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INTRODUCTION

Historically analog computers have been
slow devices. Although high frequency
multipliers, modulators, logarithmic
amplifiers and other function generators
have been available for many years they
have generally had relatively poor accu-
racy and stability and have not usually

MULTIPLIERS

A multiplier is a device having two input
ports and an output port. The signal at
the output is the product of the two input
signals. If both input and output signals
are voltages, the transfer characteristic is

been considered as “analog computers™.
This section of our seminar considers a
few classes of non-linear device which
perform accurate analog operations of
various sorts at high speeds. These de-
vices are multipliers and modulators, and
logarithmic amplifiers.

SF is a scaling factor and, in order that the
equation be dimensionally correct, has
the dimension of voltage. (See Figure 5.1)

Vx oV
Vou = b , where
SF
4 Y
Yy
Vout = 'Y')ES:EY‘Y"
Vy
BASIC MULTIPLIER
\ Figure 5.1 /

From a mathematical point of view multi-
plication is a “four quadrant” operation -
that is to say that both V_and Vy may be
either positive or negative, as may be
V.. Some of the circuits used to produce
electronic multipliers, however, are

limited to signals of one polarity.
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If both signals must be unipolar we have
a “single quadrant” multiplier and the
output will also be unipolar. If one of the
signals is unipolar but the other may have
either polarity, then the multiplier is a
“two quadrant” multiplier and the
output may have either polarity (and is
“bipolar’). ‘



4 I
TYPES OF MULTIPLIERS
TYPE v, vV, Vo,
Single quadrant Unipolar Unipolar  Unipolar
Two quadrant Bipolar Unipolar  Bipolar
Four quadrant Bipolar Bipolar Bipolar
\_ Figure 5. 2 Y,

The circuitry used to produce one- and
two-quadrant multipliers may be simpler
than that required for four quadrant
multipliers, and since there are many ap-
plications where full four quadrant mult-
plication is not required, it is by no means

uncommon to find accurate devices which .

work in only one or two quadrants. An ex-

ample is the AD539, which is a wideband
dual two-quadrant multiplier which has a
single unipolar V_input with the relatively
limited bandwidth of 5 MHz, and two
bipolar V_inputs, one per multiplier, with
bandwidths of 60 MHz. A block diagram
of the AD539 is shown in Figure 5.3.
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AD539 FUNCTIONAL BLOCK DIAGRAM
Figure 5.3
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The simplest electronic multiplier circuits
use Jogarithmic amplifiers. The electronic
principles involved will be described
later, but the computation relies on the

simple fact that the antilog of the sum of
the logs of two numbers is the product of
those numbers. (See Figure 5.4.)
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X —— LOG
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Y LOG
v MULTIPLICATION
X LOG
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Y LOG
DIVISION
X LOG IlXA/ ANTILOG | XA
RAISING TO A POWER A
COMPUTATION WITH LOG AND ANTILOG CIRCUITS
\ Figure 5.4 /

The disadvantages of this type of multipli-
cation are a very limited bandwidth and
single quadrant operation. A far better
type of multiplier uses the “Gilbert Cell”".
This structure was invented by Barrie
Gilbert in the late 1960s.% 2

There is a linear relationship between the
collector current of a silicon junction
transistor and its transconductance (gain)
which is given by

di, _ ql,
dVbe kT
Where
I. = the collector current
V,. = the base-emitter voltage
q = the electron charge (1.60219E-19)
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k = Boltzmann’s constant
(1.38062E-23)
T = the absolute temperature

This relationship may be exploited to
construct a multiplier with a long-tailed
pair of silicon transistors, as shown in
Figure 5.5.

This is rather a poor multiplier because
(1) the Y input is offset by the V, . - which
changes non-linearly with V_; (2) the X
input is non-linear as a result of the expo-
nential relationship between_and V,_;
and (3) the scale factor varies with tem-
perature.



/
Vy (NEGATIVE)
fe1 - le2= Alc_kT 4\17::/35)(10010)\"‘
=8.3x 10" (V, +0.6) Vi @25°C
BASIC TRANSCONDUCTANCE MULTIPLIER CIRCUIT
k Figure 5.5

/

Gilbert realized that this circuit could be
linearized and made temperature stable

by working with currents, rather than Figure 5.6.)

voltages, and by exploiting the logarith-
mic I /V, properties of transistors. (See

/

Alg=leq-1go

Iea lez
Ix +5Ix

ml_ /

THE GILBERT CELL - A LINEAR
TWO-QUADRANT MULTIPLIER
Figure 5.6

\
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The X input to the Gilbert Cell takes the
form of a differential current, and theY
input is a unipolar current. The differen-
tial X currents flow in two diode con-
nected transistors and the logarithmic
voltages compensate for the exponential
V, /. relationship. Furthermore the ¢/kT
scale factors cancel. This gives the Gilbert
Cell the linear transfer function

AL T
Al =

[

1

X

As it stands the Gilbert Cell has three

(1) ItsXinputis a differential current;

(2) Its output is a differential current;
and

(3) ItsY input is a unipolar current -
so the cell is only a two quadrant
multiplier.

By cross-coupling two such cells and
using two voltage-to-current converters
(as shown in Figure 5.7) , we can convert
the basic architecture to a four quadrant
device with voltage inputs. At low and
medium frequencies a subtractor ampli-
fier may be used to convert the differen-
tial current at the output to a voltage - but
this may not be the best way of handling

inconvenient features: signals at high frequencies.
4 N

AJJ B

S

VREF,
i i 1
-Vs
4-QUADRANT TRANSLINEAR MULTIPLIER

K Figure 5.7 .
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In Figure 5. 7, Q1A & Q1B, and Q2A &
Q2B form the two core long-tailed pairs
of the two Gilbert Cells, while Q3A and
Q3B are the linearizing transistors for
both cells. In Figure 5.7 there is an opera-
tional amplifier acting as a differential
current to single-ended voltage converter,
but for higher speed applications the
cross-coupled collectors of Q1 and Q2
might form a differential open collector
current output.

This multiplier relies on the matching of a
number of transistors and currents. This
is easily accomplished on a monolithic
chip but is much harder with discrete
components - such multipliers are, there-
fore, almost invariably made as ICs. Even
the best integrated circuit processes have
some residual errors, however, and these
show up as four DC errors in such multi-
pliers.

TRIMMABLE ERRORS IN MULTIPLIERS
X-Input Voltage Offset: Y Feedthrough
Y-Input Voltage Offset: X Feedthrough
Z-Input (output amplifier)
Voltage Offset: dc output offset voltage
Resistor Mismatch: Gain Error
& Figure 5.8 J

In early Gilbert Cell multipliers these
errors had to be trimmed by means of
resistors and potentiometers external to
the chip, which was somewhat inconven-
ient. With modern analog processes,
which permit the laser trimming of SiCr
thin film resistors on the chip itself, it is

possible to trim these errors during
manufacture so that the final device has
very high accuracy. Internal trimming has
the additional advantage that it does not
reduce the high frequency performance,
as may be the case with external trimpots.

;

e
[

KEY FEATURES OF THE TRANSLINEAR MULTIPLIER

Figure 5.9

~

High Accuracy - better than 0.1% is posssible

Wide Bandwidth (over 60 MHz voltage output over 500 MHz current output)

Simplicity, low cost, and ease of use
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Because the internal structure of the
translinear multiplier is necessarily
differential, the inputs are usually differ-
ential as well (after all, if a single-ended
input is required it is not hard to ground
one of the inputs). This is not only con-
venient in allowing common-mode sig-
nals to be rejected, it also permits more
complex computations to be performed.

The AD534 (see Figure 5.10) is the classic
example of a four-quadrant multiplier
based on the Gilbert Cell. It has an accu-
racy of 0.1% in the multiplier mode, fully
differential inputs, and a voltage output.
However, as a result of its voltage output
architecture, its bandwidth is only about
1MHz.

(

X-INPUT X1 +Vs |
+10V FS
+12V PK %y
out
AD534
SF Z,
Z3
Y-INPUT Y.
+10V FS
+12V PK v v
2 “vs§

+15V

OUTPUT, #12v PK
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=l e 17 27
10V 22
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THE AD534 MULTIPLIER

Figure 5.10
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J

For wideband applications the basic
multiplier with open collector current
outputs is used. The AD834 is an 8-pin
device with differential X inputs, differen-

tial Y inputs, differential open collector
current outputs, and a bandwidth of over
500 MHz. A block diagram is shown in
Figure 5.11.



-
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8.5mA
X-DISTORTION
J— CANCELLATION ‘l
+4mA
{ MULTIPLIER CORE | l(\:l\lljlglljl?l\lli.rn Fs
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v1 Y2 ~Vs w2

THE AD834 FUNCTIONAL BLOCK DIAGRAM
Figure 5.11

/

The AD834 is a true linear multiplier with
a transfer function of

Vx e Vy
I0 = —
1V 2500

Its X and Y offsets are trimmed to 500 £V

(3 mV max), and it may be used in a wide

variety of applications including multipli-
ers (broadband and narrowband), squar-
ers, frequency doublers, and high fre-
quency power measurement circuits. A
consideration when using the AD834 is
that, because of its very wide bandwidth,
its input bias currents, approx 50 uA per
input, must be considered in the design

of input circuitry lest, flowing in source
resistances, they give rise to unplanned
offset voltages.

A basic wideband multiplier using the
AD834 is shown in Figure 5.12. The
differential current output flows in equal
load resistors R1 and R2 to give a differen-
tial voltage output. This is the simplest
application circuit for the device. Where
only the high frequency outputs are
required, transformer coupling may be
used, with either simple transformers or,
for better wideband performance, trans-
mission line or “Ruthroff”? transformers
(see Figure 5.13).

V-9




e

v R3

R1

—+5V

X-INPUT
*=1VFS

i v 620
|

OPTIONAL

TERMINATION

RESISTOR

1F CERAMIC

alles

A2
49.93Q 1’ 49.90

o

X2 X1 +Vs | Wi ‘
W OUTPUT
ADS34 £400mV FS
Y1 Y2 -V W2
R EA R E L“_I
OPTIONAL
YINPUT 3 TERMINATION 1uF CERAMIC
= RESISTOR I—%
N
Do ¢
{7 R4
4790
<z
{-sv

BASIC CONNECTIONS FOR WIDEBAND AD834 OPERATION
Figure 5.12
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Figure 5.13

J

A very wideband (500 MHz) root mean
square (rms) circuit is shown in Figure
5.14. This uses two AD834s, one as a
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wideband squarer, and one as a square
rooter.
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The operation of the circuit is described
in detail in the data sheet of the AD834,
but in essence the signal is applied to
both inputs of the top AD834 whose
output is then the square of the instanta-
neous value of the input. This output is
averaged in the two 5 uF capacitors, and

the square root of this mean square is

computed by the op-amp and the second
AD834, using the common principle of
analog computing that a function genera-
tor in a negative feedback loop computes
the inverse function (provided, of course,
that the function is monotonic over the
range of operation). (See Figure 5.15.)

-

\_

lour| FuNCTION |Vin
Ji{x)

liy -

‘17—-+

Vour = 377 (i)

NOTE: FUNCTION MUST BE MONOTONIC
OVER THE RELEVANT RANGE

A FUNCTION GENERATOR IN A NEGATIVE-FEEDBACK LOOP

GENERATES THE INVERSE FUNCTION
Figure 5.15

~

/
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If a sinusoidal waveform is applied to a This relationship can be used to make a

squarer, the output consists of a sinu- multiplier perform as a frequency doubler

soidal waveform at twice the frequency, as shown in Figure 5.16. If a signal is

plus a DC level - this necessarily follows applied to both ports of an AD834 and

from the well-known identity - the output is AC coupled, the DC compo-
nent will be lost, and only the component

(1 - cos2wt) at twice the frequency will appear.
sin‘wt = _—
2

01uf 750
— v SMA TH
Svecsan” 01uF SPoseoa
i SPECTRUM
o = = =
= ¥ e =
BALUN
TuH
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MODULATORS

Modulators are closely related to multipli-
ers. The output of a multiplier is the
instantaneous product of its inputs - the
output of a modulator is the instantane-

ous proc .t <t a signal on one of its
inputs (}~.>wn as the signal input) and
the sign <+ the signal on the other (known
as the carrier input).

4 R
SIGNAL '_>—O ! SIGNAL
INPUT N\ GUTPUT INPUT OUTPUT
o ; o—— )
1
_>—_Q {
I
CARRIER
CARRIER ! INPUT
INPUT ! o [_l'\
] rd
TWO MODULATOR MODELS
Figure 5.17 /

A modulator may be modelled as an
amplifier whose gain is switched positive
and negative by the output of a compara-
tor on its carrier input - or as a multiplier
with a high-gain limiting amplifier be-
tween the carrier input and one of its
ports as shown in Figure 5.17. Both archi-
tectures have been used to produce
modulators, but the switched amplifier
version, although potentially very accu-
rate, tends to be rather slow. Most high
speed integrated circuit modulators
consist of a Gilbert Cell multiplier with a
limiting amplifier in the carrier path.

If two periodic waveforms A_.cos(w_1t)

and A_.cos(w t) are applied to the inputs
[ o

of a multiplier (with a scale factor of 1V

for simplicity of analysis) then the output

will be
AmAc° [cos(a)m+ a)c)t + cos(a)m- a)c)t].

This signal contains signals at the sum
and difference frequencies, but not at the
original frequencies. (Note that using the
cosine formulae rather than sine formulae
makes the equations easier to manipulate
because cos(a) = cos(-a) [which makes
sign unimportant during simplification]
and because cos(0) = 1, so that for DC
signals [when awt = 0], cos(awt) is equal
to unity.)




When we say that the original frequencies
are not present in the output of a modula-
tor we make the assumption that the
modulator is perfectly balanced - i.e.
neither its signal port nor its carrier port
has any offset. In practice, both ports will
have some offset, and so there will be

some signal and carrier leak. Trimming
offset on the inputs of a modulator will
reduce these leaks, but there will always
be untrimmable residual leaks which are
due to coupling by stray capacitance, and
to nonlinearities in the core, rather than
to offsets.

-

NONLINEARITIES

-

CAUSES OF SIGNAL & CARRIER LEAK
IN MODULATORS

e OFFSET ON THE SIGNAL PORT CAUSES CARRIER LEAK

e OFFSET ON THE CARRIER PORT CAUSES SIGNAL LEAK

e EVEN WHEN ALL OFFSETS HAVE BEEN TRIMMED OUT
THERE IS RESIDUAL SIGNAL AND CARRIER LEAK
CAUSED BY STRAY CAPACITANCE AND CORE

Figure 5. 18

\

/

This “sum and difference mixer” is the
function which we expect of modulators.
However, if we use a linear multiplieras a
modulator, we find that any noise or
modulation on the carrier input appears
in the output signal. If we replace a
simple multiplier with a modulator, any
amplitude variation on the carrier input

disappears.

If a signal A e cos(w Y) is clipped in a com-
parator or limiting amplifier the square
wave output which we obtain has the
form represented by the Fourier series
K[cos(w D) - 1/3cos(3w t) + 1/5cos(5w t) -
1/7cos(7o 1) + ..].
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The sum of the series 1-1/3 + 1/5-1/7.....
is /4. Therefore the value of X, such that
a balanced modulator acts ds a unity gain
amplifier when a positive DC signal is
applied to its carrier input, is 4/7.

Therefore if a modulator is driven by a
signal A e cos(w_t) and a carrier cos(® t)
(the carrier amplitude is unimportant
provided it is great enough to drive the
limiting amplifier), then the output will
be the product of the signal and the
squared carrier above.



This is

2A_/r[cos(w  + o)t + cos(w - ot
- - 13{cos(@_+ 3w )t + cos(@ - 3w )t}
+ 1/5{cos(@_+ 50 )t + cos(@_- 50 )t}
- 1/7{cos(w_+ 7w )t + cos(@ - 7w )t} + ...]

This output contains sum and difference
frequencies of the signal and carrier, and
of the signal and each of the odd harmon-
ics of the carrier (in the ideal, perfectly
balanced modulator, products of even
harmonics are not present - in real modu-
lators, which have residual offsets on
their carrier ports, low-level even har-
monic products are also present, just how
low their level depends on the size of the
offset). In most applications a filter is
used to remove the products of the
higher harmonics so that, effectively, the
modulator does behave like a multiplier.
(In analyzing the above expressions we

must remember that cos(A) = cos(-A), so
that cos(w_- No )t = cos (No - o )tso
we do not have to worry about “negative
frequencies”.)

The most obvious application of a modu-
lator is a mixer or frequency changer. If
we apply an input signal at F1 and a
carrier at F2 to a modulator we find that
the output contains signals at the sum
and difference frequencies as shown in
Figure 5.19. This applies even if the signal
is a modulated signal containing a num-
ber of components.

4 B
F2 F2
F1-F2 F1 F1+F2 F2-F1 F1 F1+F2
F—> SIDEBAND INVERSION OCCURS WHEN F1 < F2 F—>
THE MODULATOR AS A MIXER
K Figure 5.19 )
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As we have mentioned above, we cannot
have “negative frequencies” and so if F1-
F2 is negative, what we actually see is a
frequency of F2-F1. If F1 is a complex
signal containing a number of compo-
nents, however, we find that if the carrier
frequency, F2, is less than F1 then the
sidebands are uninverted in both the sum
and difference products, but if F2 is
greater than F1, then in the difference
product, the sidebands are inverted, as
shown in the diagram.

The mixer or frequency changer is a key
component in most radio receivers. While

it is inappropriate to go into a detailed
discussion of receiver design in a seminar
of this type it is perhaps useful to point
out two important features of modulators
for use in receivers. These are noise and
strong signal performance.® >

It is self-evident that the mixer used as the
front-end mixer of a radio receiver must
have low noise, since the signals which it
is handling may be less than a microvolt
in amplitude, and any significant in-band
noise would swamp them. It is less
evident that noise in the carrier channel is
also important.

-
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e mm== Fomm - —— — — >
NOTE: NOISE ON THE CARRIER PORT CAUSES UNWANTED RESPONSES

RECIPROCAL MIXING
Figure 5.20

/

Suppose that we have a mixer with a
noisy carrier channel which causes the
carrier frequency, F2, to spread out on
either side of its center as shown in
Figure 5.20. If we are receiving a small
wanted signal, F1, then we shall seea
small IF output from the mixer at F2-F1.
If, however, there is a strong unwanted
signal at F3 then the product, F4-F3, of F3
and that part of the broadband carrier
noise indicated by F4 on the diagram, will
also fall at the IF and, being larger than
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the wanted IF component, will swamp it.
This phenomenon is known as “recipro-
cal mixing” and can cause a severe limita-
tion on the dynamic range of a receiver.
While it is probably more commonly
caused by noise or spurious synthesizer
sidebands in the oscillator driving the
modulator carrier port, it is by no means
unknown for it to be caused by noise in
the modulator itself, and it should cer-
tainly be considered when choosing a
mixer for a radio receiver.®



In the past, the sensitivity of a radio re-
ceiver has been one of its most important
features. Today, while sensitivity is still
important, the behaviour of the receiver
in the presence of strong signals is equally

important. The characteristic chosenas a
measure of a mixer’s performance in this
respect is its “third order intermodula-
tion” performance. The key specification
is the ““Third Order Intercept Point”.

4 N
Ft  F2
< “oroen —
F2-F1 - //\ORDER F14F2
2F1 - F2 2F2 - F1
FREQUENCY F—
INTERMODULATION PRODUCTS
\_ : Figure 5.21 /

Consider a non-linear amplifier with two
large input signals, at F1 and F2 as shown
in Figure 5.21. The non-linearity gives rise
to additional output components at
F1+F2 and F1-F2: these are known as
“Second Order Intermodulation Prod-
ucts”. These second order products mix
with the original signals and produce
“Third Order Intermodulation Products”
at frequencies of 2F1-F2 and 2F2-F1.

These third order intermodulation prod-
ucts are a major nuisance in radio recep-
tion, especially in channelized systems,
because they fall close to the signals
causing them. As an example consider a
receiver monitoring a frequency of
145.500 MHz. In Europe this frequency is
the calling frequency of the 2 meter Ama-
teur Band. Working channels in this band
are separated by 25 KHz. Suppose that

close to the receiver monitoring

145.500 MHz are two transmitters, work-
ing at 145.400 and 145.450 MHz respec-
tively. The third order intermodulation
products of these two frequencies fall at
145.350 and 145.500 MHz. If the receiver
is liable to third order intermodulation
distortion (IMD) it will respond to the
third order products - which it itself pro-
duces - and appear to be receiving a signal
at 145.500 MHz.

It is impossible to design an amplifier or
mixer which is unaffected by third order
intermodulation. All that can be done is
to minimize the problem. The third order
intercept point mentioned above is the
parameter which measures how suscep-
tible a device is to third order intermodu-
lation.
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If we plot the input vs the output ampli-
tudes of an amplifier on a log/log (dB/dB)
scale as shown in Figure 5.22, we obtain a
straight line with a slope of unity. Ata
certain input level the device saturates
,and the output ceases to rise. If we plot
the level of the third order intermodula-
tion products in the output against the
level of a two-tone input on the same
axes, we obtain a straight line with a slope
of 3. This line also ceases to rise when it
reaches some limit. If, however, we
extend the two straight lines past their
limiting values they will eventually cross.
The value of the two-tone input at this
“intercept point” is the “Third Order
Intercept Point” of the device or system
being measured.

In mixers for receivers, values of third
order intercept point can vary from
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-15 dBm to over +45 dBm. Any value
below 0 dBm is generally considered
poor, and good performance requires
values of at least +15 dBm and, prefera-
bly, more. (For more detailed discussion
of intermodulation distortion (IMD) see
the Op-Amp section of this seminar.)

The basic mixing property of modulators
is also used for many operations where
dynamic range is far less important. These
include frequency synthesis by mixing,
frequency changing with fixed level
signals, and sideband generation. De-
tailed discussion of these operations is
beyond the scope of this seminar, but
there is one more application which
should be considered - precision rectifi-
ers.



\

Acos(wt) + Harmonics

| c

A MODULATOR AS A PRECISION RECTIFIER
Figure 5.23 /

If an AC signal is applied to both inputs of to the signal port and a reference signal at

a modulator as shown in Figure 5.23, the the same frequency (but not necessarily
instantaneous output will be equal to the the same phase) to the carrier port, then
input, if the input is positive, and to the the output will be proportional both to
inverse of the input (and therefore still the amplitude of the signal input and the
positive), if the input is negative. This cosine of their phase difference. In this
arrangement, therefore, behaves as a mode a modulator acts as a phase-sensi-
precision rectifier. tive rectifier. (See Figure 5.24).

If, instead of applying a signal to both
ports of a modulator, a signal is applied

-

~
Acos(t + a) S ———— 22220, Harmonics
cos(wt) lc
A MODULATOR AS A PHASE-SENSITIVE RECTIFIER
Figure 5.24 Yy,
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LOGARITHMIC AMPLIFIERS

The term “Logarithmic Amplifier” (gener-
ally abbreviated to “log amp” - which
term will be used in this seminar) is
something of a misnomer, and “Logarith-
mic Converter’”’ would be a better descrip-
tion. The conversion of a signal to its
equivalent logarithmic value involves a
nonlinear operation, the consequences of
which can be confusing if not fully under-
stood. It is important to realize that many
of the familiar concepts of linear circuits
are irrelevant to log amps. For example
the incremental gain of an ideal log amp
approaches infinity as the input tends to

zero, and a change of offset at the output
of a log amp is equivalent to a change of
amplitude at its input - not a change of
input offset.

For the purposes of simplicity in our
initial discussions we shall assume that
both the input and the output of our log
amp are voltages, although there is no
particular reason why logarithmic cur-
rent, transimpedance, or transconduc-
tance amplifiers should not also be de-
signed.

/

-

GRAPH OF Y = LOG(X)
Figure 5.25
J

If we consider the equation y = log(x) we
find that every time x is multiplied by a
constant A, y increases by another con-
stant Al. Thus if log(K) = K1 then log(AK)
= K1+Al, log(A’K) = K1+2A1, and
log(X/A) = K1-Al, etc. This gives a graph
as shown in Figure 5. 25, where y is zero
when x is unity, y approaches minus
infinity as x approaches zero, and which
has no values of x for which y is negative.
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On the whole log amps do not behave in
this way. Apart from the difficulties of
arranging infinite negative output volt-
ages such a device would not, in fact, be
very useful. A log amp must satisfy a trans-
fer function of the form

o in' "x

Voo =Vylog(V N )

over some range of input values which



may vary from 100:1 (40 dB) to over
1,000,000:1 (120 dB). This ratio is known
as the dynamic range of the log amp.

With inputs very close to zero, log amps
cease to behave logarithmically, and most
then have a linear V,_ /V_ law. This
behaviour is often lost in device noise.

Noise often provides the limiting factor to
the dynamic range of a log amp.

The constant Vy has the dimensions of
voltage because the output is a voltage.
The input, V. , is divided by a voltage, V
because the argument of a logarithm must
be a simple ratio.

-

VyLOG (Vi /Vyd

~

N

,/'\ IDEAL
ACTUAL
Vy - — e — — —  — — — —
: |
SLOPE=V, |
' |
]
Vy 4+ — — = — — — — — — ]
l I
1 !
| |
+ | |
| |
: 7 i |
ACTUAL = = = INPUT ON
! . Vin=Vx Vi =10Vy Vin=100Vy  INPUTON
IDEAL \3’//

LOG AMP TRANSFER FUNCTION
Figure 5.26

)

A graph of the transfer characteristic of a
log amp is shown in Figure 5.26. The
scale of the horizontal axis (the input) is
logarithmic, and the ideal transfer charac-
teristic is a straight line. WhenV, =V_
the Jogarithm is zero (logl = 0). V_ is
therefore known as the “intercept volt-
age” of the log amp because the graph
crosses the horizontal axis at this value of

in’

The slope of the line is proportional to
Vy. When setting scales we use logarithms

to the base 10 because this simplifies the
relationship to decibel values: when V. =
10V_ the logarithm has the value of 1, so
the output voltage is Vy. When

V.. =100V_ the outputis 2V_and so
forth. Vy can therefore be viewed either as
the “slope voltage” or as the “volts per
decade factor”.

The logarithm function is indeterminate
for negative values of x. Log amps can
respond to negative inputs in three differ-
ent ways:
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+ | OUTPUT \
* INPUT
BASIC LOG AMP
(SATURATES NEGATIVE WITH NEGATIVE INPUT)
\ Figure 5.27

/

[1] They can malfunction or give a full-
scale negative output as shown in Figure
5.27. This is the simplest response and
the closest match to the mathematical

model - but it is not necessarily the most

useful. Such a log amp might be de-

scribed as a basic log amp.

4 R
+ | OUTPUT
hd INPUT
DETECTING LOG AMP )
(OUTPUT POLARITY INDEPENDENT OF INPUT POLARITY)
K Figure 5.28 /

[2] They can give an output which is
proportional to the log of the absolute
value of the input and disregards its sign
as shown in Figure 5.28. This type of log

V22

amp can be considered to be a full-wave
detector with a logarithmic characteristic,
and is often referred to as a detecting log

amp.
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+
INPUT

N

Figure 5.29

LOG VIDEG AMP OR "TRUE LOG AMP*
(SYMMETRICAL RESPONSE TO POSITIVE OR NEGATIVE SIGNALS)

[3] They can give an output which is
proportional to the log of the absolute
value of the input and has the same sign
as the input as shown in Figure 5.29. This
type of log amp can be considered to be a
video amp with a logarithmic characteris-
tic, and may be known as a logarithmic
video amplifier or, sometimes, a “true log
amp’.

There are three basic architectures which
may be used to produce log amps: the
basic diode log amp, the successive detec-
tion log amp, and the “true log amp”
which is based on cascaded semi-limiting
amplifiers.

4 I
Rin < 1=IN
b
+ V-
P [ v-Kn(g)
T if >>lg
Eo =.kql In (.'llg-) = 0.06 log ‘»:llr:llo
v i I >> lo
THE DIODE/OP-AMP LOG AMP

K Figure 5.30 /
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The voltage across a silicon diode is
proportional to the logarithm of the cur-
rent through it. If a diode is placed in the

feedback path of an inverting op-amp, the
output voltage will be proportional to the
log of the input current. (See Figure 5.30)

-~

N

TRANSISTOR LOG AMP

Figure 5.31

\

/

In practice, a combination of bulk resistiv-
ity (at high currents) and surface leakage
(at low currents) limits the dynamic range
of a diode log amp of this type to 40-60

dB. Fortunately, replacing the diode with
a diode-connected transistor can easily in-
crease the dynamic range to 120 dB or
more. (See Figure 5.31.)

-
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THE AD538
Figure 5.32
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This type of log amp has three disadvan-
tages: (1) both the slope and intercept are
temperature dependent; (2) it will only
handle unipolar signals; and (3) its
bandwidth is both limited and dependent
on signal amplitude. Where several such
log amps are used on a single chip to
produce an analog computer which per-
forms both log and antilog operations,
the temperature variation in the log op-

erations is unimportant, since it is com-
pensated by similar variation in the anti-
logging. This makes possible the AD538, a
monolithic analog computer which can
multiply, divide and raise to powers (sce
Figure 32). Where actual logging is re-
quired, however, the AD538 and similar
circuits require temperature compensa-
tion.”

/

Time Constant Ce-REg Varies by

Re

N

1,000,000:1 as lEgoes from
1mAto1nA

260 @ Ic = TmA
26MQ @ I = InA

LOG AMP BANDWIDTH IS AMPLITUDE DEPENDENT

Figure 5.33 j

The major disadvantage of this type of log
amp for high frequency applications,
though, is its limited frequency response -
which cannot be overcome. However
carefully the amplifier is designed, there
will always be a residual feedback capaci-
tance, C_ (often known as “Miller” capaci-
tance®), from output to input, which
limits the high frequency response. (See
Figure 5.33.)

‘What makes this Miller capacitance
particularly troublesome is that the

impedance of the transistor emitter-base
junction is inversely proportional to the
current flowing in it - so that if the log
amp has a dynamic range of 1,000,000:1,
then its bandwidth will also vary by
1,000,000:1. In practice, the variation is
less because other considerations limit
the large signal bandwidth, but it is very
difficult to make a log amp of this type
with a bandwidth, at small signals, greater
than a few hundred KHz.
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BASIC MULTI-STAGE LOG AMP ARCHITECTURE

Figure 5.34

/

For high frequency applications, there-
fore, detecting and “‘true log” architec-
tures are used. Although these differ in
detail, the general principle behind their
design is common to both: instead of one
amplifier having a logarithmic characteris-
tic, these designs use a number of similar
cascaded linear stages having well-defined
large signal behaviour.

Consider N cascaded limiting amplifiers,
the output of each driving a summing
circuit as well as the next stage as shown
in Figure 5.34. If each amplifier has a gain
of A dB the small signal gain of the strip is
NA db. If the input signal is small enough
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for the last stage not to limit the output of
the summing amplifier will be dominated
by the output of the last stage.

As the input signal increases the last stage
will limit. It will now make a fixed contri-
bution to the output of the summing
amplifier, but the incremental gain to the
summing amplifier will drop to (N-1)A db.
As the input continues to increase, this
stage in turn will limit and make a fixed
contribution to the output, and the incre-
mental gain will drop to (N-2)A db, and
so forth - until the first stage limits, and
the output ceases to change with increas-
ing signal input.



G=0
3 G = (N-9)A dB
OouTPUT | T -
} G = (N-2)A dB
EG = (N-1)A dB
G=NAdB
INPUT
BASIC MULTI-STAGE LOG AMP RESPONSE
(UNIPOLAR CASE)
K Figure 5.35 j

The response “curve” is thus a set of
straight lines as shown in Figure 5.35. The
total of these lines, though, is a very good
approximation to a logarithmic curve, and
in practical cases is an even better one
because few limiting amplifiers, especially
high frequency ones, limit quite as
abruptly as this model assumes.

The choice of gain, A, will also affect the
log linearity. If the gain is too high the log
approximation will be poor, if it is too
low too many stages will be required.
Generally gains of 10-12 dB (3x to 4x) are
chosen.

This is, of course, an ideal and very gen-
eral model - it demonstrates the principle
but its practical implementation at very
high frequencies is difficult. Assume that
there is a delay in each limiting amplifier
of t ns (this delay may also change when
the amplifier limits but let’s consider first
order effects!). The signal which passes

through all N stages will undergo delay of E

Nt ns, while the signal which only passes
one stage will be delayed only t ns. This
means that a small signal is delayed by

Nt ns while a large one is “smeared”, and
arrives spread over Nt ns. A nanosecond
equals a foot at the speed of light, so such
an effect represents a spread in position
of Nt feet in the resolution of a radar
system - which may be unacceptable in
some systems (for most log amp applica-
tions this is not a problem).

A solution is to insert delays in the signal
paths to the summing amplifier, but this
can become complex. Another solution is
to alter the architecture slightly so that
instead of limiting gain stages we have
stages with small signal gain of A and
large signal (incremental) gain of unity (0
dB). We can model such stages as two
parallel amplifiers, a limiting one with
gain, and a unity gain buffer, which to-
gether feed a summing amplifier.
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STRUCTURE AND PERFORMANCE OF
TRUE LOG AMPLIFIER ELEMENT
AND OF A LOG AMP FORMED
BY CASCADING SEVERAL SUCH ELEMENTS
Figure 5.36

N /

Figure 5.36 shows that such stages, cas- “true log amplifiers”, but the commonest

caded, form a log amp without the neces- type of high frequency log amplifier is the

sity of summing from individual stages. successive detection log amp as shown in
Figure 5.37.

Both the multi-stage architectures de-
scribed above are video log amplifiers or

. ™

o

OUTPUT

Detectors may be full- or half-wave but should be
current output devices (not simple diodes) so that
the detector outputs may be summed without additional
summing components being necessary.

SUCCESSIVE DETECTION LOGARITHMIC AMPLIFIER

Figure 5.37
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The successive detection log amp consists
of cascaded limiting stages, as in the first
example, but instead of summing their
outputs directly, these outputs are ap-
plied to detectors, and the detector out-
puts are summed. If the detectors have
current outputs, the summing process
may involve no more than connecting all
the detector outputs together.

Log amps using this architecture have two ‘

outputs: the log output and a limiting
output. In many applications the limiting
output is not used, but in some (FM re-
ceivers with “S”- meters, for example),
both are necessary.

The log output of a successive detection
log amplifier generally contains amplitude
information, and the phase and frequency

information is lost. This is not necessarily
the case, however, if a half-wave detector
is used, and attention is paid to equaliz-
ing the delays from successive detectors -
but the design of such log amps is de-
manding.

The specifications of log amps will, of
course, include noise, dynamic range,
frequency response (some of the amplifi-
ers used as successive detection log amp
stages have low frequency as well as high
frequency cutoff), the slope of the trans-
fer characteristic (which is expressed as
V/dB or mA/dB depending on whether we
are considering a voltage- or current-
output device), the intercept point (the
input level at which the output voltage or
current is zero), and the log linearity. (See
Figures 5.38 and 5.39.)

/

amp functions correctly

KEY PARAMETERS OF LOG AMPS
® NOISE The noise referred to the input (RTI) of the log amp - it may be
expressed as a noise figure or as a noise spectral density (voltage,

current or both) or as a noise voltage, a noise current, or both

® DYNAMIC RANGE Range of signal over which the amplifier behaves in
a logarithmic manner (expressed in dB)

® FREQUENCY RESPONSE Range of frequencies over which the log

©® SLOPE Gradient of transfer characteristic in V/dB or mA/dB
® [NTERCEPT POINT Value of input signal at which output is zero

® LOG LINEARITY Deviation of transfer characteristic (plotted on log/lin
axes) from a straight line (expressed in dB)

K Figure 5. 38 /
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Figure 5.39
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The AD9521 (see Figure 5.40)is a typical

high performance successive detection
log amplifier component (note that such
components are not, themselves, log am-

plifiers but are components from which
log amplifiers may be made). It contains a
limiting amplifier which drives both the
output and an internal half-wave detector.

-

BIAS Oj

INPUT O

INPUT %
GROUND O

MA—O +Vg

DETECTED
OUTPUT

—~ C3

—O RF OUTPUT

L
c2 % % l
OUTPUT

O GROUND

AD9521 SIMPLIFIED SCHEMATIC

Figure 5.40

\
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e Voltage Gain: 12dB

RF INPUT = 0.5V rms

e  Power Dissipation: 84mW

AD9521 PERFORMANCE CHARACTERISTICS

® Bandwidth: 7 MHz TO 245 MHz

e  Maximum Detected Output Current: 0.9 TO 1.1mA at 60 MHz,

e  Maximum RF Output Voltage: 1.6V P-P

e  Maximum Input Before Overload: 1.9V rms

\ Figure 5.41 /

Figure 5.42 shows the overall transfer
function of a log amp made with four
cascaded AD9521 devices. The detected
current outputs of each stage are plotted
against input, as is the sum of all the

outputs. It is clear that the sum of these’
currents approximates to a straight line
for inputs between 300 4V and 100 mV -
about 48 db.

-

EXAMPLE OF COMBINED RESPONSE OF FOUR LOG AMPS

RF INPUT
VOLTAGE

12dB GAIN/STAGE

VOLTAGE

L s ]

l s> SUMMED DETECTED

VIDEQ QUTPUT
CURRENT

RF QUTPUT

4-STAGE SUCCESSIVE DETECTION LOG STRIP
\_ Figure 5.42 /)

2 N\
2.0 /
25
SUMOF
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DETECTOR
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2.0 .
X={10+450+1,030+1,050)uA
=2356mA
15 /
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05 // /

[ T I X » S o Py “

o1 1 10 100 1.000

DETECTOR OUTPUT N MILLIAMPERES

RF INPUT IN MILLIVOLTS - LOG SCALE RMS
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If we add stages, the dynamic range in-
creases by 12 dB with each stage until the
strip limits on the noise of its own input
stage. This occurs with six stages if they
are simply connected together broad-
band. If NF = 5 dB at 450 Ohms, this
gives 70 uV broadband noise [assuming
220 MHz bandwidth] Since an AD9521
limits with 100 mV drive, there mustbe a
gain of less than 1428 (63 dB) to the
input of the last stage. At 12 dB/stage this
requires five stages so, with the cutput
stage, we cannot have more than six
stages without limiting on noise. This
gives a dynamic range of less than 70 dB.

We can increase the dynamic range by
placing an interstage filter between the

third and fourth stages of the strip to limit
the bandwidth. If we reduce the band-
width to 10 MHz, the noise is reduced by
the square root of 22 (13.5 dB), so we are
still limited to seven stages. The interstage
filter used does not affect the accuracy of
the log response PROVIDED that it has a
voltage gain which is accurately unity
throughout its passband.

If we allow for the effects of noise, seven
stages will only give us some 80 dB dy-
namic range. If further dynamic range is
required we must use an auxiliary strip.
This makes use of the fact that although
the output of an AD9521 saturates with
100 mV input, the device operates with-
out problems with inputs of up to 1.9 V.

e N
VouTace UG F';jﬂ NG 5
pabann o
NEE: x| & ] |&
l | | | L
| z |

Figure 5.43

ATTENUATOR la SUMMED DETECTED
24dB 9 VIDEO OUTPUT
[/ CURRENT
R e N
TOTAL DYNAMIC RANGE =105dB
24dB GAIN

105 dB LOG AMP USING AN AUXILIARY STRIP
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If, therefore, we add another two stage
strip of AD9521s, with a 24 dB attenuator
at its input, in parallel with the existing
strip, and sumiming its outputs to those of
the existing strip, we can add another 24
dB of detector range before the input to
the main, seven-stage, strip is overloaded.
This gives us nine stages for a theoretical
dynamic range of 108 dB - in practice it is
possible to achieve about 103-105 dB.
This log strip configuration is shown in
Figure 5.43.

‘When using AD9521s in long strips there
are various considerations of coupling,
decoupling, filter design and feedback via
the detector pins which must be ad-
dressed in any successful design. These
are considered in detail in the AD9521
Application Note which is to be published
in late 1989.

The AD9521 contains a single stage limit-
ing amplifier/detector. Moreover, it has a
low frequency cutoff of about 10 MHz
which makes it impossible to use in many
lower frequency applications. The AD640
contains five such stages in a single
package and its logarithmic performance
extends from DC to 145 MHz. Further-
more its amplifier and detector stages are
all balanced so that, with reasonably well-
considered layout, instability from feed-
back via supply rails is unlikely. A block
diagram of the AD640 is shown in Figure
5.44.

Unlike all previous integrated circuit log
amps, the AD640 is laser trimmed to high
absolute accuracy of both slope and
intercept, and is fully temperature com-

pensated.

-
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BLOCK DIAGRAM OF THE AD640

Figure 5.44
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4 I
AD640 FEATURES
45 dB Dynamic Range - Two AD640s cascadable to 95 dB
Bandwidth DC to 145 MHz - 120 MHz when cascaded
Laser-trimmed slope of 1 mA/decade - temperature stable
Laser-trimmed intercept of 1 mV - temperature stable
Less than 1 dB log non-linearity
Balanced circuitry for stability
Minimal external component requirement
\ Figure 5.45 /
Because of this high accuracy the actual resultant waveform changes. This does
waveform driving the AD640 must be not affect the slope of the response, but
considered when calculating responses. the apparent intercept is modified accord-
‘When a waveform passes through a log ing to the table. (See Figure 5.46.)
function generator, the mean value of the -
4 THE EFFECT OF WAVEFORM ON LOG INTERCEPT )
Input Peak Intercept Error (Relative
Waveform orrms Factor to a dc Input)
Square Wave Either 1 0.00dB
Sine Wave Peak 2 -6.02dB
Sine Wave rms 1.414 (NV2) -3.01dB
Triwave Peak 2718 (e) -8.68dB
Triwave rms 1.569 (e/V3) -3.91dB
Gaussian Noise ms 1.887 -5.52dB
Figure 5.46
- J




The AD640 is calibrated and laser
trimmed to give its defined response to a
DC level or a symmetrical 2 KHz square
wave, it is also specified to have an inter-
cept of 2 mV for a sine wave input (that is

to say a 2 KHz sine wave of amplitude 2
mV pk [NOT pk-pk] gives the same mean
output signal as a DC or square wave
signal of 1 mV).
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\
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THE EFFECT OF WAVEFORM ON
LOG LINEARITY AND INTERCEPT

Figure 5.47

The waveform also affects the ripple or
non-linearity of the log response. This
ripple is greatest for DC or square wave
inputs because every value of the input
voltage maps to a single location on the
transfer function, and thus traces out the
full nonlinearities of the log response.
By contrast, a general time varying signal

has a continuum of values within each
cycle of its waveform. The averaged out-
putis thereby “smoothed” because the
periodic deviations away from the ideal
response, as the waveform “‘sweeps over”
the transfer function, tend to cancel. As is
clear in Figure 5.47, this smoothing effect
is greatest for a triwave.
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BASIC SINGLE-STAGE AD640 APPLICATION
\ Figure 5.48 /

In principle the AD640 is very easy to use
(see Figure 5.48) but with such a high
wideband gain great care must be taken
to keep ground connections short, low in-
ductance and low resistance, to exclude
unwanted external signals, and to prevent
outputs feeding back to inputs. Detailed
applications information is available on
the AD640 data sheet. :

When two AD640s are cascaded as shown
in Figure 5.49, the second will be deliver-
ing an output from the noise of the first.

If the full potential dynamic range is to be
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realized the bandwidth must be limited.
This may be done with high-pass, low-
pass or band-pass filters, depending on
the required response, but, as with the
AD9521, the voltage gain of these filters in
their passband must be unity or there will
be a kink in the log response. Figure 5.50
shows a 70 dB log amp for broadband op-
eration from 50 to 150 MHz. The

100 MHz passband limits the possible
dynamic range, but the performance is
still exceptional. Figure 5.51 shows a
95dB 10Hz to 100KHz log amp using two
cascaded ADG40s.
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