since

Vgp =—— > (Vo = 0) (12)

The voltages at the emitters of Q1A and Q1B are applied to a
differential antilog circuit, Q2A-Q2B, which operates at a constant
sum (reference current IREF) The form of the currents to be
differenced in A4 is

I = aylps (@ BB — 1) (13)

(4
assuming that Vop = 0.

The difference of the collector currents of Q2A-Q2B is converted
to an output voltage 2 AI. R,, by the collector-dloading and



3-3 DIVIDERS (RATIO CIRCUITS) 291

summing resistors RS to R8, and amplifier A4. By an analysis
similar to that for the Gilbert transconductance multiplier in
Chapter 3-2, it is fairly easy to show that

L L

AL =-REF .22
¢ 2 I (14

where-

V. Vv

L3 LoE as
R4I Vv

E =—7TREF 'z L1 <IL| (16)

° 2 v,’
The ratio relationship between V, and V, is precise to the extent
that the transistors obey the ideal junction equations, and the
effects of the op-amp input offset currents (Al, A2) can be
ignored. Practically speaking, the limitations of the amplifiers are
more significant than those of the transistors, since (it has been
shown that) the transistors follow the ideal current-voltage
relationship from at least 10pA to 100uA (7 decades, or a
dynamic range of 107), while low-cost bipolar-input amplifiers
have input offset currents of 0.5nA (AD308) to 5nA (AD201A).
The dynamic range for 1% error, due to op-amp input current, is
then 0.01 X 100uA/0.5nA, or 2000:1.

The symmetrical arrangement of the circuit is essential to its
operation in two quadrants with low distortion. In fact, all
currents in symmetrical paths must be perfectly balanced, or
second-harmonic distortion will be introduced into the numerator
and denominator. Interestingly, the oscilloscope photographs
showing numerator nonlinearity, Figures 16 & 17, show only
third-order (S-shaped) distortion, due to emitter resistance in
Q2A&B. Matching of the X and Z input resistors, and the balanced
circuit configuration combine to eliminate second-order distortion
in the input log amplifiers.
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0.1% OF 10V = 10mV
Vx =+10V

Vz =20V p-
d }11-1% G

. MEASURED ERROR = Eg -Vz
Vz = +10V Vz=0 Vz =-10V

Figure 16. Nonlinearity of two-quadrant divider as a function
of numerator input. Denominator is constant at +10V
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Vz =+0.1V Vz=0 Vz =-0.1V

Figure 17. Same as Figure 16, but denominator is 0.1V;
numerator swing is 0.1V for full-scale 210V output swing

The bandwidth of this variable-transconductance divider is not
strongly dependent on the denominator magnitude, as Figure 18
shows. The reason for this is that the output section, Q2A&B and
A4, operate at an essentially constant high (200pA) current level,
while the log amps, Al & A2, operate in a quasi-current mode,
with very low (~0.3V) output swings and high loop gain.
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Figure 18. Small-signal bandwidth (-3dB) of the two-quadrant
variable-transconductance divider, as a function of denomina-
tor voltage.
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To summarize, the wide dynamic range, low errors, and wide
bandwidth of the variable-transconductance divider are the result
of four features of the circuit:

1. Numerator and denominator inputs to summing junctions of
operational amplifiers ensure lowest-possible input offset, noise,
and drift. The input errors are still magnified by K/denominator at
the output, but the input drifts are less than 10uV/°C, resulting in
an‘output offset drift of ImV/°C for V, = K/100.

2. Fidelity to the Division function:The log-antilog synthesis of
the linear ratio is theoretically exact for all finite denominators,
0 < x < =0, The only limitation in dynamic range lies in deviations
from ideal performance of the hardware; the transistors operate
over 7 decades, the op amps over 3 decades (limited by offsets and
drift). Errors less than 0.5% of full scale can be achieved over a
100:1 denominator range. Figure 19 shows the effect of denomin-
ator voltage on total error.

10%

5%

1%

8.5%

ERROR (LOG SCALE) % F.S.

0.1%
50mV 0.5V 5v
10mv 100mvV wv 1oV

DENOMINATOR INPUT VOLTAGE
Figure 19. Total error of the two-quadrant variable-transconductance
divider, as a function of denominator voltage
3. Low numerator distortion (0.05%): The symmetry of the
circuit (and available components) permit low distortion, inde-
pendent of the denominator (Figs. 16 and 17).

4. Wide bandwidth (500kHz), low output-stage drift: Opera-
tion of the output section at a constant high current level (200uA)
produces wide bandwidth and low output-stage offset drift. The
small internal voltage swings and high loop gain of the input log
amplifiers reduce the dependence of bandwidth on the denomina-
tor, as Figure 18 demonstrates.
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Besides all its performance advantages, the concept and circuitry
of the variable-transconductance divider are relatively simple, com-
pared to almost any other 2-quadrant-divider approach.

LOG-ANTILOG DIVIDER

The log-antilog multiplier circuit discussed earlier (Chapter 3-2,
Figure 20) also makes an excellent divider. In fact, it is probably
the most accurate one-quadrant divider circuit available.

If the Vi g input of the log-antilog multiplier circuit is used as a
denominator and relabeled V,, and the X input is relabeled V,,
the circuit becomes Figure 20 (this chapter), with the transfer
function

E, =¥z an

An additional advantage of the log-antilog circuit is that it is a
three-input circuit that performs multiplication and division
simultaneously and with equal accuracy, greatly increasing its
usefulness for a wide variety of applications, such as implicit
solutions of all types, including square roots, rms, and vector
equations (see Chapters 2-3, 2-5, and 3-6). For square-rooting,
with wide dynamic range, one simply connects the output to the
denominator input; then E, = 10V, /E, =4/10V,.

In effect, the circuit will do the work of two independent
one-quadrant multiplier/dividers, thus simplifying the implementa-
tion of equations requiring multiplication and division.

Circuit Description

The operation of the log-antilog multiplier-divider circuit, Figure
20, has been described in detail in Chapter 3-2; only a brief
summary will be given here.

The three input variables, X, Y,and Z (V, or I, V, orI,,V, or
I,), are applied to three independent transdiode log amplifiers,
Al1-Q1A, A2-Q2A, and A3-Q2B. The outputs of the log amplifiers,
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Figure 20. Log-antilog divider-multiplier. Heavy lines
trace signal paths.

equal to the emitter-base voltages of the transistors, are propor-
tional to the logarithms of the input variables. For example, for
Vv

z

kT V.
-Vy =— z (18)
4 Rlgg

The sum of the base-emitter voltages around the loop from the
base of Q2A to the base of Q2B is

0=Vgg2a +*VE1a —Vpe1B — VBE2B (19)

Substituting the log relationships between input currents and
base-emitter voltages, and cancelling matching constants, as
discussed in Chapter 3-2,

v \/ I
2+l —F -2 _;m_X =0 (20)
RZIO RYIO IO RXIO

In




296 NONLINEAR CIRCUITS HANDBOOK

Since the sum of the logarithms is equal to the log of the product
of the summed arguments, and the difference of logs is equal to
the log of the ratio of the arguments,

mlas o [ VaVy, R @1
I IV, RR
and
_V,V, R

I 22)
clB Vx RZ Ry

R4 in the feedback circuit of A4 converts the collector current of
Q1B to the output voltage -

LN ATSAAY 23
R,R, V %

X X

E

Note that the output is independent of temperature, and that the
scale factor is determined by only four resistors, which can easily
be matched, both for initial value and for temperature coefficient.

Performance of the Log-Antilog Divider

The log-antilog circuit is capable of high accuracy, wide-dynamic-
range division and multiplication for three reasons:

1. Very low errors at the signal inputs: The input amplifiers
Al, A2, A3 can have offsets less than 100uV and input currents of
5nA or less, with offset voltage drifts of 10uV/°C or less. This
results in an input error of 0.1% or less for inputs as low as
100mV.

2. Use of summation of the logarithms of currents allows a
wide dynamic range; the Vg of a log transistor changes only
about 60mV per decade at room temperature, thus many decades
may be accommodated without danger of saturation or other
problems inherent in dealing with wide-dynamic-range signals
directly. In fact, the dynamic range is limited primarily by the
offset current of the input amplifiers Al to A3 (0.1nA typically),
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that sets a lower limit on the input voltage or current in low-cost
general-purpose devices using bipolar transistors. The high end of
the dynamic range is limited to 1mA or less (usually 100uA) by
emitter and base resistances in the log transistors.

3. Low nonlinearity due to excellent log-conformity of mono-
lithic dual transistors for currents between 1nA and 100uA:
Overall nonlinearity of 0.05% can be achieved in a properly
designed circuit.

As an indication of the accuracy and dynamic range that can be
achieved in practice, Figure 21 shows the error (as a function of
denominator) for the Analog Devices 434 log-antilog divider. The
434B typically has less than 0.2% error over 2 decades of
denominator, and 1% or less error over 3 decades — without any
external adjustment. If the numerator and denominator input
offsets are adjusted externally, the error can be held to 0.2% over
three decades: 1000-to-1.

2%

INPUT OFFSETS
TRIMMED EXTERi\lALLY

ERROR (% F.S.) LINEAR SCALE

b VA T
- NO EXTERNAL TRIM | wax i
L AD434A
05+ 4
| TYPICAL AD434B
o2L S ——
R -
0.01v 0.1v v 10V

DENOMINATOR VOLTAGE, Vx (LOG SCALE)

Figure 21. Log-antilog divider: total error as a function
of denominator voltage

In common with other logarithmic circuits, the bandwidth of the
log-antilog divider is dependent on input signal magnitude. For
instance, if the bandwidth is 100kHz for a 10V numerator input,
it will be about 10kHz for a 1V numerator input. This is a direct
result of the change in loop gain with signal level in transdiode log
amplifiers.
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Using a 1-Quadrant Analog Divider in 2 Quadrants

A one-quadrant divider, such as the log-antilog circuit discussed
here, will accept only single-polarity numerator and denominator
inputs. In many cases, it is essential to have a two-quadrant divider
that will accept a bipolar numerator (e.g., a sine-wave centered
around zero volts) and a unipolar denominator.

Any one-quadrant divider will work as a two-quadrant divider if a
fraction of the denominator input is used to bias or offset the
numerator input, as outlined in Figure 22. The divider circuit itself
remains unipolar, with an output offset of % of full scale. The
offset can be removed by subtraction (Figure 22) or by ac
coupling (Figure 23) to yield an output centered about zero.

1 \Z
NUM. = Vz E N
Vy V,y Vz
O e
AVy Vo ° Vx
Yol 1
DEN. =V KA O<(Vz +AVx | < Vymax
Vy = Vzv+ A‘::V v A =1/2 TO BIAS OUTPUT IN
+
v, =k YEEAVx _ Vz CENTER OF OPERATING RANGE
Vyx Vx
Vz
Eo =K —>
o Vx

Figure 22, Offsetting a 1-quadrant divider for operation
in two quadrants

In general, the performance of the “offset” two-quadrant divider
will not be as good as the performance of the single-quadrant
divider, but it will be much better in terms of accuracy and
dynamic range than the two-quadrant “inverted-multiplier”
dividers.

If the log-antilog divider is offset for 2-quadrant operation, the
performance will be reduced in two areas:

1. Bandwidth: The bandwidth will depend on both numerator
and denominator levels. As the numerator swings towards its
negative extremity, the magnitude of the input to the circuit tends
towards zero. This reduces the bandwidth and can cause distortion
on negative half cycles.
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2. Output offset variation with denominator level: Since the
zero-output point of the offset divider is really the half-scale point
of the basic circuit, the nonlinearity of the circuit will cause the
offset to shift with denominator (a common problem with
one-quadrant circuits that are offset to provide a semblance of
2-quadrant performance).

Measurement of the performance of the 434 A log-antilog divider
in the circuit of Figure 23 typically yields the following results:

Denominator Output Error -3dB Bandwidth
Voltage Variation from {Numerator or
(V) value @ V, = 10V . Denominator)
+10 0 55kHz
+1 +20mV ’ 5.5kHz
+0.1 +25mV 550Hz
PINSIDE VIEW
434
Eo =10 14 Vz +1/2Vx
E—O Vage +150 Vx
Loy como =25 Y2 45
Vx & & O X -150 Vx
200k 1% | o Xes ouTo £
Vz Zgy OFFSET O c
402K 1%
oz K ac
V2 <1V COMPONENT
25V,
6< Vy <+10V %0~ s

-1V <Vz <+10V
Figure 23. Offsetting AD434 for two-quadrant operation

A one-quadrant divider may be used in two quadrants if it is
preceded by an absolute-value circuit having polarity sensing, and
if the output is applied to a sign-magnitude circuit (e.g., Chapter
3-5, Figure 15) to restore the polarity. While eliminating the offset
problem, this circuit (using a log-antilog divider) will still have
bandwidth difficulties, because the signal will sliow down each
time the numerator crosses through zero.

DIVIDER SPECIFICATIONS
Analog dividers have not, in the past, been as thoroughly specified

as analog multipliers. There are at least two reasons for this state
of affairs:
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1. Until recently, division existed principally as a form of
application of a multiplier that could be connected as a divider.
Most suppliers of modular and IC multiplier-dividers have placed
primary emphasis on the underlying device, the multiplier.

2. Until recently, most analog dividers have had poor to fair
performance, for the reasons discussed earlier in this chapter.
Since their usefulness was somewhat limited, many manufacturers
concluded that there was little point to attempting complete
characterization so early in the game.

In this section, we shall seek to provide a format that embraces a
large number of the key accuracy and dynamic specifications, and
shows their relationship to the denominator voltage. The compara-
tive specifications of a representative variety of commercially-
available divider circuits in use as of late 1973 are listed in Table 2.
They include the errors at maximum and minimum useful denom-
inator values, and are accompanied by graphs (Figures 24-30)
which show the errors as functions of the denominator. The
dividers listed in the table employ all three of the techniques dis-
cussed in this chapter:

1. “Inverted-Multiplier” Divider The ADS532K IC multiplier
(connected as shown in Figure 31) is a low-cost transconductance
multiplier/divider, internally trimmed for multiplication with less
than 1% error; external trims are essential for best performance as
a divider. Model 427J (connected as shown in Figure 32) is a
high-performance pulse-modulation multiplier/divider. Though
one of the best “inverted-multiplier” dividers available, it still
requires external trim adjustments to make best use of ifs
excellent multiplying characteristics in division.

2. Direct Variable-Transconductance Divider (2-Quadrant) The
AD531K (connected as shown in Figure 33) uses the basic
- transconductance cell (Figure.14). Its error is less than 1%, and it
has a bandwidth somewhat less than 1MHz. It is the best IC
divider available at this writing. Model 436 (connected as shown in
. Figure 34) uses the improved transconductance circuit of Figure
15 to achieve errors less than 0.5% over a 100:1 dynamic range,
and 500kHz bandwidth. It requires no external trimming, but
outperforms all other 2-quadrant dividers.
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3. Log-Antilog Divider Model 434B (connected as shown in
Figure 35) has the highest accuracy of any l-quadrant divider
available at this writing. It operates over a 100:1 range of
denominator with a maximum error of 0.25%, without external
trimming. '

INTERPRETING THE SPECIFICATIONS

Transfer Function is the ideal relationship between the divider
inputs and output, including the scale factor, which is either fixed
or set at a nominal 10V. The AD532K can accept a differential
denominator input (and the AD531K can accept a differential
“X” numerator input), but it will be assumed that X; =V, and
X, = 0 when considering the performance characteristics listed
here. The 434B and ADS531K can multiply and divide simul-
taneously, because of the three input variables. The specifications
listed here will be considered for constant Y input equivalent to a
10V scale factor. The AD531K is assumed to be connected in the
circuit of Figure 33, with a voltage input, Vp.

Quadrants of Operation defines whether the divider will accept a
bipolar numerator (two-quadrant) or a unipolar numerator (one-
quadrant). The denominator is limited to one polarity for
virtually all analog dividers — including these. The denominator
polarity differs from type to type; its polarity and range are given
in the “Denominator, X specification.

Total Error (accuracy) @ Maximum Denominator specifies the

error, or difference between the actual and the theoretical output

of the divider at full-scale denominator and (usually) full-scale

output. As the denominator is decreased in magnitude from its

full-scale value, the error increases (AD532K, 427]J) or stays about

the same (AD531K, 434, 436), as Figure 24 shows. Asnoted by the

groupings of devices, the AD531K, AD532K, and 427J require 3

external adjustments to meet the typical figure for total error in
Table 2 (the adjustment procedure is described in the testing
section). This requirement is typical for all general-purpose

multiplier/dividers. In contrast, the two specialized types are -
internally trimmed, and need no external trimming to meet the

maximum error specifications listed in Table 2.
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TABLE 2. SPECIFICATIONS OF DIVIDER CIRcUITS 2

WITH EXTERNAL TRIM

Parameter AD531K AD532K 4274
» 10X, = X, 102
Transfer Function t 1VD 2) X, =X, 10;
Configuration (Figure) 33 31 32
Quadrants of Operation 2 2 2
Total Error (%), Max. Denominator (V) 1,+10 1,-10 0.2, -10
{Figure 24) -
Total Error {%), Min. Denominator {V} 3,05 3,-1.0 2,-1.0
Small-signal Bandwidth (-3dB, kHz), 1000, +10 1000, -10 100, —10
Max. Denominator (V) (Figure 27)
Bandwidth (—3dB, kHz), 1000, +0.5 100, —-1.0 1,-0.1
Min. Denominator (V)
Output Offset Drift (mV/°C), 1,+10 1,-10 0.25, —10
Max. Denominator (V) (Figure 28) .
Output Offset Drift (mV/°C), 2,+0.5 10, -0.5 25, -0.1
Min. Denominator (V)
INPUT CHARACTERISTICS
Numerator, 2
Voltage Range (V) +10 +10 +10
Maximum safe voltage V, 1V, V,
Input Resistance (k§2) T0MQ("X") 36 33
Input Current (zA) 8* 10 3
Input Offset Voltage {uV) NSt NSt NSt
Offset Voltage Drift (4V/°C) NSt Ns.T NSt
Denominator, X
Voltage Range to Meet Spec3 (V) N.S.T NSt NSt
Voltage Range to Meet Spec, External +0.5 to +10 —1t0-10 —0.11t0-10
Trim (V) .
Maximum Safe Voltage *V, V V,
input Resistance (k2) 30 10MQ 10
Input Current (uA) 0.5 3 3
Offset Voltage (uV) . N.S. N.S. N.S.
Offset Voltage Drift (uV/°C) N.S. N.S. N.S.
OUTPUT CHARACTERISTICS
Voltage Range (V, minimum) +10 +10 +10
Current Range (mA, minimum) +5 5 5
Resistance () 1.0 1.0 0.1
Capacitive Load (pF) 1000 1000 1000
POWER SUPPLY
Specified Performance (V) +15 +15 +15 1%
Operating (V) 12-18 12-18 12—-18
Quiescent Current (xtmA) 4{AD531o0nly) 4 15
PHYSICAL SIZE (mm) 1.C.§ I.C. § 41X 76X 15
PRICE ($ U.S., 1-9) 45 36 159
NOTES
lan specifications typical at 25°C, 215V supply, unlcss noted otherwise, circuit d in divider confj
of Figures 31-35

241 errors specified in % are % of 10V Full Scale (1% = 0.1V)

3External trim not required to meet specs, except as noted
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WITHOUT EXTERNAL TRIM®

436
z
10;

34
2
0.5, +10*

05, +0.1*
500, +10

300, +0.1
0.3, +10

1, 40.1

+0.1 to +10
5mV to +10

+15 £3%
12—-18
10

38x 38x 15
80 {Approx.)

434B

r4 z
Y. 102
X X
35
1

0.25, +10*

0.25, +0.1*
100, +10

1,+0.1
0.1, +10

1,+0.1

0to+10
1V,

100
+0.01
+100*
15

+0.1to +10
5mV to +10

2V,
100
0.01
+100*
15

+10
+5
0.1
1000

+15 3%
12-18
10

38x 38X 15
87

.
Maximum specification

TNot specified

IC's may be available in choice of packages and chip form; consule product data sheets

303
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Figure 25. Nonlinearity (at constant denominator) vs.
denominator, % of numerator (log scales)

The total error includes the errors from all sources, and so
represents a worst-case condition. There are six major sources of

error included:

1. Numerator nonlinearity (Figure 25)

2. Denominator nonlinearity
3. Scale-factor error

4. Numerator offset, referred to the output
5. Denominator offset, referred to the output

6. Output amplifier offset
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Errors (3) through (6) can be theoretically adjusted to zero at a
fixed temperature and denominator level, while the input non-
linearities are inherent and cannot be removed (except perhaps for
some reduction of second-order error by the “cross-feed” technique
discussed in 3-2, applied to divider-connected transconductance
multipliers). Rather than specify each of these six errors individ-
ually, it is usually easier to measure the overall effect of the errors,
which is by definition the total error.

Total Error at Minimum Denominator specifies the error, as just
defined, at the minimum useful denominator magnitude. This
represents the worst-case operating conditions for a divider, since
the errors are at a maximum. The “inverted-multiplier” dividers,
4273 and 532K, show the greatest increase of error at small
denominator voltages, as might have been expected. The log-
antilog and variable-transconductance dividers show no increase in
the specified error, even with the denominator voltage at 1/100 of
full scale, as one might have predicted from the analysis of these
circuits.

The increase of error of the 532K and 4277 is caused principally
by the magnification of the numerator and denominator offsets by
10/V,, and by the denominator nonlinearity, which causes an
apparent scale-factor error. The ADS531K maintains error at the
1% level over a 10:1 range, then the error increases sharply due to
decreasing current in the X input circuit, causing the gain to go to
zero (Figure 9). The 436 and the 434B have very small (100uV)
input offsets and very low nonlinearity; they have relatlvely-httle
difficulty with small denominator voltage.

Total-Error Drift (with Temperature) vs. Denominator. The
change in total error per °C change in ambient temperature
increases as the denominator decreases, as shown in Figure 26,
This effect is more noticeable with the inverted-multiplier types,
4273 and AD532K. The 434B and 436 show a slight increase in
drift at the low end (100mV denominator).

“Total-error drift” is the sum of the total output-offset drift and
scale-factor drift. The numerator and denominator nonlinearities
are relatively insensitive to temperature.
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Figure 26. Total error drift vs. denominator voltage (%

full-scale/°C)

Bandwidth (Small-Signal, -3dB) at Maximum Denominator: the

frequency at which the numerator or denominator input-to-output
“gain” is reduced to 70% (-3dB) of its dc value. The input must be
“small,” that is, less than 10% of either full-scale or denominator
magnitude, to avoid excessive distortion (which would invalidate
sine-wave analysis). The small-signal bandwidth of the 427,
AD532K, and 434, are directly dependent on denominator

magnitude, as the graph (Figure 27) shows.

1MHz

ADS31K

436
T
100kHz

- AD532K

10kHz

I— 4274, 4348

1kHz

SMALL-SIGNAL BANDWIDTH {-3dB) LOG SCALE

100Hz

imVv 10mVv 100mV

wv

DENOMINATOR MAGNITUDE (LOG SCALE)

1oV

Figure 27. Bandwidth (-3dB) vs. denominator (K = 10V)
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Interpreting denominator voltage as ‘“1/gain,” (Figure 28), the
436 is seen to be unique, because its bandwidth is essentially inde-
pendent of denominator; it achieves a 30MHz gain-bandwidth
product at 100mV denominator! Similarly, the AD531K has
about 750kHz numerator bandwidth over a 20:1 denominator
range; it is thus the fastest in terms of absolute bandwidth (over a
limited range of denominator). (Gain = 10V/V, =10/0.1 = 100; if
bandwidth = 300kHz, Gain-bandwidth = 100 X 0.3 X 10% =
30MHz.)

WHz ADS31K

- 436
}——AD532K

0.1MHz ~J

10kHz

| 4274
434A

TkHz L

SMALL-SIGNAL BANDWIDTH (-3dB), LOG SCALE

100Hz .
1K/Vx i 1 10 100 1000

-20 [} +20 +49 +60 +80dB

IDEAL GAIN 20 LOG lvli‘
Figure 28. Bandwidth (-3dB) vs. gain (K/Vy)

Output Offset Drift vs. Denominator: The rate at which the total
output offset changes with temperature, as a function of the
denominator. The two components of this drift are numerator-
input offset drift, multiplied by gain (K/V,), and output-stage
offset drift. As Figure 29 shows, the 427, 434, and 436 have drifts
of about 0.2mV/°C at V, = 10V, while the AD532K drifts at
about 1mV/°C. The drift of the 427 and AD532K increase as the
denominator is reduced, because the numerator offset drift is
greater than the output-stage drift; hence the sum is dominated by
the 1/X relationship. Since the numerator offset drift of the 434
and 436 is small (about 10uV/°C, compared to the output-stage
drift of 300uV/°C — the total offset drift at G=1 or V, = 10V),
the total output drift increases by only a factor of 2 for a 30:1
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Figure 29. Total output offset drift vs. denominator voltage
flog scales)

change in denominator. The ADS531K offset drift is almost
independent of temperature, but it is not as low as for the 434 and
436; however, it is much lower than for any other IC.

The total output offset drift is

AV X AZ,, AY

os —

+
AT V, AT AT

(o}

Output Noise vs. Denominator Figure 30 shows the relationship
between the rms value of noise at the divider’s output, in a
constant bandwidth of 5Hz to 10kHz, and denominator magni-
tude. The total noise at the output is essentially

K 2 B K 2 )
Vy = [ENZ_V—:' + [ENx‘\T{I + Exo
X X

= equivalent numerator input noise: Vrms, SHz to 10kHz

%
N
|

Eynx = equivalent denominator input noise: Vrms, SHz to 10kHz

Ey, = equivalent output-stage noise: Vrms, SHz to 10kHz

o
1

scale factor = 10V
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Figure 30. Output noise vs. denominator (5Hz to 10kHz
bandwidth)

The 436 has the best overall noise performance, while the 427 and
434 are quieter for denominator voltage in the range 2V to 10V.
As a general-purpose multiplier/divider, the AD532K is reasonably
quiet; the ADS31K output noise is almost independent of
denominator level. If “peak-to-peak™ noise is defined as 6X rms,
1ImV rms = 6mV peak-to-peak.

Input Characteristics

These specifications define the input voltage range and errors at
the numerator and denominator inputs.

Numerator (Z) Voltage Range is the maximum span of numerator
voltage tor which the error specifications apply. The numerator
voltage is limited to a magnitude less than or equal to the
denominator voltage for the dividers described here* (see Figures
2 and 3). The AD532K, ADS531K, 427) and 436 will accept
positive and negative numerator voltages (i.e., they are 2-quadrant
devices), but the 434 is limited to positive numerators (1
quadrant). '

Numerator: Maximum Safe Voltage is the maximum that can be

applied to the divider input continuously without causing damage.

*But K may be scaled for <10V for the AD531 and the 434; and the numerator may
exceed the denominator by the factor Eomale.
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Numerator: Input Resistance is the effective input resistance
between the numerator input terminal(s) and power-supply
common. The input resistance ranges from 10k£2 on the 436 to
10M&2 for the AD531K. The resistance of the signal source should
be 0.1% or less of the numerator input resistance to minimize
variation of scale factor. '

Numerator Input Current is the bias current flowing into or out of
the numerator terminal, with V, = 0. Usually, this is a negligible
source of error, even for the AD532K, but it should be considered
in the choice of the resistance-to-ground for applications where
the inputs are to be capacitance-coupled.

Z-Input Offset Voltage: The numerator offset is not specified for
general-purpose multiplier/dividers (427J, ADS531K, and
ADS532K). The 100uV Z-offset of the 436 and 434B will cause an
error of only 0.1% at 100mV input; the error can be further
reduced by externally {rimming.

Z-Input Offset-Voltage Drift characterizes the sensitivity of the
Z-input offset to temperature. It is not usually specified (at this
writing), but it is nevertheless a useful number, since the
numerator offset drift is the primary source of output offset drift
for values of denominator voltage substantially less than full-scale.

Output offset drift = ES -AZ—°S + %

vV, AT AT

Denominator, X, Voltage Range to Meet Specifications (Without
External Trim) is the maximum span of denominator voltage for
which the specified accuracy is maintained, with no external
adjustment of offsets or scale factor. Since the ADS531K,
ADS532K, and 427]J require trimming for reasonable performance
as dividers, no limit is specified for them. The 436 and 434B will
operate over a range of denominator exceeding 100:1 with low
erTor.

Denominator Range to Meet Specifications With External Trim:
Trimming the offsets expands the dynamic range of the 436 and
434 to 2000:1, and provides a reasonable dynamic range for the
427, AD531K, and AD532K. Note that the 427 and AD532K
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require negative denominators, while the 434B and 436 require
positive denominators. The AD532K will accept positive denomin-
ator voltage if the input terminals (X; and X,) are interchanged.

Maxwmum Safe Denominator Voltage is the maximum voltage that
can be applied to the divider input continuously without causing
damage.

Denominator Input Resistance: The ADS532K has a very high
input resistance (3M£2), while the other three range between 25
and 100k£2. All five types should be driven from sources with low
resistance to minimize sourcedoading errors. The 3uA typical
input current of the AD532K partially offsets the advantage of its
high input resistance for source resistances of 10k£2 or more.

Denominator Input Current is the current flowing into or out of
the denominator terminal with V, =0V.

Denominator Offset Voltage is a constant offset voltage effectively
in series with the denominator input. The low offset of the 436
and 434 causes minimal change in apparent scale factor over a
100:1 denominator range:

-4

10

Error @ V, =10V; * 100% = 0.001%
104
Error@V, =0.1V; o1 100% =0.1%

Denominator Offset-Voltage Drift characterizes the sensitivity of
the denominator offset drift to temperature, The specified
AX, /AT of 15uV/°C for the 436 and 434B can cause a change in
error of 0.7% over a 100:1 denominator range, and 0° to 70°C
temperature range.

Qutput Characteristics

This group of specifications describe the output terminal proper-
ties of the divider.

Voltage and Current Range: The two-quadrant dividers, AD531K,
ADS532K, 4277, and 436 will supply a minimum of 10V at +5mA
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at their outputs. The one-quadrant 434 swings a minimum of 0 to
+10V at SmA. Types requiring an external loop closure around the
output amplifier can employ current boosters “inside the loop” to
beef up the output for output current beyond SmA.

Output Resistance: All five dividers have low-impedance outputs,
resulting in minimal change in output voltage as load current is
changed. However, since output impedance is affected by loop
gain, the general-purpose multipliers used as “inverted-multiplier”
dividers will suffer an increase of output impedance as denomina-
tor decreases.

Capacitive Load is the minimum amount of capacitance that can
be connected directly between the divider output terminal and
ground without causing the device to oscillate.

Power Supply

Specified Performance: The power-supply voltage and tolerance
required for the divider to meet its accuracy specifications. The
design-center power-supply voltage for all five typesis 15V.

Power Supply Operating Range is the range of power-supply
voltage that the divider will accept and still operate as a divider. If
external trims are used, the circuit can usually be adjusted to meet
the same accuracy specifications as for +15V supply.

Quiescent Current is the current drawn from the power supplies at
zero -output voltage and current. The quiescent current-drain will
be augmented by the load curmrent, since the output amplifiers
have “Class B output stages.

Physical Size: The IC’s (AD531K, AD532K) are by far the
smallest, and the pulse-modulation multiplier/divider, 427J, is the
largest. IC types are available in hermetically-sealed ceramic 14-pin
dual in-line packages, and the AD532 is also available in the
hermetic TO-100 10-pin metal can; IC types may also be made
available in chip form for applications requiring hybrid construc-
tion.
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Price* The IC’s are the least expensive, but they offer the lowest
performance (except for speed of the AD531K), and trims are
required for reasonable performance. Surprisingly, the most-
expensive multiplier/divider, 427J, does not offer the highest
performance as a divider. The high-performance 436 and 434B
outperform the 427, at lower cost, but are not as inexpensive as
the IC types. If one considers the fact that the 436 and 434 have
excellent performance without external adjustments, and even

zo |
X o————— X4

Xz k4

AD532K Eo = 10—
Y, ouT —0 X
053 X>-10V
Y2 +Vg Vs [/
1K
(SF)

AAA——

L 47k
2.2 [ ] 10k
20k
(Xo)
- ¢ 3 =
Yo
—NWN———
L 47k
2.2k 0—4\%\,—0
Zo
[ o
+Vg Vs

Figure 31. AD532K divider circuit finverted multiplier)

_ Vz _J 4 4 +15V
Eo =10 Tx- O NC O— Zs Yo
L1 OXo _L—O Xo
Vx FOX = O ~15V

oYX ol =g,
—oY, 2z
Vg 0 Z POTS: 20k

0.1 Vy >-10V

Figure 32. 427/ divider pin connections (inverted multiplier),
pinside view

*Summer, 1973. Price is listed as a measure of relative cost, not primarily as a
commercial inducement. Those interested further should consult recent Product Guides
or price lists, or the nearest Sales office, since (a) prices are subject to change, and (b) IC
prices are more so.
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better performance when ‘“tweaked-up,” and that the 434
multiplies and divides simultaneously, it may turn out that the
434 and 436 are less expensive to use than IC’s in many applications.

+15VQ 0 -15V
20k 43
4 20 _-.]:
‘V’N—-——“ -
20k
A >
+Vs| Xo | Yo |Yos! -V 1
VY Ot 14 9 12 T 3
X 2 Vy V,
Vx Ol 7 ADS31 SENSE O Ep =YX
~Xin R Vp
| 5 6 4 10
= REF
RLY cl & GND 05V < Vp <10V
2.2M
Z
20k 4
AD741CH .
I 1N4149 470k
= —BVWW——ANW\——0 +15V
- 1
Vp 15k 20k Sk
100pF § 4.7k
27k o
-15v

Figure 33. AD531K divider circuit — direct variable —
transconductance (circuit for voltage input to denominator)

oG O—————e +15V
0 Xq 0—-2.
Vy =0 X o—E—'———b -15V
O By =10V /Vx
o2 O | oUTBAL ) :
Vz —tpnet—O 2

0.1V Vy <10V

Figure 34. 436 divider connections, pinside view (high per-
formance 2-gquadrant variable transconductance) -

E-—-o REF ot 415V
—~0Y O—
Vx LeO X o+—— 515V
(I ) 150 Xs, odf e -w0 ¥
Iz} —120 25, o] x
Vz >0 2
0.1V < Vy <10V

Figure 35. 4348 divider pin connections (log-antilog), pinside view
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TESTING AND ADJUSTING ANALOG DIVIDERS

Good test and adjustment procedures are exceptionally important
for analog dividers, since their performance spans a wide range and
is often critically dependent on adjustment. For example, a
general-purpose “2%” multiplier-divider (e. g AD532J) can have a
worst-case error of 2 volts, or 20%, when used as a self-contained
divider with a 10:1 denominator range. In contrast, a specialized
high-accuracy divider (e.g. 434B) can have a worst-case error of
only 25mV under the same conditions — almost 100 times less
error than the general-purpose device! The accuracy of the “2%”
divider can be improved by at least a factor of 3 by the adjustment
procedure described in this section.

The tests for divider performance fall into the same three general
categories as for multipliers

1. Static accuracy or error

. Total error

. Output offset

. Numerator and Denominator offsets

. Numerator and Denominator nonlinearity

. Scale-factor error

. Dependence of errors on denominator

. Dependence of errors on temperature and power-supply
voltage

e =»opo o P

2. Dynamic errors
a. Small-signal bandwidth
b. Large-signal bandwidth
¢. Slewing rate
d. Settling time
e. Dependence of the above on denominator

3. Terminal or interface parameters
a. Input resistance and voltage range
b. Output voltage and current
c. Power-supply voltage and current

In this section, the principal emphasis will be placed on tests for
static and dynamic errors, since methods for measuring the
terminal parameters are straightforward.
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TEST EQUIPMENT FOR DIVIDER TESTING

Precision dc Reference: Accuracy to within 0.01% of setting, plus
+100uV, from +10V to OV in steps of 100mV or less.

Precision Decade Voltage Divider: 0.01% ratiometric “accuracy”
with output buffer and inverter (see Figure 47). This is essential
for accuracy measurements on wide-dynamic-range dividers, and
quite useful for testing ordinary dividers.

Digital Voltmeter with at least 4'-digit resolution, 0.02% accuracy
error. The 1V and 10V ranges will be the most-frequently used.

Sine-Wave or Function Generator: Frequency range 1Hz to
5MHz. Adjustable dc offset is handy for testing 1-quadrant divider
and applying ac signals to denominator. Output amplitude range
of 2mVp-p to 20Vp-p is the most useful. A calibrated output
attenuator will facilitate measurements on wide-dynamic-range
dividers.

Dual Power Supply with adjustable output voltage (x15V nomi-
nal) and adjustable current limit to prevent costly “accidents.”

Oscilloscope with calibrated vertical and horizontal voltage inputs
for cross-plot tests. Desirable sensitivity ranges are: Vertical,
10mV/cm to 5V/cm; Horizontal, 100mV/cm to 5V/cm. Band-
width of 300kHz is adequate for crossplots. At least SMHz
vertical-axis bandwidth is required for dynamic tests.

Divider Test Socket, with all connections made and trimpots
included, facilitates the test and adjustment of both modular and
IC devices.

TEST AND ADJUSTMENT OF STATIC ERRORS

Cross-plotting the divider error against the denominator input is
the most revealing, and also the most efficient method of testing
the accuracy of an analog divider. This approach minimizes the
ambiguity and lack-of-feel inherent in a dc point-by-point test or
adjustment procedure.
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The crossplot test setup, Figure 36, can be used for testing and
adjusting any I-or 2-quadrant divider. The most-important part of
the setup is the low-frequency (10Hz or less) offset sine-wave
generator that provides the sweep voltage for the divider and the
horizontal axis of the oscilloscope. A unity-gain inverter, Al,
provides a 0 to +10V sweep for dividers requiring positive inputs.

s18
-E: 1
sV —DEN
SUPPLY — Se—02
50mA s28
+DEN
ey v 3 CALIBRATION PROCEDURE
1. SWITCHSETTO 2.
2. NO DIVIDER IN
TEST SOCKET
x" < 3. CONNECT +10,00V TO “0UT"
20k —DEN S PIN ON DIVIDER SOCKET.
¢ Ao Al ADJUST “CAL” POT FOR
» sz 0.00V ERROR OUT.
20k o3| +DEN
/\/Y\, —90 RZ “ZERQ” SCOPE SO THAT SPOT
Yos 18k S 1S AT RIGHT EDGE, AND
CENTERED VERTICALLY
20k
L v
50mV/,
+5v |[Zos sy o o
R1
Zo Yo Xo out 10k /25
DIVIDER N ERROR \| |, "
UNDER TEST AN ouT W/em DC
102 Oc====<10 cro ©
X z v OUT=—= *¢ SCOPE
DER o X VERTICAL
g o l_ 20mV/em =50mV ERROR
A
524 . 2 3 ScoPe
—DEN +DEN 5 T0+10V o IORIZONTAL, 1V/erm
= SWEEP
DENOMINATOR DRIVE, FROM
OSCILLATOR
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0.1% 4 ; ; ; {
MATCH ‘;wk -10v
10k Al
Wy
741C
LW—p
= 47k INVERTER
OSCILLATOR J15eC
10Hz o
070 —10v | -5V
-10v
(BIASED)
s
Switch TEST CONDITIONS Ideal
Position Function Numerator, 2 Denominator, X Qutput ADJUST
1 Numerator & Output Otfset ov 01010V [or +10) | OV 2, =NUM, Y, = OUTPUT OFFSET
2 Denominator Offset, Vo =V, | 0to-10V 610 —10V {or+10) | +10V {(—10V} X, = DEN OFFSET
3 Denominator Offsat, Vo =-Vy | 0to+10V 0to-10V {or+10) | -10V (+10V)  X. = DEN OFFSET

Figure 36. Djvider error crossplot circuit
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Since the output of the divider should ideally be constant (no
slope or curvature) with the sweep-test conditions used in this
setup, it is only necessary to subtract an ideal constant from the
actual divider output to determine the error, as a deviation from
zero on the display. The example given below is for devices
requiring negative denominator voltage:

Ideal
Test Inputs Qutput Subtract

1. Numerator offset V,=0, V,=0to-10V ov ov
2. Output offset V,=0, V,=0to—-10V ov ov
3. Denominator offset - IVZI =V, =0to-10V +10V +10V
4. Denominator offset {1st V,==V,,V,=0to-10V -0V —1ov

quadrant of 2-quadrant

dividers) .
5. Scale factor -1 Vx|=V,=0to—-10V +10V +10V

The subtraction is accomplished via a simple resistive divider R1
and R2, R3, referenced to the power supply. A more precise
reference voltage, and a more sophisticated subtractor could be
used, but the simple approach is adequate for testing the majority
of general-purpose multiplier-dividers. If a good supply is used,
and the R1-R2, R3 network carefully adjusted, the test circuit will
be accurate enough for testing the specialized dividers, such as the
434,

Using the Divider Crossplot Tester

The easiest way to understand the operation of the crossplot tester
is to follow through the adjustment of a typical two-quadrant
divider, such as that illustrated in Figures 37 through 42. The
procedure applies to any type of divider circuit, whether “inverted
multiplier,” log-antilog, transconductance, etc., and whether in
modular or IC form. The sources of the errors, (for example,
numerator offset) for the various divider types have been discussed
earlier in this chapter. At any rate, these errors can be treated in a
“black-box” fashion, as the procedure illustrates.

Proper adjustment of the “offset™ errors dramatically reduces the
divider’s errors at room temperature, as Figures 37-38 and 4041
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illustrate. However, with changes in temperature, the errors can
increase to values comparable to the untrimmed values, particu-
larly for divider-connected general-purpose “multiplier/dividers.”
The temperature-drift effects can be easily monitored with the
sweep-test circuit if the divider itself is placed in a temperature-
test chamber (along with any adjustment circuitry that is to be
subjected to ambient temperature variations). The circuit is
adjusted for minimum error at 25°C, then the change in error over
_ the temperature range of interest (say, 0° to 70°C) is observed.

(CONDITIONS: V =0,Vx =010 —10V,c=Vouy  €=300mV
TEST SET FUNCTION SWITCH SET TO 1.)

y € =200mV
The scope trace will be sharply curved up or down at
the right edge of the screen, as the denominator, Vg, & = 100mV
approaches zero. Notice that the total output offset is
400mV or 4% of Full Scale at a denominator of —2 voits.

Vx =10V Vi =5V Vx =8
Figure 37. Total output offset vs. denominator test

CONDITIONS: V,=0,Vy=0t0—10V,e=Vgy
TEST SET FUNCTION 1.

Adjust the Zo potentiometer to flatten the scope

trace - - note the dramatic reduction in offset as €= 100mV -
Vx ~ 0. The error trace will not necessarily be
centered on the 0" line - - this will be adjusted . e=0-

in the next step.

vx='—1ov Vi ;—sv Vx‘= 0
Figure 38. Numerator offset, Z,,, adjustment test

CONDITIONS Vz =0, Vx = 0to —10V
TEST SET FUNCTION 1.

Adjust the Yq potentiometer to align trace with
center O error line. Note the increase in noise as

Vx - 0. This indicates the increased input-to-output € =100mV -
gain of the divider, which approaches infinity as the

denominator approaches zero. The total output offset e=0-
is dramatically reduced from the initial value in

Figure 37.

V¢ =—10v V=8V Vx=0
Figure 39. Output offset, Y ;, adjustment test

{CONDITIONS: V; = Vy = 8 to —10V

TEST SET FUNCTION 2.) « =200mV
The scope trace will curve up or down as V. - 0. ¢ = 100mV
The increase in error is due primarily to denominator
offset, since numerator offset was adjusted in Figure 38. «=0

Figure 40. Total output error vs. denominator test
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(CONDITIONS: Vz=Vx =010 -10V
TEST SET FUNCTION 2.} « =200mV

Adjust Xq potentiometer to flatten trace, ..--...-.

3 =100mV
which will usually not be aligned with “0” ! " ----------

e —— o LR

Vx = 10V Vy =5V Vx=0

Figure 41. Denominator offset, X, adjustment test

(CONDITIONS: V;=J1t0+10V,Vx=0
to 10V, TEST SET FUNCTION 3.)

Readjust Xo potentiometer if necessary 1o ¢ = 100mV
flatten trace; switch back to conditons of

Figure 41 and check for best compromise in
flatness as Vx - 0. If a scale factor trim is

provided, adjust it for minimum difference ¢ = =100mV
between error trace and zero error line for ) !
input conditions of Figures 41 and 42. Vy = =10V Vx=—-5V Vx=0

Figure 42. Denominator offset, X, and scale factor
adjustment test

Measuring Denominator Frequency Response

Figure 43 shows a test setup for measuring the frequency response
of the divider’s denominator input as a function of denominator
level. The denominator input of all commonly-available analog
dividers is restricted to a single polarity: plus or minus (or, with
differential inputs, either), so the signal generator must be offset
to maintain V_ ;, and V ,, within the denominator input limits.
The difference (i.e., p-p amplitude) may be maintained at a
considerably smaller level (typically 10% of the offset) to
minimize waveform distortion: if the ac test signal spans an
appreciable fraction of the dc offset, the output will be noticeably

distorted, since it is proportional to K/(Vpc + V4 c)-

A square-wave can be used to determine denominator rise time,
slewing rate, and settling time. In general, the time response will
be slower for signals going toward zero denominator, and faster
for signals approaching full-scale denominator.

Measuring dc Accuracy- and Temperature-Drift

While the sweep test, or crossplot technique, for measuring divider
accuraey, is the fastest and the best way to get an overall picture
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DVM

MONITOR DC OUTPUT
TO BE SURE DIVIDER IS
ok WITHIN OPERATING REGION

NUM

v, v
puT. L%

DEN

P mm— Ve +Vag

f\j —— USE BATTERY-POWERED OR
: FLOATING SINE WAVE GENERATOR.
SINE GEN. IF NOT AVAILABLE, ONE MAY
T USE TWO PRONG AC POWER PLUG
— {CAREFULLY) TO ISOLATE SINE
- GENERATOR FROM POWER GROUND.
GENERATOR SHOULD HAVE LOW D.C.
RESISTANCE. AMPLITUDE OF TEST
SIGNAL SHOULD BE LESS THAN D.C.
DENOMINATOR LEVEL FOR SMALL

SIGNAL BANDWIDTH TESTS,

REFERENCE Vac pp < VDO
10V 10 OV 10

SET NUM LEVEL

-— == FOR DESIRED D.C.
LEVEL OUT OF

DIVIDER. LEVEL WILL
STAY CONSTANT AS
MAGNITUDE OF DENOM—
INATOR IS VARIED.

Figure 43. Test setup — denominator frequency response vs.

denominator magnitude
of error as a function of denominator, it is difficult to measure the
absolute error precisely (as necessary for calibration) with this
technique. If the crossplot circuit is carefully calibrated, it can be
used for absolute measurements. However, it tests the divider at a
constant ratio of numerator to denominator, and so does not
readily show numerator (constant-denominator) nonlinearity.

Furthermore, since the numerator and denominator are swept over
their ranges, and spend a relatively-short time at low levels, errors
due to thermal effects may not be visible. The sweep can be
slowed, or a low-frequency square-wave can be used, but they are
not as revealing as a dc test.

Measuring Numerator Nownlinearity

Numerator nonlinearity is measured by comparing the divider
output with the numerator input at constant denominator voltage,
with typical results as shown in Figure 44. Since the gain or
attenuation through the divider is inversely dependent on the
denominator level, the input or output must be linearly amplified
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8.1% of 10V = 10mV
I 0.1% Vy=+10V

o
9
Vu“ e

Vz =20V p-p 5Hz
N
| : PHOTO SHOWS
Vg =+10V Vz=0 Vz=—toy ERROR=Eo-Vz

Figure 44. Two-quadrant divider, numerator nonlinearity

or attenuated to facilitate the input/output comparison. The
easiest way to accomplish this for dividers with gains potentially
greater than unity is to attenuate the numerator signal by a factor
v, equal to X/K, and then to compare the divider output to the
input of the attenuator:

V
’y z _Vzr

\%

X

E, — B, (deal) =K

If a precision attenuator and an accurate dc reference are used, the
denominator nonlinearity can be estimated from this test: the
difference between the divider output and the numerator input
will have an average slope equal to the “gain” error, or departure
of the gain from the ideal value K/X. The scope photo, Figure 44,
shows the nonlinearity of a 436 divider, measured with the test
setup of Figure 45.

20V p-p 5Hz SINEWAVE

DIVIDER

SINE . )
GENERATOR ATTENUATOR 2 -1ez L,
20V p-p 6 TO-60dB X |e v H
5Hz . e
X €
2
SETTO Vx  ATTN Vx
10V p-p £5VDC Tov -] VERT = 5mV/cm
OFFSET FOR v -20dB = 0.1%/cm of 10V
1 QUADRANT DIVIDERS 6.1V 40dB
6.01V  60dB HORIZ = 2V/cm
: CENTER = 0V
REFERENCE

10mV 10 10V

Figure 45. Test setup for numerator nonlinearity
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DC Measurements of Accuracy and Temperature Drift

The dc error of the divider can be easily measured with the test
setup of Figure 46. A precise voltage divider (e.g., Figure 47), is
the most important piece of test equipment, since it provides a
numerator voltage that is a precise fraction of the denominator
voltage, independently of the absolute calibration of the dc
voltage reference.

oC
ESSENTIAL FOR POWER
MINIMIZING ERROR
DUE TO REFERENCE Zglaﬂsl;%'l;g -
PRECISION
. DECADE
Vin VOLTAGE |—t¢
DIVIDER _
& BUFFER ""’°‘—’0 Py Num our
g VM
oe < DuT. Eq 4% DIGIT
REFERENCE [ © DEN
10V to 1V RANGES
ADJUSTABLE FROM

£10V TO £10mV

Figure 46. Divider DC accuracy test setup

TO PIN 7 2 - +15V
(741K)
TN TTuF/20V

r-————-( coM

= AR teF/20v

TO PIN 4 ~tt———————————— 15V
(741K}

MATCH T0 0.01%
S, 10k

—ouT

A10FFSET
SmA MAX

AD741K pr———0 NOTE: SET DIVIDER
5mAMAX  SWITCH TO ZERO, ADJUST

<
>
b — OFFSET OF AT FOR 0 +.1TmV
AT +OUT, THEN ADJUST A2 OFFSET
j FOR $0.1mV AT — OUT

R = Tk, 10ppm &, 5%
RATIO MATCH
T0 0.01%

Figure 47. Decade divider and buffer
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Since the divider (ideally) takes the ratio of the numerator and the
denominator inputs, small errors (<1%) of setting) in the
calibration of the absolute magnitude of the dc reference will have
negligible effect on the accuracy of measurement if the numerator
is a precisely-known fraction of the denominator. It is convenient
(and desirable) to have available a dc reference with good
resolution (e.g., 1mV steps); it is especially useful for testing the
high-performance log-antilog dividers.

The dc error-test procedure is straightforward. For example, for a
2-quadrant divider (such as the 427), set the reference to the
desired denominator voltage (e.g., -10V), then step the numerator
voltage divider through 1-volt steps from -10V to OV. Then,
reverse the polarity of the numerator and step the attenuator to
+10V. The divider output at each step can be read on the DVM,
and then written down and compared to the theoretical value. The
same procedure can be followed, with the divider operating at
different ambient temperatures, to determine the temperature
coefficient of divider error. Table 3 is a sample temperature-test
form that includes the minimum number of measurements
necessary to determine the offset and overall accuracy drift of a
2-quadrant divider over the 0° to 70°C operating range.

Measuring Numerator Frequency Response

This test is straightforward for a 2-quadrant divider, and is not
very involved for a 1-quadrant divider. The test setup, Figure 48,

DC OFFSET
AS REQUIRED

DIVIDER

ATTN z Eout TIME
SINE GEN 670 z 107 o < pASE
SET GEN -80dB

T0 20V pp x f 50ms/cm
FOR FULL
OUTPUT Vx ATTN Vx Vv = 5viem
TESTS, v 0 10k OR 0.5V/cm
1V p-p FOR v -20dB
SMALL SIGNAL 01V -40d8
BANDWIDTH TESTS 10mV -60dB
MV -80dB
DC REF. DVM
tmV — 210V
DENOMINATOR — (HIGH Zun)
+0R — AS REQUIRED I

Figure 48. Test setup — numerator frequency response vs.
denominator magnitude
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TABLE 3. TEST CHART FOR ACCURACY AND OFFSET DRIFT VS.
TEMPERATURE FOR A TWO QUADRANT DIVIDER

Denominator | Numerator | Theoretical Eg Measured .
Vx Vz o o°c 25°C +70°C -

-—10.000V -10.000V | +10.000

-10.000V +10.000V | —10.000V
-10.000V 0.000V 0.000v

(Offset)

— 1.000V — 1.000V | +10.000V
- 1.000V + 1.000V | —10.000V
- 1.000V 0.000V 0.000V

Absolute Error = Vpyeas — VTHED. = J

% of Full Scale Error = _% . 100 = %FS = 105
10V

8% FS

%/°C DRIFT =
To—-T

Measurements should be made at smallest expected denominator. 1V was picked for this
example since it is the minimum useful denominator for most general—purpose two
quadrant “inverted multiplier” dividers.

illustrates the basic scheme. A signal generator with a continu-
ously-variable output-amplitude control may be used instead of
the constant-amplitude source and calibrated attenuator. However,
it is important to remember that the signal on the numerator input
must have peak amplitude less than the magnitude of the
denominator for dividers with a 10V scale factor (constant K or
variable V). One-quadrant dividers require a dc offset for the
numerator proportional fo that of the denominator; so the
numerator offset will have to be adjusted at each denominator
level.

The bandwidth test procedure is
1. Set the dc reference to the desired denominator voltage.

2. Set the oscilloscope vertical sensitivity to 5V/cm for
large-signal tests; use dc coupling so that the total output voltage is
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displayed — this will make saturation and offset effects more
noticeable. Set the oscilloscope sensitivity to 0.5V/cm or less for
small-signal tests. AC coupling will be required for 1-quadrant
dividers, since their output will be “offset” due to the dc bias
required on the numerator input.

3. Set the amplitude and offset of the signal generator so that
the divider output, as displayed on the scope, is within the
required limits, e.g., 1 Vp-p, at a frequency at least a decade below
the expected -3dB frequency.

(The numerator dc offset can be most easily adjusted by con-
necting a DVM to the divider output, as indicated in Figure 48.
The offset is then adjusted so that the dc output is at the desired
level within the operating range of the divider — for example, +5V
for full-output frequency tests on a 434 one-quadrant divider.)

4. Sweep the generator up in frequency until the divider’s
output amplitude falls off — or peaks — to the 3dB (*30%) point,
or there is noticeable distortion at the output. Repeat this
procedure at several denominator voltages within the expected
operating range.

A square-wave input can be used to determine slewing rate, rise
time, and settling time in the same manner as for a multiplier or an
operational amplifier.



Nonlinear IC’s

Chapter 4

“The Analog Art shows no signs of yielding to the
Dodo’s fate. The emergence and maturation of mono-
lithic processing finesse has perhaps lagged a bit behind
the growth of the Binary Business. But whereas digital
precision is forever bounded by bits, there is no limit
excepting Universal Hiss to the ultimate accuracy and
functional variety of simple analog circuits.”

Barrie Gilbert, January, 1973

Although a great majority of configurations and performance
classes of the devices to which this book is devoted are principally
available in the form of modular discrete-circuit assemblies, a sea~
change is occurring.

Having thoroughly saturated the linear-function area of analog
circuits with a plethora of general~ (and special-) purpose opera-
tional amplifiers, integrated-circuit technology has now turned
to the development of nonlinear-function circuits.

An increasing number of non-linear functions, previously available
only in module form, are becoming available as integrated circuits.
Except for comparators (which combine op-amp and digital
characteristics), the greatest progress made by analog IC’s to date
has been in circuits that perform the basic functions of multipli-
cation, division, squaring, rooting, and multiplying D/A conversion.

SIMILAR BUT DIFFERENT

For the most part, the similarities between the IC and the module
approaches are straightforward: they both perform similar circuit
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operations and can be generally applied to solve the same system-
design problems. The differences fall into two categories: generic
differences between IC’s and modules, such as cost and size; and
technological differences, which affect circuit design and perfor-
mance, bringing both advantages and limitations.

The most salient difference is cost. Not only are costs of com-
parable IC devices competitive at the time they are introduced, but
the trend is inexorably down, especially as usage increases to large
quantities — a powerful incentive to the system designer to use
them for new applications. Not long ago, modular multipliers with
<2% overall error were sold in the $25 to $30 price range. Now,
_ equivalent IC multipliers (AD533JH) sell for less than $6 in hun-
dred lots! The next few years will see “garden-variety” IC multi-
pliers selling at prices not much higher than those of today’s
general-purpose IC op amps.

QOther generic differences are small size and high reliability. The
small IC packages (both the hermetically-sealed ceramic dual in-
line package and the hermetically-sealed TO-100 can) offer signi-
ficant savings of space in all applications, some of which would
not even be possible using the modular discrete-component pack-
age. (Such devices as the AD532, needing no external trims or
other components, offer the ultimate in small size). The increased
potential reliability of monolithic assembly techniques, relative to
their equivalent modular functions, has been amply documented.

Because discrete-circuit modules are not limited in either circuit
complexity, physical configuration, or package size, they continue
to offer performance advantages over their IC counterparts, but
the gap has already narrowed to negligible proportions for general-
purpose moderate-bandwidth 1-2% devices. Where state-of-the-art
accuracy, speed, stability, and/or ease-of-use must be obtained,
modules are still (at this writing) the first — and perhaps the
only — choice.

Modules using discrete circuitry can employ pulse-modulation cir-
cuits to obtain errors less than 0.1%, while present IC devices,
using variable transconductance, are limited to +0.5%, with exter-
nal trim. (“Cross-feed” trims can reduce this by a factor of 2, as
explained in Chapter 3-2.) The pulse-modulation technique, inher-
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ently more accurate, is difficult to employ in integrated-circuit
form, because of the stringent demands it imposes on circuit com-
ponents produced on a monolithic chip. However, new approaches
to IC multiplier designs hold considerable promise for the future.

Discrete designs can also take advantage of monolithic matching of
selected elements as building blocks, providing combinations that
are difficult to come by with reasonable yield on a single mono-
lithic chip, at today’s state-of-the-art. On the other hand, auto-
matic laser trimming of IC multipliers, on the chip, can help make
IC multipliers more competitive in price/performance/convenience.

In the area of dynamic performance, IC transconductance cells
are inherently wideband (as incomplete current-to-current devices).
Complete monolithic multipliers are generally limited to a few
MHz of bandwidth because of limitations on the speed of lateral
PNP transistors used in the level-shifting output amplifier. Incom-
plete current-output devices (so-called multipliers, but actually
just current cells) require moderate numbers of external compon-
ents, including a level-shifting amplifier, all of which tends to
reduce speed, as well as to contribute additional errors that must
be added to the errors of the basic monolithic device. The eco-
nomic choice between basic transconductance cells, with consider-
able external circuitry, and modules or complete IC’s with guar-
anteed performance, tends to favor the latter, except for specific
non-precision high-speed application areas where the nature of
the current cell is not a barrier to its use.

The IC multipliers discussed in this book are complete self-con-
tained operational blocks, requiring only a power supply, trims
(in some cases), and normal circuit-implementation techniques to
obtain working circuits.

Finally, there are differences in testing philosophy that affect the
performance of IC multipliers. The cost of production-testing
- module-type multipliers manually is not a large part of the cost of
these devices. On the other hand, in order to realize the potential
cost savings of IC multipliers, automated test procedures are an
absolute necessity. The principal drawback of automated high-
speed testing is that there is insufficient warmup time to allow all
parameters to reach their final values. Consequently, both predic-
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tive techniques and conservative safety margins must be used by
the manufacturer (i.e., Analog Devices) to make sure that the
user achieves the guaranteed specifications in a normal, fully-
warmed-up circuit application. The bonus for the user is that quite
often the devices he purchases from a conscientious IC manufac-
turer may be considerably better than the specifications would
indicate.

DESIGNING IC MULTIPLIERS

It is only within the past five years that the basic circuit config-
urations were devised which made accurate monolithic multipliers
possible. It took about two of these years for the industry to
provide the means of fabricating devices having errors of a magni-
tude that would be competitive with discrete-component circuit
modules.

The key technological factors that hadto be awaited were:

L. Near-ideal NPN transistors exhibiting high current gains, close
matching, and very close conformity to ideal logarithmic
junction characteristics over wide current and temperature
ranges.

Linear, stable, close-tolerance monolithic resistors.

An important factor that helped monolithic multipliers attain
performance standards suitable for general-purpose applica-
tions is the better understanding of subtle sources of errors
arising from the chip layout, such as thermal effects, non-
negligible resistance of the aluminum metallization, non-
matching of apparently identical transistors, etc.

Both the user and the designer of monolithic nonlinear circuits
are faced with the need for compromises. Those problematic
factors that concern the designer are:

1. The complete system, comprising input amplifier(s), the
main functional core, the output amplifier, and all auxiliary
circuits, such as reference-voltage and bias supplies, must be
achieved with whatever devices can be concentrated on a
chip no larger than, say, 80 mils (2mm) square.
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All the power generated by the circuit has to be dissipated by
a relatively small package, in contrast to the substantial size
and mass of a discrete-circuit module. So the compromise
between high load-driving capability, on the one hand, and
negligible warmup and long-term drifts, is especially severe.
In addition, the close thermal coupling between the power-
dissipating output stage and the temperature-sensitive loga-
rithmic devices calls for very careful layout to minimize ther-
mal unbalances between critical transistor-pairs.

Some very useful components are just not available. Selected
devices, such as computer-matched transistors, calibrated and
guaranteed reference diodes, and fast, high-gain PNP transis-
tors obviously cannot be incorporated into the design. The
most serious problem is the bandwidth limitation caused by
the use of lateral PNP transistors; most of the other problems
can be satisfactorily dealt with.

The number of adjustments needed to get the device within
its stated accuracy must be minimized. Apart from their in-
convenience for the user and their adverse effect on produc-
tion costs, each external adjustment requires a minimum of
one bonding pad and one package pin, both of which are
usually at a premium (one bonding pad consumes as much
area as a typical NPN transistor, and an extra pin may make
a low-cost 10-pin version of a device unobtainable). On-chip
resistor trimming is feasible (and is used successfully in pro-
duction of the AD532), but it does add t? production cost.
Thus, the considerations involved in minimizing worst-case
tolerances take on an added importance in monolithic design.

But IC’s pose opportunities as well as problems. The advantages
for the user are low cost, small size, and high reliability. For the
designer, they include:

1.

Low incremental cost for adding useful circuit refinements.
The addition of even a single matched transistor pair to a
discrete design would require very careful consideration and
would be expected to increase both the material- and the
labor- cost of the module noticeably. In contrast, the inclu-
sion of additional monolithic transistor pairs would not make
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a substantial difference to the cost of either materials or
labor; it could even lower the total cost by ensuring that a
greater proportion of the chips (i.e., yield) performed pro-
perly. For example, quite complex circuits can be used to
generate a precise voltage reference to replace the calibrated
zener diode used by the module designer. In fact, there is
every possibility that such circuits, pioneered by engineers
battling with the apparent “limitations” of the monolithic
medium, will become the preferred type of voltage reference
for future discrete modules.

2. Another advantage of the monolithic approach is, ironically,
a result of the very close proximity of components on a chip
that also causes the difficulties listed under (2) above. It is
the unexcelled matching and temperature-tracking of devices
as processed, that is, without the need for selection. As the
technology has matured, these factors are tending to become
a secondary source of inaccuracies, rather than the dominant
source that they once were. Thus, trimming and testing costs
of the monolithic product will continue to decline, in rela-
tion to the available performance.

So much for the generalities. Let us now take a closer look at the
way a monolithic circuit designer approaches the operational
requirements.

COMPARING CIRCUITS

Suppose we wish to design a 4-quadrant multiplier of medium
accuracy (say, 1%) having a small-signal bandwidth of about 1MHz.
We might begin by listing some of the techniques available and
consider their properties in relation to the feasibility of mono-
lithic fabrication.

Quarter-Square. This method requires two precision squaring
devices and several operational amplifiers to generate sums and
differences. Once the classical approach to precise high-speed
multiplication, it does not have much to commend it for mono-
lithic implementation; in any event, the technique is practically
obsolete, even for module designs. In fact, low-cost multipliers
are now perhaps the best way of performing the squaring opera-
tion!
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Pulse Modulation. This method would require very high carrier
frequencies to achieve 1MHz signal bandwidth and is rather diffi-
cult to adapt to 4-quadrant operation. Also, several connections
to external capacitors would probably be necessary to provide
various timing and filtering functions.

The Hall Effect. 1t is possible to make Hall plates* with standard
NPN processes, but they are not optimum, and the output product
is a signal at the millivolt level (*““The Hall Effect is a small effect™).
A rather strong magnetic field that responds to one of the variables
is a necessity; and the two input channels have greatly differing
dynamics.

Antilog-of-sum-log (Chapter 3-2). This method can certainly be
used in a I-quadrant monolithic realization. Some objections, how-
ever, are that the full four-quadrant capability calls for a substan-
tial increase in complexity over the l-quadrant case, speed is a
function of signal amplitude, and a relatively-large number of
amplifiers are needed.

Current-ratio (linearized variable-transconductance). This method
is uniquely suited to the medium and is used in practically all the
monolithic multipliers on the market today. It is simple, basically
temperature-insensitive, and operates on differential current signals
to achieve four-quadrant operation directly. Bandwidth is inher-
ently wide; it is limited in practice only by the output amplifier,
which uses lateral PNP transistors to achieve level-shifting.

DESIGN CONSIDERATIONS

Let us now sit in the designer’s chair and see how the monolithic
aspects affect his approach to applying the current-ratio cell. The
basic core has already been described (Chapter 3-2), but it is
instructive to recast it slightly to emphasize certain points.

Figure 1 shows a typical monolithic version; many others are pos-
sible. Notice that the two “linearizing diodes” are actually only a
*The Hall Effect: If current flows through a conductor and a magnetic field is applied at

a right angle to it, an orthogonal voltage will be developed across the conductor pro-

portional to the product of the current and the flux density. The proportionality
constant {“Hall Coefficient”) is a function of the material and the conductor’s con-

figuration.
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pair of emitters in a common collector-base region. This is one of
the ways the designer reduces the chip area; an extra emitter can
consume as little as 5% of the area required by a fully-isolated
transistor. A similar conservation of space is possible by noticing
~ that pairs of output transistors Q4-Q6 and Q3-QS5 share common-
collector regions. Again, if separate transistors are replaced by put-
ting two emitter-base structures in a single collector region, the
area increase is only about 30%.

PRODUCT
OUTPUT

COMMON
COLLECTOR

REGIONS \\\

s mJ) 4 05 Q6
A

COMMON /

BASE
REGION

Qi

XINPUT Y INPUT

Figure 1. Circuit of monolithic multiplier cell. Compare this ‘
with @1, Q2, Q3 in Figure 11, Chapter 3-2.

These six junctions are placed close together on the chip and must
have exactly-matched emitter areas. Often, large emitters are used
to reduce the effects of process tolerances. However, there is a
need to compromise, because although isothermal matching may
improve with emitter size, the larger devices become more widely
separated, increasing the probability of increased sensitivity to
thermal gradients on the chip; it can be shown that each centigrade
degree between certain pairs can introduce 0.07% distortion.
Another reason for limiting the emitter area is to maintain a rea-
sonable cutoff frequency.

Area-matching in the multiplier core is of paramount importance,
for two reasons. First, it can be shown that a ImV offset between
these junctions can cause a parabolic nonlinearity of about 1% of
full scale to be superimposed on the product. Second, offsets
introduce large zero-errors, referred to the inputs, because of the
large amount of degeneration needed to handle +10V signals; the
ratio is about 200, so a 1mV transistor mismatch becomes 200mV
at the X or the Y input (or both — it all depends on where the
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mismatches arise). Furthermore, this zero-error has a kT/q kind of
temperature dependence, amounting to nearly 0.7mV/°C in the
example just given. High-quality processing and thoughtful layout
have done much to take the sting out of these problems, and new
circuit tricks are being added to the designer’s repertoire which
permit him to completely eliminate all but a trace of residual
mismatch.

Another source of errors in this simple cell, which seldom con-
fronts the module designer, arises out of the difficult topology
and attendant interconnection problems of the circuit (try to con-
nect everything up on paper without introducing any crossovers;
and you must get all input- and output nodes outside the circuit).
This is not the place to delve into the interesting ways of dealing
with this problem; but as an example of the care that must be
exercised, consider the consequences of using a rather circuitous
route for one of the aluminum interconnects. At 50mQ per square,
a length difference of 20 mils (1/2mm) in a 0.5 mil (1/80mm)
track amounts to a resistance inequality of 2Q. If this conductor
is carrying 1mA, a differential voltage of 2mV is generated. Inside
the critical junction loop of Figure 1, such a mistake would ruin
any chances of achieving distortion levels of even 1%.

Avoidance of excessive ohmic drops is also a contributing factor
to the choice of sub-milliampere operating levels for these tran-
sistors. The effect of these drops on linearity explains why VHF
multipliers, which need to operate at much higher currents to
maintain bandwidth, usually exhibit inferior linearity to instru-
mentation circuits.

Compensation for errors introduced by finite current-gains (beta)
provides another example of the way in which the monolithic
designer can take advantage of the medium. In this case, it is that
betas of devices all over the chip tend to match up and to track
with temperature. It can be shown that the circuit of Figure 1
introduces a scale-factor error which is three times the « error.
That is, if Q3 through Q6 had o«’s of 0.99 (Beta = 100), the over-
all gain error would be -3%. Although this could be initially trim-
med out, any variation of beta, especially at low temperature,
would introduce a scale-factor shift. Fortunately, state-of-the-art
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processes consistently produce transistors having betas of several
hundred, so this is not a severe problem. High-accuracy multi-
pliers can take advantage of beta-tracking (and of the current-
ratio principle) to employ compensation circuitry which maintains
a very stable scale factor, even over the military (-55°C to +125°C)
temperature range.

This has been just a brief look into some of the ways the design
of monolithic multipliers differs from that of their discrete coun-
terparts. A full treatment of the subject has never been published,
and possibly never will, because of its highly-specialized nature.
Most of the topics just discussed in relation to multipliers apply
just as well to other nonlinear circuits based on logarithmic junc-
tions, particularly those involved in ratio and power-function
generation. The comparison with discrete circuitry is equally per-
tinent.

SPECIFICATIONS AND CHARACTERISTICS

Since both IC and modular nonlinear function circuits share com-
mon design principles and are used for the same kinds of applica-
tions, and since the operational guidelines for most IC nonlinear
devices were set in terms of their modular forebears, it is not sur-
prising that few differences exist in their specifications. In fact, if
one bears in mind that (except for the ADS532, at this writing)
the IC device is specified under externally-trimmed conditions —
usually the adjustment of four variable resistors (for those devices
that include the output amplifier) — then the only differences are
those that exist between any IC and the equivalent modular func-
tion (warmup time, power dissipation, size, cost, etc.) Therefore,
the definitions, established in Chapter 3-2, of feedthrough, non-
linearity error, gain error, accuracy, etc., apply equally to both
IC and modular function-circuits.

Modular circuits, using pulse-width/amplitude modulation prin-
ciples, multiply with maximum errors below 0.1%; the best of IC’s
(at this writing — it is necessary to reiterate this cavear, because of
. the rapidly-expanding limits of the IC state-of-the-art), using the
transconductance principle, guarantee that multiplying errors will
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be less than 0.5%. However, the best IC has a typical accuracy
(error) vs. temperature specification of 0.01%/°C, due to the
excellent temperature tracking inherent in IC construction (a
comparable number to that for modules). Modular multipliers
offer small-signal bandwidths of 10MHz and minimum slewing
rates of 120V/us; the best performance of a current-output
(incomplete) IC multiplier, over a limited range, is 6MHz and
30V/us, and for voltage-output IC’s 1MHz and 45V/pus.

There are on the market several nonlinear IC devices that essen-
tially provide only the basic transconductance multiplying func-
tion, with a resulting low-level current output signal that requires
the addition of an amplifier and a number of passive components
to achieve a usable signal level. This externally-applied circuitry
provides its own sources of error (as well as cost), the amount of
which depends to a great extent on the choice of active and pas-
sive components and the circuit-design virtuosity of the user. In
this case, then, the manufacturer cannot provide a guarantee of
overall accuracy, but must limit himself (in a manner similar to
that of general-purpose, many-degree-of-freedom devices, such as
op amps) to specifying individual parameters. It is important to
note that Analog Devices has principally chosen to opt for com-
mitted circuitry: all AD IC multipliers are complete-on-a-chip cir-
cuits, including the output amplifier, and are thus guaranteed for
overall performance.

NONLINEAR IC’S vs. IC OP AMPS

Many readers of this book will reach this point with a background
of experience in the applications of functional devices, whatever
their mode of manufacture (from “bottles” to chips). But there
are also many whose experience with analog (“linear’) circuits is
pretty much limited to IC op amps. It may be helpful for the
latter to consider the following comparison of qualitative differ-
ences between nonlinear and ““linear’ analog integrated circuits.

In the vast majority of both nonlinear and linear (i.e., op amp)
applications, accuracy of signal reproduction is the specification
of greatest concern. Due to the many degrees of freedom of op
amp circuits, however, itis rarely that the manufacturer can satisfy
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this concern with a single specification that guarantees the user
his required accuracy. The specifications that contribute to overall
accuracy: input bias current, offset current, input voltage offset,
voltage-offset drift, CMRR, etc., all add up to different errors,
depending on the particular way (of many) in which the op amp is
used, Thus, the very-general nature of IC op amps hinders the
manufacturer in any attempt to guarantee an overall accuracy
specification. He must constrain himself to specifying such param-
eters as I, E, Gain, CMR, etc., and leave the determination of
overall accuracy to the user.

Nonlinear function IC’s, on the other hand, perform rather specific
tasks. Though their applicability is wide: automatic gain control,
true rms, vector summation, absolute value, ratio measurement,
etc., in almost all cases they are hooked-up in the same way, and
perform the same function, be it multiplying, dividing, squaring,
or square-rooting. The multiplicity of degrees-of-freedom, that
prevents the IC manufacturer from providing a relevant overall
accuracy specification for op amps, does not exist in the case of
nonlinear-function IC’s. Thus the user is freed from the often-
laborious and sometimes confusing requirement that he calculate
the circuit’s worst-case accuracy error before considering the many
parameters that must be traded-off. Except for instances where he
is seeking performance levels considerably better than the overall
specification, the need to understand, interpret, and calculate the
effects of such partial specifications as feedthrough, nonlinearity,
and scale-factor error (which are provided nevertheless) is elim-
inated by their measurement and inclusion in the guaranteed over-
all accuracy specification.

As noted earlier, though, overall accuracy can be truly guaranteed
only when the signal that is the result of the particular nonlinear
manipulation is received at the output of the device at a level that
requires no further processing or amplification (excluding external
trims, the effects of which are included in the specification). The
point is that partial-multiplier circuits must be treated as many-
degree-of-freedom devices, and the overall performance calculation
must include the effects of components added externally, but not
included in the manufacturer’s specification.
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TESTING AND SELECTION

The test circuits given for multipliers in Chapter 3-2 are universally
applicable from a technical point of view. However, where multi-
pliers are produced (or consumed) in volume, the integrated-circuit
device, with its low cost and high production volume, has made it
necessary to turn to computer-controlled automated testing sys-
tems, in order to keep the costs commensurate with manufacturing
costs by less handling and higher throughput. The automated test
system can make more measurements, in a shorter period of time,
sort the devices into a number of different categories, and do it
without the need for skilled test technicians in routine operation.

A typical bench test of a modular multiplier may involve the
setting-up of three pieces of equipment, inserting the module into
a socket, manipulating a number of switches (or interconnections),
making (say) 10 measurements, and classifying the module (if
that particular module has more than one classification) —a pro-
cedure which may consume one minute (or more) per device.

Temperature testing requires loading the modules onto boards,
which are then put into an environmental chamber and adjusted at
room temperature. The chamber (‘““oven”) is then brought to each
test temperature, and more measurements are made. Temperature
testing thus requires an additional minute per device per temper-
ature level, plus setup time and stabilization time.

On the other hand, the automated test system, after an initial
investment in (equipment and) time for writing and debugging the
program, can perform about 5 times as many measurements in as
little as two-to-three seconds per device. When combined with an
environmental chamber and data storage, such as magnetic tape,
the temperature testing and drift testing (which involves calculat-
ing the differences between the same tests at two different
temperatures) are also performed in a very short time (about 1
second). In addition to the critical parameters, the high rate of
testing allows checking of less-important (but still guaranteed)
parameters such as power consumption, bias currents, output
swing into a load, and maximum ratings.
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The use of automated handling equipment, interfaced to the test
system, provides for more-efficient use of the test system by
reducing insertion time to less than 1 second.

Automated testing, however, is not a panacea; it has its problems
and limitations. One of these is that, with such fast testing, the
device does not have enough time to reach its normal operating
temperature. This can usually be compensated for by testing to a
tighter limit than that which is guaranteed. This obviously neces-
sitates discarding some devices which otherwise might meet all of
the specifications (or placing potential premium types in a lower-
price category), but the saving in test time far outweighs the yield
loss caused by insufficient warmup time.

The major difficulty in testing multipliers is performing the three
null adjustments and setting the scale factor (1/Vy = 0.1/V), in
order to be able to perform the accuracy, linearity, and feed-
through measurements. The basic technique used with the auto-
matic system is to vary each null voltage by means of a program-
mable dc source, in response to a successive-approximation routine
written into the software, while the measurement system monitors
the output. When the proper output level is reached, the null
voltage is stored by a sample-hold, the programmable source is
switched to the next null terminal, and the process is repeated.

For gain tests, rather than adjusting the scale-factor by setting an
attenuator on the Y input (of the AD530 or AD533), as a user
might do, the automatic system adjusts the programmable signal
source to the Y input voltage required to give unity transfer from
the X input to the output. This value of voltage is then used later
to establish the Y input during the various tests that call for the
full-scale value of Y.

To avoid an iterative null routine, where the nulls must be
repeated, or fine-tuned, the adjustments are performed in the
proper order, viz., Y feedthrough (0 X Y, trim X,), X feedthrough
X X 0, trim Y), E,, (0 X O, trim V), and scale factor.* It is
accomplished by using a sample-and-difference technique to mea-
sure the output-voltage changes in response to the input signals,
while ignoring the output magnitude (untrimmed offset voltage)
*This process straightforwardly zeroes the output, including the effects of both the

Zysand X, Y terms in equation 13, Chapter 3-2.
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during the adjustment of “linear” feedthrough (see Figures 34
and 35, Chapter 3-2).

For example (Figure 2), in nulling the Y feedthrough, the X, S-H
is gated into the frack condition, essentially connecting the pro-
grammable voltage source to the X, pin of the multiplier. At the
same time, the X input is set to zero, and the Y input is alter-
nately switched from +10 to -10V. The output (+Y) is subtracted
from the output (-Y). When the difference is zero, the successive-
approximation routine is stopped, and the X, S-H is put into
hold. The differencing technique eliminates dc offsets and also
prevents the untrimmable component of feedthrough, due to
multiplier nonlinearity, from affecting the null.T The whole null
procedure, involving all four adjustments, takes about 1 second
to perform.

VOLTAGES MULTIPLIER

FROM
PROGRAM CONTROL UNDER TEST
Vxt ———————e—d X xv 2
LT Eg :_—> Eo
Vy —r——— -l ¥ T0
Xo Yo 2o COMPARATOR
Vaps. SAMPLE
HOLD

SAMPLE
HOLD

SAMPLE
HOLD

Figure 2. Connections to multiplier in automatic test circuit
For temperature testing, the measured 25°C null voltages are
stored on magnetic tape and later played back to establish proper
25°C null conditions for each multiplier, as it is tested at the
extremes of its rated temperature range. This technique closely
simulates the user’s circuit conditions (pots set at 25°C), while
allowing the use of automatic handling equipment with resulting
throughput of the order of 500 devices per hour. With this test
setup, performance over the temperature range can be both
guaranteed and verified by testing of 100% of the devices.

Test systems such as this, though few and far-between (at this

writing, it is believed to be unique with Analog Devices), account
13 eedthrough nonlinearity is quadratic for these devices, as noted in Chapter 3-2.
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for the excellent quality/price ratio of complete monolithic multi-
pliers, and for the maintenance of applications-oriented specifica-
tions.

DYNAMIC TRIMMING

Until the introduction of the AD532, integrated-circuit multi-
pliers required several external components to allow adjustment
to within the specified tolerances. Such adjustments are costly
for the user to implement (compared to the basic price of the
device), and they introduce additional potential for thermal and
accidental errors.

By the combination of the micro-machining capability of a laser
with an automatic measuring and positioning system, it has become
possible (and economically feasible) to adjust the multiplier off-
sets and scale factor by changing the values of on-chip thin-film
resistors. The result is an integrated-circuit multiplier which can
be plugged in and turned on, with no adjustments or external
components required.

Figure 3 is a block diagram of an automated dynamic-trim system
developed at Analog Devices. The coordinates of the starting-
and stopping-point of each resistor to be trimmed are stored on a
continuous loop of punched tape. The device position control
reads the tape and positions the device under the laser beam by
applying a number of pulses to digital stepping motors driving an
X-Y table. The power and control logic module applies power and
input voltages to the device in a sequence determined by the logic.
It also conditions the output of the device and feeds it to the
measurement and trim control system, which determines when the
output of the device has reached the desired value; it then, via the
control logic, turns off the laser beam. The measurement approach
used is similar to that described above in relation to the automatic
null and test system.

The laser beam, which is coherent light concentrated in a small
area to generate a high energy density, oxidizes part of the resis-
tor, causing its resistance to increase permanently.
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Figure 3. Laser-trimming system configuration

Figure 4 is a simplified schematic of a multiplier cell. In normal
operation, a constant voltage is applied at the -X input to adjust
the offset of the X-input transistor pair. In dynamic trimming, the
X inputs are held at zero volts (so is the ~Y input), while the +Y
input is switched between a specified + voltage-pair. The laser then
increases the resistance of either R1 or R2, which adjusts the cur-
rent balance in the stage for minimum linear feedthrough. This is
measured by phase-sensitive chopping and filtering of the device’s
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Figure 4. Simplified schematic of multiplier input circuit
showing feedthrough and scale-factor trim resistors
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output; the laser is turned off when the output of the filter is
zero, indicating equal feedthrough at both input levels. The feed-
through for the +X input is adjusted in a similar manner by holding
the Y inputs and -X at zero and increasing the resistance of
either R3 or R4.

The offset voltage is zeroed by adjusting one of a pair of resistors
in the on-chip output amplifier. All inputs are set to zero volts, and
the resistance is increased until the output reaches zero volts. The
scale factor is set by increasing Rg, which is deliberately made
slightly low, while the errors are monitored for maximum input
values in all four quadrants. The resistance is increased until the
total four-quadrant error is minimized. Because this adjustment
affects the offsets, it is necessary to repeat the offset trimming a
second time (fine trim) in order to insure the best-possible yield
vs. cost.

Once the device has been plugged in and aligned to the X-Y table,
the trim procedure is completely automatic.

APPLYING: PRACTICAL USE OF IC’S FOR BEST RESULTS
HINTS

While especial attention is given to the accuracy, feedthrough, and
linearity specifications, and their minimization, the best efforts of
the manufacturer, and the cost paid by the user, may be wasted
if the device is improperly scaled, interfaced-with, or adjusted.

Scaling. The effects of offset drift and cubic nonlinearity and
feedthrough can be minimized by scaling inputs and outputs to
give full-scale voltages at their respective peak values. Parabolic
nonlinearity is the most-prevalent type in transconductance multi-
pliers, and it can usually be greatly-reduced by the methods of
Figures 14 and 15 in Chapter 3-2. Low-level input signals should
be preamplified to, say, £10V to insure best accuracy and dynamic
range.* Figure 5 shows the use of op amps as followers-with-gain
to provide both isolation and scaling of high-impedance low-level
signals. Inverting amplifiers may be used to adjust gain in applica-

*Note that if both inputs are scaled to half-scale, instead of full-scale, 3/4 of the dynamic
range is wasted. If the output of the circuit must be only 1/4-scale, it is better to use an
additional attenuator following the multiplier’s full-scale output.
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tions where the polarity relationships require inversion, for
example, if a divider requires negative denominator input from a
positive signal.

R Ky —1) Ry
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Figure 5. Op amps as followers-with-gain to scale multiplier
inputs to £10V

Buffering. If either signal source is at high impedance, the input
impedance of a multiplier may result in significant loading error.
This is composed of specified resistance levels, bias current (and
its variation with time and temperature), and the added shunt
resistance of any resistive voltage dividers introduced for scaling
purposes. In such cases, the source should be buffered by a
follower-connected op amp, especially if the amplifier can also
provide needed amplification.

Trimming. Most multiplier data-sheets provide trim procedures
for optimizing performance in various modes: multiplication,
division, squaring, rooting, etc. For some modes, certain trim
adjustments can be eliminated. Trims may even be incorporated
into adjacent portions of the circuit, if appropriate, and the device
trim-terminals grounded, to minimize overall error of a circuit
containing the multiplier.

The use of cross-feedthrough trims has been mentioned early in
the chapter, as a means of squeezing the best performance out
of a low-cost device. Usually, only an X trim is necessary; Y feed-
through is close to the point of diminishing returns.

Since internally-trimmed devices are almost never exactly “on”
the design-center setting, performance can be improved in critical
cases by introducing external trims. Trimming may be used
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preferentially to improve performance in those quadrants where
accuracy is most important.

Finally, if the multiplier is a crucial element of a very high-preci-
sion circuit, calling for overall error less than 0.1%, it may be
feasible to keep a high-accuracy multiplier at constant temperature,
map out its error surface, and use several low-cost multipliersin a
function-fitting configuration (Chapter 1-1) to simulate the error
surface and subtract it from the output. In the past, such a sug-
gestion could be considered a speculative fantasy, but with the
low cost of today’s multipliers and the availability of high-powered
computing techniques to test conceptual models, the cost and
time involved may be by no means prohibitive.

KINKS

Power-supply decoupling capacitors are often built into discrete-
component modules; but it is not practical to include them on an
IC chip. As in the case of IC operational amplifiers, it is good
practice to use them routinely, especially for designs involving
high overall gain in the circuit. Bypass capacitors, at each device,
should be located as close to the device as practicable, but never
through a switch or circuit-board edge connector, which can
introduce undesirable series inductance. A typical configuration
is a 0.01uF ceramic, in parallel with a 1-10uF tantalytic, from
each side of the supply to common.

Some care may be necessary in locating offset-adjustment poten-
tiometers. Since long lead lengths may introduce undesirable
effects, the adjusting potentiometer should be as close to the
device as feasible.

Integrated circuits can be particularly sensitive to capacitive load-
ing. While good design dictates that general-purpose devices
should be (and ADI’s are) capable of driving 500 to 1000pF worth
of capacitive loading at any output level without modification,*
it may be wise to include some resistance in series with the load
(Figure 6a) or to add a suitable buffer (Figure 6b) whenever

* .- .
Not all manufacturers see this in the same light
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larger capacitive loads are anticipated. For the AD530, 531, 532,
and 533, the series resistance should be of the order of 100%.
(Caution: when the nonlinear function cell and its amplifier are
connected in a feedback configuration to obtain the inverse func-
tion, for example, the square-root (AD530, 532, 533), the capaci-
tive loading capability may be adversely affected because the loop
gain is doubled at high levels.)

A word about warmup shifts! The large thermal mass and greater
power-dissipation capability of modular function circuits generally
results in cooler operation and smaller warmup shifts. IC function
circuits, on the other hand, may have a large power-to-volume
ratio, depending on the circuit complexity, and can run quite
warm. Thus, the user should allow a 5-10 minute warmup time
(in free air) before performing final trim adjustments or measure-
ments of device accuracy to specifications. Warmup effects can be
reduced by perhaps an order-of-magnitude if the device is mounted
in a heat sink.
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Figure 6. Isolating large capacitive load to prevent multiplier
from oscillating
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PITFALLS

Unlike discrete modular devices, the inherently high reliability of
integrated circuits can be easily compromised by applications
abuses. As shown in Figure 7, the “‘circuit board” for IC’s con-
sists of a P-doped substrate with P-doped isolation barriers that
are biased at the negative-supply voltage level to provide the neces-
sary isolation between circuit elements. When the power supply
is off, the isolation is reduced and the chip is left vulnerable to the
voltage stresses present at its input(s) and output. It is for this
reason that most IC manufacturers state that the absolute maxi-
mum input and output ratings are +V, which strongly implies
OV with £V =0.

Some IC’s, such as the AD531, incorporate input-circuit protec-
tion. Many don’t. Worse than failing, unprotected input transis-
tors may simply change their parameters, a change which can be
manifested in terms of increased bias current (decreased beta) or
voltage offset.

P-DOPED ISOLATION
BARRIERS

¢ ¢
o]

Figure 7. Bipolar 1.C. construction, using junction isolation

//////
.

Although failures are not generally a problem when the inputs
are less than =1V, and are never a problem when Vyy is less than
V, = 0.5V, higher input levels can be accommodated by using
input/output protection circuits, such as those shown in Figure 8.
While the 1kQ series resistors alone will often suffice, the diode
clamps to the supplies provide certain protection, except when
the supplies have been switched off.
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Figure 8. Protection of I.C. device against overvoltage. Diodes
protect against voltage spikes, and resistors protect against
power-off stresses.

ON THE HORIZON — AND BEYOND

The field of IC nonlinear devices is a largely virginal field within
the rapidly-expanding analog (“linear”) IC industry. As recently
as one year ago, only one self-contained 4-quadrant multiplier!-
(AD530) and several multiplier cells had been introduced. It was
noted earlier that while monolithic matched-transistor techniques
are ideally suited to transconductance and log-antilog circuit
techniques, the missing complement — on-chip precision resis-
tors — have only been available for the last three years. The
utilization of precision thin-film monolithic resistors, in conjunc-
tion with the superbly-matched devices that are characteristic of
silicon semiconductor technology will in the long run make
available scores of new circuits, both linear and nonlinear, in
addition to the three basic families of multipliers (AD530, AD531.
ADS532) now available, and the AD7520 multiplying D/ A converter.
Laser trimming (exemplified by the AD532, which permits opera-
tion to rated accuracy without any additional components) adds
a key capability to the nonlinear IC device-manufacturing process,
adjustability. With effective utilization of this capability, the only
deficiency that appears to pose fundamental limitations is speed.

Even the speed frontier can be crossed by going to dielectrically-
isolated, dynamically-trimmed IC’s. With such combined process-

l«gelf.Contained I.C. Multiplier/Divider,” by R.S. Burwen, NEREM 1970 RECORD,
p. 56, Boston Section IEEE,

2ep Complete Multiplier/Divider on a Single Chip,” by R.S. Burwen, Analog Dialogue,
Vol. 5, No, 1, January, 1971.

&
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ing capabilities, 10MHz, dynamically-trimmed, <0.5% multipliers
(complete-on-a-chip) become possible.

However, even before such combined techniques are ultimately
exploited, circuit- and device-design ingenuity will make available
a wide range of analog circuits that rely for precision on mono-
lithically-matched active devices and dynamically-trimmed depos-
ited thin-film resistors. For instance, it appears likely that careful
exploitation of currently-available technology will soon make
available multipliers with errors in the 0.1% range, using variable-
transconductance techniques.

Other more-specialized multipliers will also appear for limited-
polarity, wide-dynamic-range, high-accuracy applications. New IC
device structures, not yet put into practice commercially (and
which depart radically from conventional circuit concepts), hold
out the prospect of marked improvement of one of the funda-
mental limitations of transconductance techniques — noise.

Along with refinements in the multiplier/divider art, IC’s will
soon provide high-accuracy log-antilog operations, with the poten-
tial of growth comparable to that witnessed by the industry in
multiplier/dividers (and still in the accelerating stage). The first of
such products will be available at the time this book sees the light
of day. Such circuits are eminently integratable. Also, more-
complex functions that depend on multiplication, division, or log
operations, e.g., true-rms, vector-sum, and precision AGC loops,
will soon appear as single chips.

Thus, the future of “nonlinear” “linear integrated-circuits” is
exceptionally bright. A rough analogy can be established between
the development of these basic nonlinear circuits and the history
of op amps (the basic linear circuit) as follows: the “multiplier
cell” techniques brought us to the 709 level, while the AD532
has brought us to the 741 stage of development, the point at
which op amps became practical for widespread application. It is
not unsafe to predict that the wave of op amp development that
followed the 741 and led to hundreds of different IC amplifiers
for virtually every application will be paralleled by a similar rapid
growth in the usage and proliferation of nonlinear IC’s.



Discontinuous
pproximations

Chapter 5

In this chapter, circuits used for obtaining piecewise-linear
input-output relationships will be discussed. Examples of such
relationships include piecewise-linear function fitting, absolute
value, dual-mode linear responses, and sign-magnitude-to-bipolar
conversion. There will also be a brief discussion of digital aids to
analog function fitting.

Often, a nonlinear response can be conveniently simulated or
linearized by a circuit with a response that is neither curvilinear
nor linear, but is built up into an approximation of the desired
response by changing the gain of the circuit as input (or output)
thresholds are crossed.

Piecewise-linear approximations to curvilinear functions were.
introduced in Chapter 2-1 (Figures 15 and 16), and an application
to a linearization problem was plumbed in Chapter 2-3 (Figure 7).
To ensure high accuracy and sharp breakpoints (the latter is not
necessarily an advantage), operational amplifiers and diodes in an
“ideal diode™ configuration were suggested; but they are not the
only way. This chapter considers the problem in a somewhat wider
circuit perspective.

BREAKPOINTS

If a diode can ideally be considered as a polarity-sensitive switch
having zero voltage drop when positive voltage is applied, and zero
leakage current when negative voltage is applied, it can be used
with bias voltages and resistance networks to construct an op-amp
circuit with a controlled nonlinear response.
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a. Series breakpoints — input
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¢. Series breakpoints — feedback
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—AAA— =

d. Shunt breakpoints — feedback

Figure 1. Series and shunt breakpoints generated in input and
feedback circuits of single op amp
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Figure 1 shows the input output-relationships for circuits having
ideal series and shunt breakpoints, in the forward and the
feedback paths. In all cases, the diode and reference are biased and
circuited to cause the diode to conduct when the input has
increased beyond the threshold.

The threshold, referred to the input, is equal to Eg for the diode
in the forward path, and Eg, divided by the gain, for the feedback
path (in the plots, it is simply referred to the output).

The degrees of freedom include: series vs. shunt circuits, choice of
the input vs. the feedback path, and choice of polarity of both
reference voltage and diode connections, as well as the choice of
resistance ratios.

For additional breakpoints, similar circuits, with graduated values
of Eg;, are connected between the summing point and either the
input or the output. The series connection is often preferred,
because it is easier to get extremely high resistance in the off
condition than negligibly low resistance in the on condition.
However, the shunt circuit has the advantage that the reference
source can be grounded (hence driven by an op amp output if a
variable threshold is desired).

If the desired function does not go through the origin, an additive
bias can be summed at the amplifier’s summing point, via a
resistor, to relocate it. Its effect can be viewed as a translation of
the function along the input or the output axis, depending on the
location of the breakpoints.

Additional monotonic shapes are available by changing the
polarities of the reference and/or the diodes. Figure 2 shows the
ideal responses available with different combinations of polarity in
the series input case. Figure 3 shows the effect of reference
polarity with multiple slopes. Note that zero output at the origin
is obtained when the reference and the diode are of opposite
polarity (input zero); if the reference and the diode are of the
same polarity, the extrapolated R¢/R, response passes through the
origin, but the break occurs before it reaches zero. If zero output
is desired, a bias can be added at the summing point, as mentioned
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A complete array of shapes can be catalogued by

considering all combinations of polarity, series vs. shunt, and input

vs. feedback.
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Figure 2, Effect of reference and diode polarity on input-
output relationship, series breakpoints, input circuit
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Figure 3. Effect of reference polarity on multiple slopes

The above-mentioned shapes all have monotonic derivatives, i.e.,
they are all concave-up or concave-down. However, by combining
degrees of freedom, it is possible to obtain reversals (and ideally,
many reversals, depending on the references and gains).* Figure 4
shows a single reversal, employing series input and feedback. Note
that an input bias is employed to obtain zero output for zero
input.

Eo
DION, Viy +Epy >0 D2 ON, Eq+Eqz <8 / 10N
Rin Re D2 OFF
—AW AN R {D10FF\.a— Be__ Re
Eq1 R1 D1 D2 R2 Enz R 102 OFF R By
Vin WA —D— — Vi
AR -
I Rg e Eg
e Ve  Eaq l ’ LS D1 0N
e = Rin Ry D2 ON
RB R‘ p———
T 1

Figure 4. Use of input and feedback breakpoints to obtain
reverse slopes with single amplifier

*But the incremental slope is always negative unless the + input is driven.
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PRACTICAL CIRCUITRY

There are several problems in putting the ideal circuits mentioned
earlier into practice:

1. The references are shown floating. It would be desirable to
have them derived via resistance networks, starting with a
single (preferably grounded) reference. This would allow a
good, stable power supply to also serve as the reference.

2. Diodes have appreciable voltage drop when conducting
(about 0.51 V). Instead of their having a clear-cut threshold,
the behavior is logarithmic. Over a 100:1 range of current
variation, the threshold shifts by at least 120mV at 25°C,
with a thermal shift of about 2mV/°C. From 1mA down to
10uA, series resistance increases from 2582 to 250082. -

Figure 5a shows the basic elements of a circuit that can func-
tion in either the forward or the feedback path of an opera-
tional amplitier. It answers objection 1. The ideal threshold of
conduction is at Vyy =Eg R;/(R; +R,) for the first break,
Vin =Er Ry /(R; +Rp) for the second break, etc. The incre-
mental gains are R¢/R,, R¢/R;, R¢/R,, etc. Thus, the break points
depend on the reference. Diodes D, and Dy limit the reverse
swing of D1, D2, etc.

My Vet = 3
\ = " g
R1 BR1 R1 I RA R
v
IN Ot D1 Vgra = —LER
. | Rz + Rs
A
Da ) R INCREMENTAL GAINS
R2 = Re R Ry
D2 Ro Ry ' Ry
Rg
Eo
-Eg O-
R Ds
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b. Compensated high-speed piecewise-linear function fitter

Figure 5. Shunt-biased, series diode piecwise-linear function
fitter a} in principle, b} with first-order temperature compensation

Figure 5b shows the same basic circuit, but with the added benefit
of first-order compensation for the diode drops and their variation
with temperature.

If the breakpoint must be sharp and located precisely, with
near-zero drift, an “ideal diode” feedback circuit, employing
diodes in the feedback path of an operational amplifier for
polarity sensing only, may be used as a dual-mode circuit
(Figure 6). In the circuit of Figure 6, if the net input current
Vin /Ry + VR /R, is positive, diode D1 is turned on, D2 is turned
off, and the output (1) is

R3 R;
Vl =—'E1—VIN —T{:VR (l)
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If output (2) is unloaded, or loaded only to common (or a virtual
ground), its output is zero, since D2 is turned off and no current
flows in R2.

Vin g AAA——

Ve O

Figure 6. Ideal diode circuit

If the net input current is negative, D1 is turned off (output
(1) = 0), D2 is turned on, and output (2) is

R, R,
Vv, "R, Vin~R, Vr )

Thus, the output of the circuit at (1) is zero for all Vyy less than
-Vgr (R; /R;) and proportional to positive values of the difference;
output (2) is zero for all Vyy greater than —Vy (R;/R4) and
proportional to negative values.

Either output can be used as an incremental <“ideal-diode™
breakpoint in a system which sums a number of breakpoints;! the

! See Figures 15 and 16, Chapter 2-1 and Figure 7, Chapter 2-3.
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two outputs (R, #R;) summed together provide a two-slope

response, with the break at —Vy (R; /Ry). A bias can be summed
into the summing amplifier to offset the break point (Figure 7).

R1 R3 RS R6

Vi O AAN AN AAN G AAA
R2 R4
—AAA——g
R7
Vi O—0—AM 2

.|§__|+ >
..|__1
!

Figure 7. Ideal diode in high-accuracy dual-mode circuit

CURRENT SWITCHING

The circuit of Figure 8 is an “ideal diode” with current output.
When Vyy is greater than Vg, the amplifier output drives the gate
of the enhancement-mode FET with whatever voltage is necessary
to maintain the voltage across R equal to (Viy — Vr) =Ig . When
Vin is less than Vg, the FET shuts off, and the diode conducts
away the reverse current from Vi through R to maintain the
voltage at R equal to V.
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il %

Veo

Vin = Vg .
loyr =——%—

Vin = Vr}=0

lour

D)

Figure 8. Unidirectional linear voltage-to-current switch

SPEED IMPROVEMENT

All of the above “ideal-diode” circuits are relatively slow: at the
break point, the output must slew through a dead band of two
diode drops; and charge stored in a capacitive load requires time to
discharge through the feedback resistor in the off condition.
Though the circuit has a low dynamic impedance while con-
ducting, it must contend with greatly-reduced loop gain while
switching at high speeds—first, because of the amplifier’s reduced
open-loop gain, second, because of the increased loop attenuation
due to the high diode impedance near zero.

In the circuit of Figure 9, the switching diodes have been replaced
by transistors Q2 and QI, which saturate when the net input
current becomes positive or negative, respectively, and maintain
the output near ground. The circuit is considerably faster than the
diode circuit, because the output impedance is always quite
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Figure 9. Low-output impedance “ideal-diode” circuit

low—in the saturated condition, it is about 582, and in the active
region, it is even lower, about 0.012. D1, D2, R1, and R2 can be
adjusted to minimize the dead zone. The output offsets of Q1 and
Q2 in the saturated condition will be about 10mV.

This circuit can be connected as a full-wave mean-value circuit by
connecting a differential low-pass (R-C-R) filter across the two
outputs, and subtracting to obtain the average of the rectified
input. It will provide reasonably accurate measurements at fre-
quencies as high as 100kHz.

ABSOLUTE-VALUE CIRCUITS

Many uses of absolute-value circuits have been discussed in earlier
chapters. They include measurements of magnitude, conditioning
of signals for input to one-quadrant multipliers and other
nonlinear devices, measurements of mean absolute deviation,
full-wave rectification, vector computation, etc. Absolute-value
voltages can be made available in either positive or negative
polarity (Figure 10).
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Eo N
]
={=Vin) +Vin . ¢ - Vi
e
o Vin —Vin —{Vin)
a) Positive absolute value + | Vyp | b) Negative absolute value — | Vp |

Figure 10. Positive and negative absolute value

The circuit of Figure 11 is a typical absolute-value circuit. It
comprises an ideal-diode and a differencing circuit. For positive
input voltages, Vg =0, V4 =-V;y(R3/R;), and the output is

g =RaRsy 3)
o R 1 R 4 IN
Rz V. Ra =v, RS
M\ AMN—————A NNy
v Rl ¥ o1
™ O—Wv—c_ Ve >—4r—0 Eo

=7, ¥ o2 >

Ny

Ve

Figure 11. Practical absolute-value circuit

if all resistors are equal. For negative inputs, D1 is open, D2
conducts

e R @
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and

E,=V3 1+‘R-3+—R; ] &)

Again, it can be seen that if all resistances are equal, the right-hand
sides of both equations will be 1%Vy (multiplying (4) through by
R;); hence E, =—Vyy. Therefore, the output will be equal to Vi
if positive and —Vyy if negative, or +HVinl

POLARITY DETECTION

Quite often, it is useful to have a polarity signal, as well as the
absolute-value output. For example, to use a one-quadrant
multiplier as a four-quadrant multiplier, it is possible to take the
absolute-value of both inputs, and compare the polarities in an
exclusive-or gate (“0”, first and third quadrants (+), “1”, second
and fourth quadrants (-)). A sign-magnitude-to-bipolar circuit
may be used to restore the polarity, if desired. Another appli-
cation is in sign-magnitude A/D conversion, using a unipolar
converter,

The circuit of Figure 11 may be followed by the polarity
detection circuit shown in Figure 12, which makes use of the
2-diode-drop transition region at the output of Al to derive a logic
signal as a function of polarity. The output of the circuit will be
positive-true “1”” when the input signal is positive, and *“0” when
the input signal is negative.

Vg=+5V

POLARITY
SIGNAL

2N4275

Figure 12. Polarity output signal from ideal-diode circuit
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SPECIAL-PURPOSE ABSOLUTE-VALUE CIRCUITS

Figure 13 shows a high-input-impedance absolute-value circuit,
making use of an ideal diode circuit and an adder-subtractor. The
negative inputs of both amplifiers must follow the positive inputs.

R Vg R/2

2445

Viy

5 g2

Vin

Vin & L 2

Figure 13. High-input-impedance absolute-value circuit

When V;y is positive, the current Vi /R to ground is supplied by
D1; D2 is off; therefore no current flows through any of the other
three resistors, and E, must follow Vyy. When Vjy is negative, D2
conducts, D1 is off, and Vy =2Vy. The output is (+3Vy — 4V )=
—Vin» @ positive voltage; therefore E; = [Vyl.

Figure 14 is a circuit that takes the absolute value of a differential
input voltage and converts it to a current. It operates in similar
fashion to the current-switching circuit of Figure 8, but responds
to full-wave inputs. It is useful as an input to devices that call for
current inputs, such as integrating meters and logarithmic multi-
plier/dividers.

INPUT

VOLTAGE
Vin

Figure 14. Differential high-input-impedance vol tage-to-current
absolute-value circuit
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SIGN-MAGNITUDE TO BIPOLAR

Figure 15 depicts a circuit that will accept a positive magnitude
signal and a negative-true polarity signal; at the output, it provides
a bipolar signal with polarity determined by the inputs.

(MATCHED TO Q1)

MAGNITUDE
INPUT

Eo

BIPOLAR
OUTPUT

+Vs

Q1 2N4392

SIGN
INPUT

&

...Vs

Figure 15. Sign-magnitude-to-bipolar circuit

When the FET switch, Q1, is off, the amplifier Al operates as a
unity-gain follower, with performance limited by the common-
mode performance of the amplifier, and the impedance level of
the input resistors (bias current and noise pickup). When the FET
switch is on, the positive input signal is shunted to ground, and the
amplifier functions as an inverter. Since Q1 does not have zero on
resistance, there is some leakage of signal to the + input terminal.
However, it is almost exactly compensated for (over a wide
temperature range) by the resistance of Q2, the FET in series with
R2. Improved accuracy can be obtained using 3 equal R’s, and
adding a second matched FET in series with Q2.

A NOTE ON DIGITAL TECHNIQUES

The read-only memory can be thought of as a “digital function
fitter,” since it can be programmed to fit (in pointwise fashion—
2"—1 points) an arbitrary function of an input digital number
(“‘address™).
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It is natural to consider the possibility of converting to digital,
applying the digital number to a ROM, and (if necessary)
converting the modified digital number occurring at the output of
the ROM back to analog. It may (or may not) be more
cumbersome than purely analog function fitting, and the discrete-
ness of the fit may (or may not) be undesirable. Costs for both
digital and analog techniques are coming down, and the issues are
not clearly definable, since experience and inclination can weigh
equally with marginal cost differences.

However, there are applications that involve conversion anyway,
where consideration of a ROM for linearizing may be especially
appropriate. For example, in a conventional dual-slope integrating
system (used, typically, in digital panel meters), the signal input is
integrated for a fixed number of counts. Then a reference voltage
is applied to the integrator in the opposite polarity, and the
number of counts required for the return to zero from the initial
condition established by the integrated analog voltage, is a
measure of the average value of the analog voltage.

For compensation and linearization of transducers, it is possible to
use a D/A converter to adjust the reference-voltage level (Figure
16). The D/A converter is fed by a ROM, which has as its input

INTEGRATOR
Cc
INPUT (____
SWITCH

COMPARATOR
INPUT
(FROM
TRANSDUCER}

SWITCH -~

D/A
CONVERTER

it

LATCH

PROGRAMMABLE AND
READ-ONLY COUNTER DISPLAY e

4
BCD QUTPUT

a. Block diagram of linearized dual-slope A/D converter
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27 -1 DIFFERENT
REFERENCE LEVELS
(SLOPES) POSSIBLE

b. Waveforms of linearized dual-slope converter

Figure 16. Analog-digital transducer linearizing circuit and
A/D converter

the counter output. As the count increases during integrator
discharge, the ‘“‘address™ (i.e., input number) to the ROM changes.
The ROM’s programmed output changes, depending on the
program, and feeds the D/A converter a number, which.is
converted to an analog reference level, which modulates the rate at
which the integrator is discharged. Using this approach, there can
be as many as 2" — 1 integrator rates, where n is the number of
bits used by the ROM and the D/A converter.

With this technique, individual transducers can be linearized and
gain-compensated. First, the transducer output can be calibrated,
by feeding its output and the true measurements into a computer,
which can generate a paper tape of the program needed by the
ROM. The tape can then be used to program a field-programmable’
ROM. The ROM can then be shipped with the transducer (it can
even bear the same serial number), much as calibration curves have
been in the past. At the same time the transducer is installed, the
ROM can be installed in a compatible A/D converter; in this way,
the output of the A/D converter will be completely matched
(linearized and gain-compensated) to the individual transducer to
which it is committed (or multiplexed).






tional Devices:
owers & Roots

Chapter 6

A perhaps unfamiliar, but nevertheless very useful, nonlinear
device is the multi-function circuit. It combines multiplication
and division with the ability to raise a voltage (or voltage ratio)
to an arbitrary positive power or negative (reciprocal) power.
The magnitude of the power may be greater than unity (“power™)
or less than unity (“root™). A good example of such a multifunc-
tion circuit (and the first to appear on the market) is the Analog
Devices Model 433. Its transfer function is

10 \A )m 1
B - (3 “

where
E, = Output voltage, > 0
Vi, Vg, Vg =Inputs, =0
Ergr = Constant = +9V

m = Any number in the range 0.2 to 5, set by the ratio of
two resistors, e.g., m = 2.72, or m=0.318

A reference voltage, equal in magnitude to the constant, Egxgp, is
available as an input for operations involving only one or two
variables, or for other purposes involving a reference voltage.
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This combination of the three functions, multiplication, division,
and exponentiation, within one small (38 X 38 X 16mm) module,
yields computing power comparable to that of a small algebraic
analog computer, or a log-log slide rule.

The multifunction circuit can bz easily connected to perform
many different functions, as determined by the choice of inputs,
jumpers, and (for exponents) resistors. Among the available func-
tions are:

1.
2.

3.

7. Reciprocal power

Multiplication
Division

Squaring

Square-Rooting

Root of ratio

Power of ratio

or

or

or

E, =KV, V,
E, = K(V,/V,)

E, =KV, V,(V, =V,)
E, =K V2
E, =K V,/E,

E, =K V,/E,
E, =K V>

VZ

m
EO=KVY(—) m<1

V,

X

v »m
E0=KVY(T,L) m> 1
X

VAT V. \-m
Book% () =k (5)
X z

In addition, there are other functions that can be performed by a
single multifunction circuit and a modicum of external components

8. True rms (Chapters 23,37)  E, =K V, V,/B, =1/KVa,

Vy =V, =0



36 POWERS & ROOTS 371

9. Vector sum (Chapter 2-3) E, =y/V;2 + v,?

Vi,V, >0

10. Trignometric Functions E, =K tan~! SOAN
(Chapters 2-1, 2-3, and 2-5) E,=Ksing

Two factors account for the versatility of the multifunction circuit:

1. Log-antilog operating principle: Powers and roots can be
easily generated by adjusting the gain of either the log or antilog
- portions of the circuit (or both). In the divider connection
(m =1, Vy constant), the log-ratio input section provides good
accuracy over a much wider dynamic range than is possible with
linear ratio circuits. A comparison of the multifunction circuit,
as a divider, and a conventional “inverted-multiplier’” divider cir-
cuit (Chapter 3-3) is shown in Figure 1.

CONVENTIONAL 0.1%
MULTIPLIER/DIVIDER
EXTERNALLY TRIMMED
TO 0.05%

200 -

MODEL 433 WITH NO
50 EXTERNAL TRIM
b

DIVIDER OUTPUT ERROR (mV)

T T =T
0.1 1 10

DENOMINATOR INPUT (Voits)
Figure 1. Divider error as a function of denominator level:
multifunction circuit {m = 1) compared with an “inverted-
multiplier” circuit.

2. Three variable inputs are useful: The ZY/X transfer func-
tion makes possible implicit solutions, through the use of feed-
back, of equations such as those for root-mean-square and vector
addition. The additional variable also makes possible two-variable
multiplication or division with voltage-adjustable scale factors,
and direct implementation of such equations as the ideal gas
relationship, involving pV/T.
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CIRCUIT DESCRIPTION

The multifunction circuit is shown as a simplified schematic dia-
gram in Figure 2 and an operational block diagram in Figure 3.
It is in many ways similar to the log-antilog multiplier-divider
circuits described in Chapter 3-2 (Figure 20) and Chapter 3-3
(Figure 20).

Amplifiers Al and A2 and dual-transistor Q1 are connected so
that the log of the ratio of input voltages V, and Vy (the differ-
ence of their logarithms) appears at the base of Q1B, multiplied
by the usual kT/q. The antilog circuit is basically the log circuit
in reverse: the input is applied at the base of Q2B, and the output,
at A3, is proportional to the exponential of the input-times-the
reference-current established by D1, R4, and A4. Since the argu-
ment of the exponential is multiplied by q/kT, the temperature
effects are cancelled out.

Ra + Ra
VX)RB + Bc

_— MW

x

E
L 0 Eper =9V, R4=R3 <—%“>

(FACTORY TRiM}

Figure 2. Simplified schematic of the multifunction circuit

The symmetrical arrangement of the circuit provides very low
scale-factor and offset drift, independent of the denominator
(Vy) input level. The scale-factor stability is limited primarily by
the zener reference, D1, and the relative drifts of resistors R1
through R4,
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EXTERNAL RESISTORS ARE
CONNECTED HERE TO ADJUST m.
AS SHOWN IN FIGURES 4,5, 8,9, 11.
AdBQC: DIRECT CONNECTION YIELDS m = 1.
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Figure 3. Functional block diagram of Model 433
POWERS AND ROOTS

The distinguishing feature of the multifunction circuit is its ability
to take roots or powers of voltage ratios (with one or both
voltages variable).

Any exponent between 1/5 and 5 (e.g. 1/4.73, 1/3, 1/2, 1/1.7,
1.05, 2.0, 2.1, etc.) can be obtained by attenuating or amplifying
the log of the ratio of the Z and X inputs that appears at point
“A” in the circuit of Figure 2. Negative exponents are obtained
by interchanging the signals applied to the X and Z inputs.

Ap
RC+RB

Figure 4. Connections for 1>m =

Connections for the “root mode” (exponents less than unity) are
shown in the partial circuit of Figure 4. The resistive divider R,
Ry, attenuates the log of the ratio of Z and X before the antilog is
taken in the output section. The exponent m is equal to the
attenuation, Rg /(Rg + R¢).
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Rp
v, \™ v, \"B*Re
- —Z) = —£ 3
EO—KVY(VX) —KVY(VX> 3)

) = RA + RB
Figure 5. Connectionsfor 1< m=—___—_
Rp

Connections for the “power mode” (exponents 'greater than
unity) are shown in the partial schematic of Figure 5. In this case,
since the feedback voltage is attenuated by Ry/(Rg + R,), the
gain, m, is (1 + R, /Rg). Therefore

R
1+g2

V,\ ™ V,\ B
5 =1y (5) =xv%(3) (4)
X

X

Figure 6 shows normalized plots of the function for several repre-
sentative values of m, Vx =10, Vy =Eg gr. Asmight be expected, for
m = 1, the response is linear with a slope of unity. For m > 1, the
slope increases from zero at V, =0 tomat V, = 10V. Form <1,
the slope decreases from “infinity” at zero to m at V, = 10V.
Thus, while “powers” are quite stable, with a maximum gain of
5 at full scale, “roots” become less stable as the input approaches
zero (resulting in greatly magnified noise and drift), but are quite
stable for larger values of the input ratio. Fortunately, the multi-
function circuit has very low noise and drift, referred to the input,
so that over a 100:1 range of input (V, = V,), the errors at the
extreme exponents (1/5 and 5) tend to be small. This can be seen
in Figure 7, a plot of output noise vs. denominator at constant
ratio.
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Figure 6. Output vs. input for several values of the exponent, m
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Figure 7. Output noise vs. denominator voltage (unity ratio)
for the 433, compared with noise output of inverted-multiplier
divider (log scales)

Since incremental input noise, referred to the output, is approxi-
mately proportional to the slope of the function, it is useful to
know the input level at which a given slope (of the curve in
Figure 6 corresponding to the desired m) occurs. This is deter-
mined by differentiating the exponential relationship, setting the
derivative, dE /dz (where z = V,/V,), equal to a specific value of
G (the slope or gain), and solving for the corresponding value of
z, 1.e., z(G), at which it occurs.



376 NONLINEAR CIRCUITS HANDBOOK

1/(m—1)
©-()

m

&)

The values of z corresponding to various orders-of-magnitude of

G are listed below:

m 2(G=1) z(G=10) z(G=100)
1/5 0.134 0.008 0.0004
1/4 0.157 0.007 0.0003
1/3 0.192 0.006 0.0002
1/2 0.250 0.0025 0.00002

1 all values

2 0.500 5.0 50.0

3 0.577 1.826 6.77

4 0.630 1.357 2.92

5 0.669 1.189 2.115

A convincing demonstration of the efficacy (and repeatability)
of the multifunction circuit can be seen in Figure 8. Two 433
multifunction circuits are connected in cascade; the first is set
for m = 1/5, the second is set for m = 5. The input to the first
is a 0 to +10V SHz triangular wave. The output of the first, as
expected, has the characteristic Sth-root relationship sketched in

Figure 6; it is equal to 10(Vy,/10)1/5.

2viv.
Vix

TRIANGULAR

GENERATOR
010V
5Hx

SCOPE
2DV

2| S0ms/DIV

+10.000V
REFERENCE]

Figure 8. Fifth root and fifth power cascaded
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The output of the second 433 is a triangular wave with little
apparent distortion, except in the vicinity of zero. Its response of
10(E01/10)5 inverts the fifth-root response of E01 to achieve a
linear overall response.

Tailoring the Range of Exponent-Adjustment

11 5 Q +15V
+0.1V - Vo +10V REF Vs
10 4 O GND
v o——————~—Y 9 .
3 f——0 -15V
x X 433 -Vs b
8 2 E
ry ouT o
7 1
& c va\™
Vio 6 Eo=10{ 2
z Vx
OV < Vz <410V
oy 1. m- 5
2= Vx £ 3
a% B3 j00% s
50082 1%
?21551 10 TURN, WITH ?22532
TURNS-COUNTING 19
1% DIAL *

ADJUST POTENTIOMETER TO SETM TO
DESIRED VALUE USING GRAPH IN FIGURE
10 OR EQUATION {8)

* Figure 9a. 433 multifunction module computes continuously-
adjustable power or root of ratio

1 5 fo—
REF Ve
16 4 l—0
Y G
9 3 f——0
X 433 ~Vs
8 2 oo
R& A ouT ™
RS ml "I E°=‘°(,—g )
V2 i z] ¢ 1
10k 493 l<mss
1% 5
ADJUST
R3 m
< Vz<+10V 0% 100%
5000 1%
R < 10 TURN, WITH > R2
TURNS—COUNTING
1% bial 1%

ADJUST R4 FOR Eg = +10.00V WITH V= +10.00V.
ADJUST M POTENTIOMETER FOR DESIRED VALUE
OF M USING EQUATION 8 OR GRAPH OF FIGURE 10.

Figure 9b. 433 multifunction module takes continuously-
adjustable power or root of single variable

F('gure 9. Wide-range exponent adjustment
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For some purposes, it is useful to allow the exponent to be
adjusted through unity without rewiring or switching. This can
be easily accomplished with a single potentiometer, connected
as shown in Figure 9a (V, and V, beth variable) or Figure 9b
(V, only variable), to allow a range of continuous variation of m
from 1/5 to 5. Sucn an arrangement is especially useful for linear-
izing and curve-fitting, since the pot can be adjusted until the
output waveform has the desired shape. The exponent may then
be read to within +5% (or better) by the use of the calibration
curve (Figure 10).

) 433
02 03 04 05 060708091 2 3 4 s
100 10.0
—'/
80 20
-
’f
80 7 8.0
’
70 / 70 &
5 /7 g
& 60 60 O
w -
S o iy
g %0 s0 2
= o
= 40 40 2
Q o
3 2 S
* 30 v 30 "
20 P 20
A
10 10
‘f
'} ( " it 0
101 1 1 1 2 3 4 5
5§ 7 3 3

EXPONENT m (LOG SCALE)

Figure 10. Potentiometer rotation as a function of exponent,
m, for the circuits of Figure 9, using 433

For example, suppose that the setting of the pot that produces
best linearity (in a linearizing application) is experimentally found
to be 3.20 turns. Referring to Figure 10, one finds that for 32%
rotation, the calibration curve shows an m of 0.6. Thus, the
empirically-arrived-at optimum exponent turns out to be 0.6:

E, = 10(V,/V,)*® (6)
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The calibration curve can also be used to preset a desired expo-
nent. Suppose, for example, that a transfer function of

E, = 10(V,/10)" M

is desired. First, set up the circuit of Figure 9b, then determine
the setting of the exponent potentiometer from Figure 10. In
this case, m = 1.5 corresponds to about 64%. Set the pot to
6.40 turns.

If an accurate calibration of m is desired, a high-quality 10-turn
pot with less than 0.1% nonlinearity and an accurately-calibrated
turns-counting dial should be used. Resistors R1 and R2 should
be matched to 0.1%, and should exactly equal 1/4 of the total
resistance of the pot. Under these conditions, if « is the fractional
rotation of the pot, the relationship between « and m is

_1+4a 5m—1 (8)

M54 “TEm+D

as plotted in Figure 10.

R - (Rg + Rp)

Figure 11. Configuration for arbitrary range of adjustment
of the exponent, m

For smaller ranges of exponent adjustment, the potentiometer
circuit may include resistances on either or both ends of the pot
to tailor the range of adjustment to within the desired limits.
Figure 11 shows how this may be accomplished. The design equa-
tions for R, R, and (R — Ry — Rp), in terms of the minimum
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and maximum values of m and a chosen value of pot resistance are:

ﬁ= 5 —mmax (9)
R 4 +mg..)
R=R 1-*_rnmin
Y .
5 Ry o (1,Rs (10)
4 R min 4 R

The ratios Rz /R and R/Rp are calculated from the maximum and
minimum values of m. Then, a suitable (low) value of Rp is chosen,
R is computed, Ry is computed, and (R — Rp — Rp) is estab-
lished.

Table of Exponents and Ratios

Table 1 shows a set of calculated values of (V,/V,)™, for the
integral (and their reciprocal) powers from 1 to 5, to facilitate
checks on the accuracy of the power/root setting.

TABLE 1
TABLE OF EXPONENTS AND RATIOS

{V,/V,)™ as a function of V,/V, and m [in E =KV, (V /V,)™]

KV, = 10V, except as noted for values of V,/V, >1
x

Yma;
\m—> 15 1/4 13 1/2 1 2 3 4 5
VIV, ¢
0.01 0.398 0.316 0.2155 0.100 0.010 0.0001 - - -
0.025. 0.478 ¢ 0.3975 0.2925 0.158 0.025 0.0006 - - -
&< B 0.05 0.5495 0.473 0.3685 0.2235 0.050 0.0025 0.0001
Ve 0.1 0.631 0.5625 0.464 0.316 0.100 0.0100 0.0010 0.0001
0.25 0.758 0.707 0.630 0.500 0.250 0.0625 0.0156 0.0038 | 0.0010
0.5 0.8705 0.841 0.7935 0.707 0.500 0.250 0.125 0.0625 | 0.0312
1.0 1. 1. 1. 1. 1. 1. 1. 1. 1.
20 1.1485 1.189 1.260 1.414 2.000 4.000 8.000 16.000 | 32.000
(KVym“) (8.706) | (8.409) | (7.937) | (7.071) | (5.000) (2.500} ) (1.250) (0.625) | (0.312)
Xi >1 5.0 1.3795 1.4955 1.710 2.236 5.000 25.000 | 125.00 625.00 3125
Vy (Kvanx ) (7.248) | (6.687) | (5.848) | (4.472) { (2.000) (0.400) |  {0.080} (0.018) | (0.003)
1.585 1.7785 2.1545 3.1625 { 10.000 | 100.00 }1000.0 10,000 -
(Kvymax) {6.310) (5.623) (4.642) {3.162) (1.000} {0.100} (0.010} {0.001) -
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Square-Root Circuit

While the square root may be computed by setting m = 1/2, it
is also possible to compute the square root with m = 1, saving the
cost of a precision resistor-pair. This is done by an implicit solu-
tion, with the output voltage fed back to the denominator input,
as shown in Figure 12.

E, = 10(V,/V,)! = 10(V,/E,) (11
E2=10V, (12)
E, = (10V,) 12 (13)

ERROR=25mV*0 3%E

10 vz
=2
Bo=g Wy
A B [o]

1 7 5 BUT Vy =9V, Vx = E,
X
o—is 2 ~E =/T0VZ
vz 433 <+
INPUT O——16 e= yiove E
Y REF °

Figure 12. Square root circuit using divider with feedback

Figure 13 is a plot of the error of the 433 connected in this
configuration, compared with the “inverted-multiplier” square-
root circuit, using a conventional 0.1% multiplier/divider. For
low values of input (< 0.1V), the multifunction circuit is con-
siderably more accurate.

CONVENTIONAL 0.1%
MULTIPLIER/DIVIDER

N
8
1

EXTERNALLY TRIMMED
TO 0.05%

—

o

o
1

100

MODEL 433 WITH NO
50 EXTERNAL TRiM

SQUARE ROOT OUTPUT ERROR — mV

T T T T — T
0.601 001 [X] 1 10
INPUT (Volts)

Figure 13. Square root error of 433 compared with square-
root error of inverted-multiplier divider connected for
square-rooting
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In general, the multifunction circuit can obtain the m/(m + 1)
power of V, by this feedback technique, but its usefulness is
limited, since it “‘uses up” the denominator input, and, in any
event, requires a pair of resistors that could be used to imple-
ment the power m' = m/(m + 1) directly.

SPECIFICATIONS

Specifications of a representative modular multifunction circuit,
the Analog Devices Model 433J/B are listed in Table 2. The
general format is similar to that shown for the multiplier and
divider specifications discussed in Chapters 3-2 and 3-3; it will
not be reviewed in detail here, except for specific pertinent
comments.

General Expression: The transfer function is listed as

m

g, =10y (.Yi) 14)
9 Y\V,

The coefficient ‘9™ is initially set at 9.0V *5% to match the

reference output voltage Vypp. Thus, if the reference voltage (or
a calibrated equivalent voltage) is applied to Vg,

E, = 10(%) " (15)

The transfer gain may be trimmed to a value less than (10/9 +5%)
by adding resistance in series with the Y input; a 25k€2 variable
resistor is the usual vehicle for settings near unity.

Input Range

The input signal range to the Y, Z, and X terminals is 0 to +10V,
positive only; i.e., the 433 is a one-quadrant (I) device that will
not respond to negative input voltages or produce negative output
voltages. Nevertheless, the Maximum Safe input voltage rating is



* Terminals short circuit protected to ground only.

3Accuracy is specified in divide mode which is s worst case condition.
Input range is 10mV to 10V for specificd accuracy when connected

25 s multiplier.

®Error is defined as the difference between the measured output and
the theoretical otuput for any given pair of specified input voltages.

Specifications subject to change without notice.
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TABLE 2. SPECIFICATIONS OF MULTIFUNCTION CIRCUITS
. o .
{Typical @ +25° C Unless Otherwise Noted).
Model 4337 4338
10 m
General Expression Eo=+ Vy(k) ¢
VREF Vx
Rated Output’ +10.5V @ 5mA \ ®
Input
‘Signal Range 0 KVyx, Vy, V; S+10V, °
Max Safe Input Vx, Vy, Vz <118V °
Resistance
X Terminal 100k +1% ®
Y Terminal 90k £10% A
Z Terminal 100kQ +1% h
External Adjustment of the
Exponent, m << Rg °
Range fotm<1\ (Root) 1/5 1, m Rc+Rp
Ra
Range form > 1 (Power) 1<m<5.m=1+R— @
B
(R1 + Rp) <20002 *
Accuracy (Divide Mode)*'
Total Output Error @ +25°C
(for specified input range)
Typical (RTO) £5mV 20.3% of output +1mV 0.15% of cutput
Max Error (RTO) +50mv +25mV
Input Range (Vy < Vy) 6.01V 10 10V, V; .
0.1V to 10V, Vx .
Over Specified Temp. Range +1% +1% max
Output Offset Voltage
(Not Adjustable)
Initial @ +25°C max 5mV 12mV max
Offset vs Temp. +1mv/°C +1mV/°C max
Noise, 10Hz to 1kHz
Vx=+10V 1004V ms hd
Ve =+0.1V 3004V mms .
Bandwidth, Vy, Vz
Small Signal (~3dB), 106%
of DC Level VyorVg
Vy =V =Vy =10V 100kHz he
Vy=Vy=Ve=1V 50kHz .
Vy =V, =V;=0.1V 5kifz b
Vy =V =V =001V 400Hz ®
Full Output (Vy or V; = SVDC ¥5VAC) (Vx) o (SkHz) hd
Reference Terminal Voltage!
Ve (Internal Source) +9.0V£5% @ ImA °
vs Temp (0 to +70°C) 10.005%/°C .
Power Supply Range
Specified +(14.7 10 15.3)VDC @ 10mA ®
Operating +(12 to 18)VDC @
Temperature Range
Specified 0it0 +70°C -25°C 10 +85°C
Storage -25°Cto +85°C -55°C 0 +100°C
Package Outline FA-7 e
Case Dimensions 1%" x 1%" x 0.62" °
38 x 38 x 16mm
*Same specifications zs 433].
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+18V; though voltages outside its normal range are computation-
ally irrelevant, they will not harm the unit.

Accuracy, Divide Mode
Accuracy as a divider is specified in two ways,

1. as a worst-case, maximum error of *50mV (0.5% of full
scale output)

2. as a small fixed error, plus a fixed percentage of output;
+5 mV £0.3% of actual output, typical

(2) is more closely descriptive of the actual error of the device.
The worst-case £50mV, or 0.5% of full-scale, the customary over-
all accuracy specification, is useful near full scale, but it is overly
conservative at the lower levels.

TESTING THE MULTIFUNCTION CIRCUIT

In the multiplier and divider modes (m = 1), the multifunction
circuit may be tested with the circuits and techniques described
in Chapters 3-2 and 3-3, as they are applied to 1-quadrant devices.
Figures 14 through 17 illustrate tests that are of particular interest
for the multifunction circuit. They test, in this order: divider
errors, multiplier errors, dynamic errors, and exponent errors.

The divide mode accuracy test, Figure 14 shows a single dc refer-
ence driving the denominator directly, and the numerator through

SETVz
‘ A B C
PRECISION | V2
REASONABLY DECADE z
ACCURATE DIVIDER
DC 433 Eg =10 vz
REFERENCE © Vx
Vx
1 X
SET Vx l_.l DM
Y REF 4%
DIGITS

ERROR = Eg~10 -\L-:
Vx

Figure 14. Measuring DC errors of multifunction circuit
in divide mode
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a precise voltage divider. This approach provides a true-ratio input,
independent of the absolute accuracy of the dc reference. It is
especially important that this approach be used for high-accuracy
dividers, such as the 433, since the seemingly-negligible absolute
errors that can exist between two independent dc references can
cause large absolute errors at the divider output.

For example, suppose that we want to test the 433 at V, = 10mV,
V, = 100mV, and that two separate references are used, both
having reasonable accuracy — say, 0.01% of full scale. The
theoretical output voltage should be

0.010
0.100

If the Z reference is high by 0.01% X 10V = 1mV, and the X refer-
ence is low by 0.01%, or 1mV, the actual test that is performed
is

E =10 5~=0.1 X10V=1V (16)

[s]

0.011
0.099 ~

This means that a perfect divider will indicate an output error of
11% (of reading) from the value that would be ideally given by
two perfect references! The numerator is 10% (of setting) high
and the denominator is 1% low, despite the 0.01% specification
on the references.

SETV;

E, =105550=10/9V=1.11V (17)

ACCURATE
REFERENCE

Eo

DVM
Y 2% DIGIT I
;‘Jk E X ReF

VyVy
10

ACCURATE ERROR = Eg —

REFERENCE

1. SET Vy, Vz TO +10.000V
2. apUST R1 FOR Ej = +10.000V

3. SET Vy, Vz TO DESIRED VALUES,

SET Vy comPXRE Eq TO CALCULATED VALUE

Figure 15. Measuring multiplication errors of multifunction
circuit
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The error due to imperfect references can be found and accounted
for by measuring the X and Z inputs directly with a DVM with |
100uV (or better) resolution and good linearity, but it is usually
easier and more satisfactory to use a precise voltage-divider or very
accurate (100uV-or-less absolute error) reference for the divider
inputs.

2.SET - 3.SET
FREQUENCY OFFSET LESS THAN Vx

SINE
4.SET GEN
4. »| GENERATOR

ITH
AMPLITUDE ABC
AMPLITUDE | pc orrseT
OFFSET
2 SCOPE
433 VERT.
Eo
X
N
pc REF
REFERENCE

1.SETVy
Figure 16. Measuring frequency response to numerator

signals, as a function of V. Offset voltage keeps the AC
signal in the first quadrant.

Accuracy as a Function of Exponent Setting (m). This is the most
interesting (and difficult) test to perform, unless you have access
to means of mechanizing the measurement, and an adequate table
of ideal output values for comparison. The best non-mechanized
approach is to measure the output as a function of the input
(or input ratio V,/Vy), point by point, using the test setup of
Figure 17. As noted above, the X and/or Z input voltages (or
their ratio) must be known to an accuracy greater than that of
the device under test. Assuming that the inputs are known, the
actual output can be compared to the theoretical output at
various values of the inputs, or their ratio.

Semi-automated testing, using analog waveforms, may be per-
formed if a unit having greater accuracy than that specified for
the units under test is available for comparison. A slow triangular
wave is fed into the inputs of both devices and the outputs are
compared via a difference amplifier. Another means of automating
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the point-by-point error measurement is to apply the inputs via a
D/A converter, programmed by a computer. The output of the
unit at each point is compared with the computed theoretical
value, after conversion to digital form.

The apparent dynamic range of the 433 depends greatly on the
exponent, m, as discussed earlier and indicated in Table 1. For
example, let V, = 10V, V, =1V

Ifm=1,E,=10(1/10)=1V
Ifm=2,E =10(1/10)2 = 0.1V
Ifm=5,E, =10 (1/10)° = 100uV!

At the other extreme, m = 1/5, the gain of the 433 -  as the
ratio V,/V, = 0. For the above values,

Ifm=1/2,E, =10(1/10)1? =3.16V
Ifm=1/5E, =10(1/10)'% =631V

From these examples, it is evident that forethought and care
should be employed when measuring (and interpreting) the errors
of the 433 in the power and root modes, especially for very low
values of V,/V,. Careful testing will show that multifunction
devices based on logarithmic circuitry can give surprisingly good
results, even at such outlandish powers as Z° and Z1/5.

SETm

SETV,
A N
O QO

O
PRECISION
REASONABLY DECADE |—l 2
ACCURATE DIVIDER 4z ovm
Er 4% DIGIT
REFERENCE x
SETVx Y REF

V. m
ERROR = Eq — 10 (-—‘)
Vx

Figure 17. Measuring DC error of multifunction circuit in
power or root mode.






Root
Mean -Square

Chapter 7

In the introductory chapter and in Chapter 2-3, there were brief
discussions of some properties and applications of the root mean-
square, and typical circuits for implementing the function. This
chapter, after a brief review of the nature of rms measurement,
provides an in-depth discussion of the circuitry used by manufac-
turers of modular rms devices, errors and specifications of rms cir-
cuits, and configurations for testing rms devices.

The root mean-square of any voltage over an interval T is

1 T
rms = —T—fo [FO12 dt )]

The computing process is to square the voltage, f(#), instant by
instant, integrate it over the period T, divide by T to obtain the
mean, and compute the square root. The integration indicated
here is a true time integration, starting with initial conditions at
t = 0, and ending with a measurement at t = T (or after T, if the
final value is retained in the %Zold condition). The desired initial
conditions must be reset (e.g., to zero) before another measure-
ment is made.

While this measurement gives a reading of true rms, it is somewhat
cumbersome for all but one-shot phenomena. More typically, the
waveform being measured is random or periodic and has stationary
properties (including, among other things, a constant rms). If the
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rms is reasonably constant, the mean (of the squared signal) may
be measured by a circuit that responds to the running average. In
its simplest form, it is a low-pass filter consisting of a simple RC
unit-lag circuit, with the RC time constant chosen to be consider-
ably longer than the longest period present in the signal, but short
enough to follow variations in the signal’s rms value without intro-
ducing excessive delay errors.

Three fundamental properties of rms quantities are important to
the instrument designer:

1. The rms is a measure of the heating value of a voltage or
current applied to a resistor; over the interval, T, all waveforms
having the same rms voltage or current will dissipate exactly the
same amount of energy in the resistor, irrespective of their varia-
tion with time. This is true whether the waveform is constant,
sinusoidal, biased-ac, random, or a train of pulses. The rms is a
fundamental physical measurement.

2. The rms value of any stationary zero-mean random pro-
cess is equal to the standard deviation of that process.” Whether
the distribution measured by the electrical waveform involves
electrical random noise or the size of apples on a conveyor belt,
the rms measurement is a valid measurement of the standard
deviation for large sample size. The rms is a fundamental
statistical parameter.

3. If orthogonal or uncorrelated quantities are summed, the
rms of their sum is equal to the square-root of the sum of the
squares of their individual rms values.

The standard deviation is the square-root of the variance from the mean value of a set
of samples, For an infinitely large sampling,

o= \/ [ - m) p(X)dX,

where the mean,

m= j: : Xp(X)dX

and p(X) is the probability that X has a given value.
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Until recently, accurate rms instrumentation was not feasible for
compact, wideband, low-cost applications. A widely-used substitute
was the mean absolute value (or statistically, the mean absolute
deviation). The mav, or mad, is obtained by simply full-wave-
rectifying a signal and averaging the resulting waveform. The table
of Figure 14 in Chapter 2-3 lists a number of waveforms, their
rms and mad values. Table 1 shows similar data for several other
waveforms.

TABLE 1. CHARACTERISTICS OF SOME COMMON WAVEFORMS.
See Chapter 2-3, Figure 14 for Sine, Square, Triangle, Sawtooth, Gaussian
Noise, Zero-Based Rectangular Pulse Train.
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Because measurements on sine waves were widely used, meters
were calibrated to read the rms value of a sine wave, while the
mad was the actual voltage that was measured. Thus, such meters
would read 7/2+/2 (= 1.111) times the mean absolute value. For
waveforms other than undistorted sine waves, this ratio could be
greatly in error: for dc or symmetrical square waves, the error is
11% high; for triangular or sawtooth waves, the error is 4% low;
for Gaussian noise, it is 11.3% low. But these waveforms could be
calibrated, if their nature was known. Much worse is the inability
of such devices to measure waveforms of unknown form or of
variable ‘““duty cycle.” For example, for a train of zero-based
rectangular pulses, the ratio of rms/mad is 2 for a 25% duty cycle,
and 10 for a 1% duty cycle. Figure 1 shows the error of measurement
of rms over one-half cycle of a sinusoidal waveform as a function
of firing angle in a SCR circuit, if 1.111 times the mean is used.
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Figure 1. RMS and mean value of ideal full-wave SCR
output as a function of firing angle ¢

Since the mean square (hence the rms) measures, with accuracy
and consistency, the power in a signal of known or unknown
shape, averaged over a given time interval, it provides valid, univer-
sal, and repeatable measurements of the intensity of random
phenomena, such as acoustic noise, mechanical vibration, and
electrical noise, as well as phenomena characterized by wave-
forms with more determinate shapes.
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Although, surprisingly, even some of today’s “better” voltmeters
still use rms-calibrated mad, a pronounced and rapid swing toward
true-rms instrumentation is now in process. This swing is a result
of two trends: the increased use of time-domain measurements,
and the greatly decreased cost and increased availability of com-
pact truerms instruments. One can buy rms-to-dc converter
modules with accuracy (errors) in the 0.1% to 0.5% class for
about $50. Previously, the cost of classical thermal rms-to-dc con-
verters (of the order of $1000) had restricted their use to the
most-expensive digital voltmeters or specialized true-rms analog
meters.

This restriction to expensive laboratory meters will vanish during
the next few years. The growing market for low-cost portable
digital multimeters and ac transfer standards will undoubtedly
stimulate the demand for accurate and reliable ac measurements.
Users of digital instruments naturally expect good accuracy and
resolution, and they will want the ac-measurement capability of
an instrument to be as good as its dc capability. Portable meters
are generally used to measure complex waveforms in locations
where auxiliary instruments (oscilloscopes and laboratory DVM’s)
are not available; therefore the ac accuracy must be independent
of the waveform.

As noted earlier, rms converters are useful in industrial measure-
ment and control: SCR waveforms, noise and vibration analysis,
and power dissipation in fixed resistors are but a few applications.
However, for variable or reactive loads, average power measure-
ment is performed by instant-by-instant multiplication, followed
by averaging, to obtain the average power (Chapter 2-3, Figure
17). (In such applications multiplication of rms values can lead to
wrong answers.)

RMS-to-DC CONVERTER CIRCUITS

There are, today, three electrical techniques in common use for
performing rms measurements:

1. Thermal, based on the conversion of an unknown voltage
or current to heat in a known value of resistance.
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2. Direct computing: the use of analog-computing techniques
to straightforwardly compute the rms value of an input waveform
by squaring, averaging, and rooting in an open-loop configuration,

3. Implicit computing: a variation of (2) in which the square-
root operation is performed implicitly (i.e., by feedback).

Of these three techniques, the thermal converter is satisfyingly
basic by its nature, but it is difficult to realize. Computing types,
especially those employing implicit square-rooting, can provide
accuracies and bandwidths equalling the best of the thermal con-
verters, usually at lower cost.

'~ THERMAL RMS-DC CONVERTER CIRCUITS

The simplest thermal RMS-dc converter circuit that is useful for
low-frequency (<10MHz) measurements is the fixed-gain, variable-
temperature converter, shown in Figure 2. The input, applied to

HEATER
PROTECTION

Eo

HEATER
PROTECTION

THERMAL/’I-' 7
BARRIER

Figure 2. Thermal true rms-to-dc converter (fixed gain)

resistor R1, causes it to heat up. The circuit applies a dc voltage
to R2, sufficient to cause it to heat up to the same temperature as
R1, and continuously adjusts it to maintain the temperature dif-
ference at zero, as measured by the sensors S1 and S2. If both R1
and R2 have identical thermal paths to the environment, the power
dissipated in both is identical, and, since (KVIN)2 /Ry = (KE, )2 /Ry,

the output
R
E, = ¢ T{i * (Vrus) ()
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The input buffer amplifier, Al, should provide a high impedance
for the input signal, sufficient output current to drive the low-
resistance {10 to 100Q2) heater, R1, and adequate bandwidth (the
amplifier is usually the limiting factor on input bandwidth in
thermal converters, but thermal lag causes settling of the rms to
new values to be slow, especially for decreasing input.

The structure of the heater-sensor assemblies is critical to the
accuracy and bandwidth of the thermal rms converter. Until
recently, the best converters used vacuum-sealed resistor-sensor
assemblies, containing thin-wire-wound resistors and thermo-
couples. It is essential that the wire maintain constant resistance
as a function of temperature, so that the voltage across R2 will
vary linearly with the rms value of V. It is also important that
R1-S1 and R2-S2 be thermally isolated from one another. If a
significant amount of heat from R1 reaches S2 (or S1 from R2),
then the sensitivity of the converter will be diminished, and non-
linearities may be introduced.

If thermocouples are used for S1 and S2, then A2 must be quite
stable — perhaps chopper-stabilized — because of the low (e.g.,
40uV/°C) sensitivity of thermocouples. Some detectors use several
thermocouples in series, but the signal levels are still submillivolt.

Recently, balanced thermal detectors have been developed that use
thin-film resistors for the heaters, and transistors for the sensors.
Since the base-to-emitter voltage of a transistor has approximately
a -2mV/°C temperature coefficient at 25°C, it is nearly two orders
of magnitude better as a sensor than a thermocouple. While this
reduces the performance requirements for A2, the thermal balance,
input amplifier, and settling time problems still remain.

Performance of the “Fixed-Gain” Thermal Converter

Errors can be quite low — typically less than 0.1% of reading for
input signals over a narrow range of amplitudes (usually less than
3:1). Since the power dissipated in the heater, R1, is proportional
to the square of the input rms, a 3.2:1 change of input amplitude
will change the power dissipation by 10:1, which can result in a com-
parable temperature rise. If the input amplitude is increased too
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much, R1 may be burned out. On the other hand, if the signal
level is too low, the temperature rise of R1 will be too small for
satisfactory operation.

The bandwidth of the thermal converter (in terms of input-signal
response) is limited by the bandwidth of the input amplifier Al at
the upper end, and by the thermal time constant of R1-S1 and
R2-S2 at low frequencies (i.e., 1Hz to 10Hz). The converter works
perfectly at dc, since no averaging is required. The thermal con-
verter can therefore be calibrated against an accurate dc reference,
and then used to measure an ac signal (within its bandwidth) of
about the same rms level (within £50%) as the reference.

The limited dynamic range implies a limitation on crest factor
(the ratio of peak input to rms). Since the heaters must be
operated in the upper portion of their dynamic ranges under
steady-state low-crest-factor conditions (such as sinewave inputs,
c.f. =4/2), there is little “headroom” for peaks. For instance, if
a heater-detector works best with 10mA to 30mA into the heater,
and a crest-factor capability of 3 is required, the input buffer
amplifier must be able to supply 30-90mA linearly. At a crest
factor of 5, the requirement is 50mA to 100mA. Even if the
amplifier can supply the current, the heater might burn out if its
instantaneous power rating is exceeded (power is proportional to
the square of voltage or current).

Variable-gain thermal rms-dc converter: The limited dynamic
range and crest factor, and long settling time of the fixed-gain
thermal converter can be substantially bettered by operating the
heaters, R1 and R2, at constant power (temperature). As shown
in Figure 3, the gain of the input buffer-amplifier is manipulated
by the null-sensing amplifier A2 to bring the power in R1 into
equilibrium with the power in R2, which is driven from a constant
voltage Vggp. If the input amplifier has a gain that is inversely
proportional to the control voltage, E,, then the control voltage
will be proportional to the rms of the input voltage. At null,

2
g Y\ 1 Veer’ 3)
E,/J R R,
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Therefore,

4)

Vin [ —_— Al

VARIABLE—
GAIN

AMPLIFIER
{ANALOG DIVIDER)

Figure 3. Variable-gain thermal rms-to-dc converter

The variable-gain thermal rms-dc converter has better dynamic
range and accuracy than the fixed-gain converter, but it shares
some of the same weaknesses. Since it requires fairly large (10mA
to 100mA) currents in the heater resistors, good ground-return
practices should be followed to avoid causing significant voltage
drops in the ground paths.

Since the heater-sensor pairs operate above ambient temperature,
a significant warmup time (5 minutes or more) is usually required
for a thermal converter to reach usable accuracy. The thermal
time constant determines the averaging time, and thus the lowest
frequency (excluding dc) for which rms can be measured
accurately. The averaging time cannot be increased by the use of
low-pass filters (as is the case for computing-type converters). For
this reason, thermal converters do not usually work well at
frequencies below 10Hz.
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DIRECT COMPUTATION

Computing the root mean-square of a waveform requires three
mathematical operations: squaring, averaging, and square-rooting.
They can be implemented in a straightforward fashion, using
multipliers and operational amplifiers, as shown in Figure 4.

SQUARE ‘ I ‘ AVERAGE SQUARE—-ROOT

Figure 4. Explicit RMS circuit

This scheme, which embodies explicit computation is unsatisfac-
tory, tor several reasons. '

1. Cost and complexity: It requires two multipliers, or a
square-rooter, plus an op amp.

2. Limited dynamic range: The output of the squarer will vary
over a 10,000:1 dynamic range (1mV to 10V) for a 100:1 instan-
taneous-input range (0.1V to 10V). Since the input multiplier will
have errors greater than 1mV, the error will strongly depend on
signal level, resulting in an overall dynamic range less than 100:1,
probably only 10:1. In this respect, the direct-computing rms
circuit shares similar dynamic-range limitations with the fixed-
gain thermal converter. Despite these limitations, the direct com-
putation of the rms value can be made quite accurate over a 10:1
range of input. If a 0.1% multiplier is used as the squarer, and a
high-accuracy square-rooter (e.g., 434B) is used, an error level of
+0.1% of full scale can be achieved.

IMPLICIT COMPUTATION

Perhaps the best approach to computing the rms value of a signal
is to use a circuit that implements an implicit solution to the
rms equation:
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Veus = Vi )
by the use of the identity
V,
Vrms = = (6)
VRums

Figure 5 is a block diagram of a circuit that performs the indicated
operations of squaring, averaging, then dividing by the output.
Since the output is essentially constant over the period of the
signal being averaged, it may perform the division before the
average is taken.

Vin? / 2
— =4/ V
E, ™

0
IFRC>>71

-0 Eo

Vit O X

7= LONGEST
PERIGD IN INPUT
WAVEFORM TO
BE AVERAGED
=1/(2n )

Figure 5. Implicit RMS-computing circuit

This scheme overcomes all the limitations of the direct computing
approach, and it has much greater dynamic range than the variable-
gain thermal converter. Also, it can be designed to handle very
slow waveforms, because the choice of RC is essentially arbitrary,
within the constraints that it be much longer than the longest
period to be measured, and short enough to provide adequate
settling time. ’

There are two ways in which the scheme can be implemented:
direct multiplication-division, and via a specially-designed true-
tms module employing log-antilog operations.

Direct multiplication-division with implicit feedback can be imple-
mented using such 3-variable devices as the AD531 IC multiplier-
divider (see Figure 15, Chapter 2-3), the 433 multifunction
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module, or the 434 multiplier-divider. The AD531, used in the rms-
circuit, requires careful trimming, plus at least 1 external ampli- -
fier. The circuit is accurate to within only 1% or 2%, because of
device limitations. The 433 or 434 can be used to make a very
high accuracy (within 0.1%), wide-dynamic-range (1000:1) rms
circuit. However, it is a 1-quadrant device and must be driven
by a high-precision rectifier if the rms of bipolar signals is
required. Neither the 433 nor the AD531, with external circuitry,
can compete with specialized rms modules on the basis of price
or performance.

Special-purpose log-antilog rms-dc conversion combines logarithmic
and implicit computing techniques to achieve overall errors of
less than i5mV + 0.2% of expected value over a 1000:1 dynamic
range. It consists of a log-antilog squarer-divider, with an absolute-

ABSOLUTE log V2 log (———
VALUE 9 Vin

Lo )‘ Z \V EXP. \ FILTER \

V=t I Vin

LOG | Vg
log Vg = log Eo
Figure 6. Log-antilog RMS-to-DC converter
Eos TRIM
Eg
~,
BT L
CAP. T
i
4

ABSOLUTE-VALUE

e s o ot et i

098 R 002R /

Vr

GAIN TRIM

Figure 7. Schematic diagram of log-antilog RMS-to-DC converter
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value (full-wave rectifier) front end, and an internally-connected
filter. A block diagram of the circuit is shown in Figure 6, and a
schematic appears in Figure 7.

The bipolar input signal, Vpy, is converted to a current represent-
ing the magnitude by an absolute-value circuit (amplifier Al and
the associated components). The unipolar current is transformed
into a voltage proportional to twice the logarithm of the input
(i.e., 2 log x = log { x2 }) by two junctions in series (A2, Q1A, and
Q2A). The log of the output is obtained by A3 and Q2B and sub-
tracted from the log-of-the-square-of-the-input; the result is anti-
logged by Q1B and A4, averaged by the filter RC, in the feedback
path of R4, and transformed to the output voltage by R.

The derivation shows how the temperature-sensitive terms are can-
celled, if the transistors are matched and isothermal.

v |
Vv, =- gm( ‘N) ™

E
sz-gln( ) ®)

(V- V/kT

121 = IES € (9)

kT v E
V2-V1=——(21n = °)
q

(10)

= an
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3
S Vin

]'E0 = 121 R ’ = (12)
RC E,

For signal frequencies that are high compared to 1/27#RC

E,=E,;hence

E, =V Vy’ (cf. (5) and (6)) (13)
Thus, the output voltage is equal to the rms of the input voltage

assuming that the corner frequency of the low-pass filter is much
lower than the lowest-frequency component of the input signal.
The circuit responds accurately to dc inputs, which require no’
averaging. Because it can respond to dc, this rms-dc converter can
be calibrated with ease, since a dc reference can be used for com-
parison. The circuit can also be used for mean-square output if the
denominator input, which controls the scale factor, is supplied by a
constant voltage instead of feedback from the output.

For dc and low-frequency inputs, errors can be trimmed to very
low values (~ 0.02%). The primary sources of static errors are the
voltage and current offsets of the operational amplifiers. At high
crest factors (3 to 5), log-conformity error of the transistors
introduces nonlinearity; even so, the error of the circuit will
increase by only 5%-of-reading for ¢.f. = 10.

The dynamic response of the rms circuit depends on the signal
level. Ir the 440, at 20Vp-p input level, the slewing rate of Al
limits the overall -3dB sine-wave bandwidth to 500kHz and the
1%-of-reading error-bandwidth to 50kHz. At 2Vp-p, the 1%-of-
reading error bandwidth is typically about 150kHz. However, the
bandwidth decreases as the signal level is reduced further, because
of the reduction of current through the log transistors Q1A and
Q2B. The bandwidth for signals in the range of 1 to 2Vrms can be
increased to the order of SMHz by using fast amplifiers for Al
and A2.

The offset and scale-factor drift with temperature or power-supply
variations are negligible sources of error. The symmetrical arrange-
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ment of the log and antilog transistors results in complete cancella-
tion of the temperature-dependent terms, kT/q and Izgs The
result is that the scale-factor drift is determined primarily by the
temperature coefficient of the resistors, which can be 10ppm/°C
or less. The major source of output drift is the offset voltage-
and current-drift of the output amplifier, A4, and the feedback
amplifier, A3. The input offset is 1mV or less, and the drift is
about 20uV/°C.

RMS-TO-DC CONVERTER SPECIFICATIONS

The most salient feature of a true-rms-to-dc converter is that it
ideally has no error due to an indirect approximation to the rms.
Static errors are due only to scale factor, linearity, and offset
errors: dynamic errors are due to insufficient bandwidth at the
high end of the frequency range, insufficient averaging time at
the low end, and linearity errors that affect crest factor in mid-
band.

Salient specifications of rms modules are summarized in an
example: the set of specifications for the Model 440 general-
purpose (low-cost) rms module (Table 2). Employing a circuit
similar to that of Figure 7, it has provisions for output-offset
adjustment, scale-factor trim, and for the addition of external
capacitance to increase the averaging time. The Appendix to this
chapter illustrates means of reducing the ripple by the use of an
external filter, anid of obtaining a better approximation to a true
time-average over any time period through the use of gated inte-
gration and sampling, and incremental summation.

The specifications can be interpreted as follows:
Maximum Error

A catchall specification for quick reference, this is the maximum
deviation of the dc component of the output voltage from the
theoretical output value at full-scale output.

Accuracy

Maximum error, no adjustment is the amount by which the out-
put will differ from the theoretical value. It is the sum of a fixed
error and a component proportional to the theoretical output.
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TABLE 2. SPECIFICATIONS OF A TYPICAL GENERAL-PURPOSE
RMS-TO-DC CONVERTER
(typical at 25°C unless noted otherwise)

Parameter Model > 4404 440K
MAXIMUM ERROR 0.35% 0.15%
ACCURACY '
Maximum Error, No Adjustment +15mV%0.2% +5mV*0.1%
Maximum Error, Externally Adjusted +£10mV=0.1% +2mV+0.05%
Typical Error, Externally Adjusted 5mV£0.056%  1mV*0.05%
TEMPERATURE COEFFICIENTS
Output Offset, maximum . 0.2mV/°C 0.2mV/°C
Scale Factor, maximum 0.02%/°C 0.02%/°C
DYNAMICS
Frequency for Specified Error, Minimum 10kHz 10kHz
Frequency for 1%-of-Reading Error
Sine Wave, 20Vp-p, minimum 50kHz 50kHz
Sine Wave, 2Vp-p, minimum 100kHz 100kHz
Sine Wave, 0.2Vp-p 8kHz 8kHz
-3dB Bandwidth
Sine Wave, 20Vp-p 500kHz 500kHz
Sine Wave, 2Vp-p 500kHz B00kHz
Sine Wave, 0.2Vp-p 100kHz 100kHz
CREST FACTOR @ 1Vrms Output
For Specified Error 2 2
For 1% Additional Error 3 3
FILTER
Time Constant (internal) 10ms 10ms
Time Constant Increase vs. External 50ms/uF 50ms/uf
INPUT
Voltage Range, Specified Operation 10V 10V
Voltage Range, Maximum Vg Vg
Resistance 10kQ2 10k2
OUTPUT
Voltage Range, Specified Operation 0 to +10V 0to +10V
Current, minimum available 10mA 10mA
POWER SUPPLY
Error Sensitivity 0.2mV/V 0.2mV/V
Range for Specified Performance +14V-+16V +14V-x16V
Operating Voltage Range +6V-+18V +6V-+18V
Quiescent Current +10mA +10mA

TEMPERATURE RANGE 0°-70°C 0°-70°C
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Maximum error, externally adjusted is the amount by which the
output will differ from the theoretical value when the output
offset and scale factor have been trimmed.

Temperature Coefficients

Output offset: the maximum sensitivity of the output to tem-
perature with zero input, or the maximum displacement of the
average error vs. output plot over a temperature range, divided by
the temperature range.

Scale factor: the maximum sensitivity of the slope of the output-
vs.-input (dc) to temperature

Dynamics

Frequency for specified error is the minimum value of frequency
(at the high-frequency end) at which the error is guaranteed to be
equal to or less than the specified midband value (sine-wave input).
Error at the low-frequency end is governed by the choice of
filter, both internal and external. Figure 8 shows a typical error-
vs.-frequency plot. Low-end error behavior is shown with no added
capacitance, and with 1 and 10uF added (60 and 510ms filter time
constants). At very low frequencies, the output of the circuit fol-
lows the instantaneous (= dc) value of the input.

Frequency for 1%-of-reading error is the minimum value of fre-
quency (at the high end) at which the error (except for offset)
is guaranteed to be equal to or less than 1% of reading. It is a
function of peak-to-peak amplitude.”

-3dB Bandwidth is the minimum value of frequency (at the high
end) at which the error is guaranteed to be equal to or less than 30%.

Crest Factor: (a property of the signal) the ratio of peak signal
voltage to the ideal value of rms; the value of crest factor for which
the error is maintained within specified limits at a given level of

*For non-sinusoidal waveforms, the attenuation of harmonics increases dynamic errors
at lowetr fundamental frequencies than are specified here. Since square waves and
pulses are familiar waveforms and, at the same time, rich in harmonics, Figure 9 shows
the error (for such inputs) caused by frequency-response rolloff in the input stages, as
a function of pulse width (seconds) and the specified -3dB bandwidth (Hz).
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a. Average error of the 440J RMS-to-DC converter as a
function of input amplitude, frequency (sine waves), and
externally-connected capacitance
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b. Average and ripple components of error of rms-to-dc converter
at low frequencies (sinusoidal input). The finite averaging time of

the filter produces both a double-frequency ripple component and
an offset of the average output value (see Appendix A to this chapter).

Figure 8. Output error of rms-to-dc converter as a function of
frequency. The error values plotted are the average errors measured
after filtering out the ripple.



3-7 ROOT MEAN-SQUARE 407

rms for a midband-frequency signal. Crest factor, rms, and average
are plotted in Figure 10 as a function of duty cycle, for rectangular
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Figure 9. Error of rms-to-dc converter due to finite bandwidth,
for pulse and square-wave inputs.t
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Figure 10. RMS, average ahd crest factor for rectangular pulse train

2Source: “RMS Voltage Measurements — Which Method Works Best?” by Roy Chapel,
Electronic Products Magazine, January 15, 1973, p. 36.
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Filter time constant and Ext. Cap. The time constant of the inter-
nal averaging filter, and the increase of time constant per uF of
added external capacitance.

Input: the voltage range over which specified operation is obtained,
the absolute-maximum voltage, and the effective input resistance.

Output: the maximum output range for rated performance, the
minimum current guaranteed available at full-scale output voltage,
and the source resistance of the output.

Power Supply: Output-error sensitivity to supply voltage, power-
supply range for specificd performance, power-supply range for
operation, and quiescent current drain.

Temperature Range: the range of temperature variation for opera-
tion within specifications. Temperature coefficients are deter-
mined by 3-point measurements (T — 25°C), (25°C — Ty.), when
measured.

TESTING THE RMS-TO-DC CONVERTER
USEFUL EQUIPMENT
The following equipment is useful for testing and calibrating rms-

to-dc converters. Starred items (*) are essential.

1. * Accurate dc reference: +ImV (or less) absolute error,
adjustable from 0V to 210V in +10mV steps

2. * Accurate ac reference: 0.05% (or less) absolute error, rms
output 1 to 2V from 100Hz to 10kHz

3. High-prevision voltage divider with buffered output, adjust-
able from 1:1 to 100:1

4. * Digital voltmeter, dc-reading, 4%z or 5% digits, 0.01% error

5. * Digital voltmeter, ac-reading, 4%2-digit resolution; can respond
to either mean-absolute value or true rms; used for monitor-
ing signal-generator amplitude and making comparative accu-
racy tests for (clean) sinewaves
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CONTROL INPUT:
CONSTANT 1ms PERIOD R2 R3

ADJUST PULSE WIDTH, 7, TO 20k 1002
CHANGE DUTY CYCLE AND

+5V _J—L—l—- CREST FACTOR i '*
>
0
114
R1 c1l\spr
BC 20k
REFERENCE oot
0TO 10V —0
SIGNETICS +45“ Eo
oMOS __l:_— R3, R4, CERMET

GAIN
ADJ.

= MULTITURN
SRa TRIM POTS
>
OFFSET[®S 1k
CALIBRATION PROCE| E: R1, R2, METAL FILM
ON PROCEDUR ADJ. B 0.1%, 10ppm,
1. SET CONTROL VOLTAGE TO ZERO. RATIO MATCH TO
2. ADJUST OFFSET POT FOR Eg = 0. oy gy 005%

3. SET CONTROL VOLTAGE TO +5V,
DC REFERENCE TO -10.000V.
4. ADJUST GAIN POT FOR Eg = +10.000V.

Figure 11. Pulse generator with accurate, adjustable
amplitude '

6. Accurate pulse generator (see Figure 11)

7. True-rms digital voltmeter, capable of responding to ac and
ac + dc signals, 4% digit

8. Oscilloscope, SMHz bandwidth

9. * Sine-wave generator with low distortion (< 0.1%), 10mVrms
to 7Vrms, 10Hz to 5MHz

TEST PHILOSOPHY AND PROCEDURES

The primary objective in testing an rms converter is to determine
how accurately it can convert an ac signal (sine-wave or complex,
including a dc component) to a dc voltage that is equal to the
rms value of the input waveform.

The basic test method is to apply a signal of known rms value to
the input, as illustrated in Figures 12 through 17, and measure
the resulting dc output with an accurate meter.

This sounds easy, but it isn’t all that easy in practice. First, the
error of the rms converter depends on the properties of the input
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waveform: amplitude, frequency, wave shape (crest factor); second,

it is difficult to obtain an ac signal, for example a sine wave, of
accurately-known rms value.

For these two reasons, it is usually easier to calibrate the rms
converter with an accurate dc reference (assuming that the con-
verter responds to dc), as illustrated in Figure 12. (It will also be
found useful to calibrate the input signal waveforms with an

accurate rms-to-dc converter.)

ACCURATE
DCc
REFERENCE

8TO 10V
IN 10mV STEPS,
ABSOLUTE ACCURACY

_ | rms
CONVERTER o ‘égLTMETER,

TEST | DIGITAL

CAL
T AT LEAST

WITHIN 0.01% F.S.

OR t1mV

ABSOLUTE ERROR

4% DIGITS,
ACCURACY
WITHIN 0.01%

Figure 12. Measurement of absolute accuracy at DC

TABLE 3. TEST CONDITIONS FOR CHECKING DC ACCURACY OF
RMS-TO-DC CONVERTER

Vin
1. ov
2. +10mV
3 -10mV
4. +100mV
5  -100mV
6. +1.00V
7.  -1.00v
8.  +10.00V*
e. -10.00v*

EO
(IDEAL)

ov
+10mV

+10mV

+100mV
+100mV
+1.00V

+1.00V
+10.00V

+10.00V

Description of Test

Total zero offset, referred to output

input offset: + offset will cause output to
read > 10mV; — offset vice versa

Input offset: + offset will cause output to
read < 10mV; — offset vice versa

Low-end accuracy
Low-end accuracy

Mid-scale accuracy, check for agreement
with specification

Mid-scale accuracy, check for agreement
with specification

Full-scale accuracy and symmetry
{(compare + and — readings)

Full-scale accuracy and symmetry
{compare readings)

*or * specified full-scale input for the device under test
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The input voltages listed in Table 3 include the most critical points
on the dc response function. Other intermediate voltages may be
used, as desired, to obtain more-detailed information for a plot of
the rms converter’s error.

The dc measurements provide information for adjusting the scale
factor, the output offset, and (externally, if not available inter-
nally) the input offset, which affects symmetry.

AC Measurements

After the converter has been tested for dc errors, and any neces-
sary adjustments have been performed, the ac error may be
checked, using a sine wave as the input source. If an ac standard,
with O offset, is available, the configuration of Figure 13 may be
employed. If an ac standard is not available, but a good ac DVM is
instead, Figure 14 may be used. The response to ac signals should
be tested at a number of different input levels and frequencies to
check for nonlinearity, bandwidth limits, and limitations at the
low end due to the averaging time of the device (including the in-
tended value of externally-connected capacitance).

SET FREQUENCY
TO RMS MIDBAND

i

AC DC
STANDARD RMS DVM
0.05% 4% DIGIT
AMPLITUDE L
SET TO: FULL SCALE READ
0.3 x FULL SCALE RMS
0.1 x FULL SCALE OQUTPUT

0.03 x FULL SCALE

Figure 13. Measurement of absolute accuracy relative to an
AC standard

Figure 15 shows a configuration for testing the linearity of the
converter over a range of input amplitudes. The amplitude and
frequency of the source are set once. Then a low-distortion preci-
sion attenuator is used for amplitude adjustment (a) to ensure
that the shape does not change, and (b) to obtam precisely-cali-
brated ratios of input to full-scale.
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CAPACITOR TO BLOCK ANY
DC FROM AC SOURCE

AC _ pe
source l RMS VM

SET LEVEL =
& FREQUENCY

TRUE
RMS | ——a~ READ RMS VALUE, COMPARE

METER

e.g., FLUKE MODEL 931B

Figure 14. Measurement of absolute accuracy of RMS-to-DC
converter relative to accuracy of true RMS meter

BUFFER
AMPLIFIER

PRECISION RMS- e
ATTENUATOR OR T0-DC VM
RATIO TRANSFORMER CONVERTER

AC
SOURCE

SET f _____ OR— — — — —

AMpLITURE ¥ AC DVM MONITORS AMPLITUDE
OF SOURCE. IT NEED NOT BE A

AC “TRUE RMS” TYPE, BUT IT MUST
DVM BE STABLE AND HAVE SUFFICIENT

RESOLUTION — 4% DIGITS OR MORE
— SO THAT THE SOURCE AMPLITUDE
CAN BE HELD WITHIN 0.01% OF
DESIRED AMPLITUDE.

FREQUENCY

Figure 15. Measurement of nonlinearity for AC input

Figure 16 shows a configuration for measuring error as a function
of crest factor, employing a precision pulse source, such as that
illustrated in Figure 11. It is easiest to check the crest-factor
handling capability with a rectangular pulse of known amplitude
and duty cycle. The relationship between crest factor and duty
cycle is shown graphically, and in equation form, in Figure 10.
Crest factor can be set in terms of the output rms or the input
amplitude (which should be less than rated peak input).

The minimum pulse repetition rate, and therefore the frequency
at which the crest factor —for rectangular pulses— (for a given
accuracy) decreases in terms of the midband value, will be deter-
mined by the averaging time-constant. As a rule, the error of the
rms-to-dc converter will increase in direct proportion to the crest
factor, if the pulse width and repetition rate are within the high
and low bandwidth limits of the converter.
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Figure 17 shows how the frequency response of the rms-to-dc
converter may be measured.

SET PULSE AMPLITUDE,
A, WITHIN 0.01%

LT

PRECISION 0 7T RMS oc
PULSE @ UNDER DVM READ
SOURCE TEST RMS
1 VALUE:
ADJUST !Fﬁ»!l“se RMS SHOULD
DUTY CYCLE, EQUALY A"V,
PULSE WIDTH, R CONSTANT be AVE
FOR DESIRED © B DVM
RMS OUTPUT, : l 55\{\3 EAXERAGE
OR CREST FACTOR ¢ VALUEOF N
) l 4% OR v g
— 5% DIGITS AVE

Vave =A —
Ave T
/7
Vrms = A k3
«"e Vams =V AVave

CREST FACTOR=CF = A A
Vams Vave

Figure 16. Measuring accuracy of the rms-to-dc converter as a
function of crest factor and pulse width (duty cycle)

SET SET
FREQUENCY AMPLITUDE

{

SINE-WAVE
GENERATOR $g‘5 DVM
20mv p-p 4% DIGIT
TO 20V p-p ? bc |
I
!
LOW DISTORTION I : OPTIONAL
{0.1%) GENERATOR
WITH STABLE | LAC _ v
PREGUENGY | COUPLED SCOPE
{KROHN-HITE | OPTIONAL
MODEL 1200} |
L WIDEBAND
—— 4%DIGIT MEASURE RIPPLE
ACDVM AT LOW FREQUENCIES
MONITOR INPUT
AMPLITUDE IF
GENERATOR IS
NOT STABLE
PROCEDURE:

SET GENERATOR AMPLITUDE FOR FULL-SCALE INPUT TO RMS TO DC
CONVERTER. SET FREQ. TO MIDDLE OF RMS-DC FREQUENCY RANGE,
THEN SWEEPUP TO FREQUENCY WHERE RMS OUTPUT CHANGES 1%
FROM MIDBAND VALUE, THEN FOR £30% {+3dB) FROM MIDBAND.
REPEAT FOR INPUT AMPLITULES OF 10% AND 1% OF FULL SCALE.

Figure 17. Measuring frequency response of rms-to-dc converter
function of crest factor and pulse width (duty cycle)
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APPENDIX TO CHAPTER 3-7

A. Use of a Low-Pass Filter to Réduce Ripple at Low Frequencies

With externally-connected capacitance, the 440 can be used to
compute accurately the rms of signals having components at
quite low frequencies. While the ripple content is not important if
the output is read on an analog meter (which provides mechanical
averaging) or “eyeballed” on an oscilloscope, it can lead to errors
if the output is converted to digital form, and to annoyance if a
digital panel meter is used for observations. A low-pass filter may
be used following the rms circuit, to add an additional stage of
averaging and attenuate ripple components.* The illustration
shows a low-cost circuit configuration for accomplishing this.

100k2

MODEL —0 Eo

440
amsTo [T
DC

|'s— s

€1 &C2=LOW LEAKAGE TANTALUM, 20VDC OR GREATER

ViN Qe ji-

LOWEST USEFUL  APPLICATION c1 c2 ERROR OF
FREQUENCY, AVERAGE VALUE
F OF Eg

50Hz Power Ling F 47uF  05%Eq

20Hz Audio 2uF  4TuF  05%Eq

3Hz Low Frequency 10uF 20uF 0.5% Eo

Vibration, Noise

A) Adding a low-pass filter to reduce ripple at low frequencies

B, Use of Controlled Integration and Digital Averaging to Shorten
the Averaging Time

For many applications, the running average provided by an RC

low-pass filter (or thermal time constants) does not conveniently

provide a close-enough approach to the mathematical average over

*Since this averaging is outside the loop, it is only useful for removing ripple compon-
ents, It is not a substitute for an increased inside-the-loop time constant to reduce low-
frequency errors, If the inside-the-loop time constant is insufficient, the average level
of the output will be seen to be in error when the ripple has been satisfactorily filtered
out. As a rough guide, if the p-p ripple is less than 10% of the output level, the average
error component will be negligible, and external filtering may be used to reduce the
ripple to the desired level. If the ripple is greater, it is likely to be accompanied by
significant average error; an increased value of C1 may be necessary, in addition to the
external filter,
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a fixed time period, especially if that period is very long, because
of the long settling time (many cycles) and the difficulty of obtain-
ing stable capacitances and resistances of adequate magnitude,

The running average is also inadequate if the mean square changes
at a rate comparable to the averaging time constant required to
smooth out the ripples in the signal (for example, in the case of
an amplitude-modulated waveform).

For such cases, controlled integration, sample-hold, and even the
use of digital averaging can greatly improve the accuracy of the
rms- or mean-square-to-dc conversion and provide an effective
averaging time that is arbitrary, ranging from seconds to hours,
or even days.

A direct computation scheme, employing all of the above, is
shown in illustration (B). The input signal is squared and inte-
grated repeatedly over an interval T, with a characteristic time
(RC) equal to T. Thus, the output of the integrator after interval n
is the mean square of the nth interval.

At the end of each interval, the integrator output is acquired and
held by a sample-hold. Its value (X,) is compared with the average
of the mean-squares up to that time, Y, ;. The difference, divided
by n, is added to Y, to produce the new average, Y,, which is
stored in a sample-hold for use in computing the next value of Y,

Y, +1. The formula for the average over n intervals is

Y, =y, +2 "Y1 14
n
The average of the mean-squares is then square-rooted to compute
the true rms over the entire period. For example, if each integra-
tion period is 15 minutes, 1000 counts will provide the rms over a
10-day period.

The division by n can be performed by a multiplying DAC, such as
the AD7520, connected as a divider, with the digital input, n, sup-
plied by a clock-driven counter, at the appropriate rate. (The count
should start with a preset count of 1, to avoid the possibility of
dividing by zero. The divider is scaled for unity gain at n=1, de-
creasing for higher values.)
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RESET

vm—E: X

sawpLe. |
HOLD

Xn + MULTIPLYING DAC CONNECTED

FOR DIVISION
]
Z - Z SH S/H
Xn-Yn-1 Xn~ Yn-1
noom % Yn Yn Yn-1
- A0
{DIGITAL INPUT)
Yna o
Xn—Yn1
Ya=Yn1+—0 AVERAGE
MEAN-SQUARE ‘ ’ |3 RMS
S/H & INTEGRATORS
CONTROL (PARALLEL DIGITS)

CLOCK LOGIC COUNTER D n 70 DIVIDER

B) Long-term rms computation

The integrator and sample-holds are sequenced by control logic
signals derived from the basic clock pulses. During the computing
interval, the Y, ; sample-hold 1s in #0ld and both the X, and Y,
sample-holds are in sample, tracking the integral and continuously
computing the next value of Y (count = n) right up to the end of
the interval. At the end of the interval, the following events ensue:
X, switches to hold; the integrator is quickly reset and immediately
starts integrating over the next interval; Y, switches to hold;
Y,.; samples the final value of Y, and returns to xold; then, X
and Y, revert to sample, the counter is incremented ton + 1, and
the next value of Y is continuously computed right up to the end
of the next interval.

The Y,; sample-hold, which is quite critical, since its errors,
including drift, are cumulative, is perhaps a ‘“‘sample-infinite-
hold” circuit (an A/D converter with output taken from its
internal DAC).





