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Introduction

< Nonlinear operations on continuous-valued analog signals are

often required 1n instrumentation, communication, and control-
system design.

« These operations include

rectification,
modulation.
demodulation.
frequency translation,
multiplication, and

division.

< In this chapter we analyze the most commonly used techniques
for performing multiplication and division within a monolithic
T~ 1Integrated circuit
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Introduction

« In analog-signal processing the need often arises for a circuit
that takes two analog mputs and produces an output proportional
to their product.

% Such circuits are termed analog multipliers.

« In the following sections we examine several analog multipliers
that depend on the exponential transfer function of bipolar
frans1stors .
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MULTIEIErIoEI}ceSs an output VO , which is

» A multip

prcglp\c/)rtional to the product of two inputs Vx
and Vy.

That is, VO = K Vx Vy

where K is the scaling factor that is usually
maintained as (1/10) V-1

There are various methods available for performing
analog multiplication. Four of such techniques,
namely,

1. Logarithmic summing technique

2. Pulse height/width modulation Technique

3. Variable trans conductance Technique

4. Multiplication using Gilbert cell an

5. Multiplication using variable trans conductance
technique.
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Terminologies associated voltage of the multiplier
characteristics

»

Accuracy:

This specifies the derivation of the actual output from the ideal output, for any
combination of X and Y inputs falling within the permissible operating range of the
multiplier.

Linearity:

This defines the accuracy of the multiplier. It represents the maximum percentage
derivation from the ideal straight line output. An error surface is formed by plotting the
output for different combinations of X and Y inputs. The Linearity Error can be defined

as the maximum absolute derivation of the error surface. This linearity error imposes a
lower limit on the multiplier accuracy.
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..CONTD

» Squaring Mode Accuracy:
The Square - law curve is obtained with both the X and Y inputs
connected together and applied with the same input signal. The
maximum derivation of the output voltage from an ideal square -
law curve expresses the squaring mode accuracy.

M (ma) AV o (mas)

v = I‘:\f‘i!
(Ideal square Llaw)

> VNV
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..CONTD

Bandwidth:

The Bandwidth indicates the operating capability of an analog
multiplier at higher frequency values. Small signal 3 dB
bandwidth defines the frequency fO at which the output
reduces by 3dB from its low frequency value for a constant
input voltage. This is identified individually for the X and Y
input channels normally.

The transconductance bandwidth represents the frequency at
which the transconductance of the multiplier drops by 3dB of
its low frequency value. This characteristics defines the
application frequency ranges when used for phase detection
or AM detection.

Quadrant:

The quadrant defines the applicability of the circuit for

ipolar 5|gnals at its inputs. First - quadrant device accepts
input signals, the two quadrant device accepts
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Logarithmic summing Technique:

» This technique uses the relationship
InVx + InVy =In(VxVy)

> lll\'x
\' x _ hl

P
: \'v: =\" x\vy

mVy

»Logarithmic multiplier has low accuracy and high temperature
instability. This method is applicable only to positive values of
Vx and Vy.

> this type of multiplier is restricted to one quadrant operation

nly.
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Pulse Height/ Width Modulation
Technique:

T=At

| ] ¢ Vz=KzT=KzAt=Vx Vy/Kx I

[€ : o
Constant
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Multiplier using Emitter coupled
Transistor pair

< The emitter-coupled pair, was shown in to ﬂ
produce output currents that were related
to the differential input voltage b\
I L5 I
= i
L+expt—V,/V,) l+eXp(V,d/V) Via

Al =1 =1, =I_tanh(V_ /2).)

’55
» This relationship 1s plotted => At —
and shows that the emutter- *c
coupled pair by itself can be gl- - =
used as a primitive multiplier. |
| l —> V4
-y Wr
=————-Igk

or assuming (V,,/2V,.)<<l,=> Al_=1_,.(V,,/2V;)

EC6404-LINEAR INTEGRATED
CIRCUITS-ECE DEPT-SVCE
Vidyarthiplus.com



www.Vidyarthiplus.com

..CONTD

# The current Iz 1s actually the bias
current for the emutter-coupled pair.

» With the addition of more circuitry, we
can make [ ; proportional to a second
mput signal.

% Thus we have

Igp =K,V - VBE(on)) +O—Q
Vid

» The differential output current of the

emitter-coupled pair can be calculated to R
give *
V.
AI o KoVid (VIZ o VBE(on)) "
‘ 2V,

-0
www.Vidyarthiplus.com —Ver



www.Vidyarthiplus.com

Two-Quadrant restriction

Thus we have produced a circuit that functions as a
multiplier under the assumption that Vid 1s small, and that
Vi2 1s greater than V.

(on)*

The latter restriction means that the multiplier functions in
only two quadrants of the Vid - Vi2 plane, and this type of
circuit 1s termed a two-quadrant multiplier.

The restriction to two quadrants of operation 1s a severe one
for many communications applications, and most practical
multipliers allow four-quadrant operation.

The Gilbert multiplier cell, shown, 1s a modification of the
emitter-coupled  cell, which allows four-quadrant
multiplication.
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Gilbert multiplier cell

< The Gilbert multiplier cell i1s !
the basis for most integrated-
- - - - Ic3—5 B ’c4—8
circuit balanced multiplier ¢ 4
systems.

<« The series connection of an ¢’f3 *lca Vcs ‘}’08
emitter-coupled pair with two -
cross-coupled, emitter-
coupled pairs produces a vy, 0 Q. 0 o
particularly useful transfer
characteristic..

i ' Iy I
I,= 1 s 1 ¢ ‘ ’
rexp(—7,/7;)
Id * . '\f' Q2
2 -

Vi — ’
<t 1y exp(V, /V;)

~_ 7. ]cz . ]cz Iee
> l+exp(V,/V;) “C l+exp(-V,/V,)
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The two currents /., and I, are related to V2

cl=

» Substituting /_, and I, m expressions for

-+
o I,

[ exp(7 7T+ exp(-7, /7

"~ Lrexp V) i+exp(, /7))

~. ¢6

onics.dit.ie

]EE ] - [EE
Ltexp(1, (V)

A d . and 1

céb

]EE

L+exp(7, /77)

[1+exp( V.1V )][1+e\p( V,IV. )]

IEE

]EE

IEE

[1+exp( V.1V )][1+exp(V [V )]

I

’out = ’c3-—5 K Iu—d
4':3—5 Va-e
° '
4 ' 0y Qs Qs Qs
p
J "C! E“?
+ ) Q;
v, A e

R Y
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The differential output current 1s then given by

Al=1,,-1,,=1, +]c5_([c4+1c6):(163 —]c6)—([4—165):

c c

= I tanh(V, /27, ) tanh(V, / 2V,)

The dc transfer characteristic, then, 1s the product of the hyperbolic tangent
of the two mput voltages. The are three main application of Gilbert cell
depending of the V1 an V2 range:

(D) If V<V, andV, <V, then: tanh(V},/2V;)=V,,/2V;
and 1t woks as multiplier
(2) If one of the mputs of a signal that 1s large compared to Vi, this

effectively multiplies the applied small signal by a square wave, and acts as a
modulator.

(3) If both mputs are large compared to 7 and all six transistors m the
circuit behave as nonsaturating switches. This 1s useful for the detection of
phase differences between two amplitude-limited signals, as 1s required 1n
phase-locked loops, and 1s sometimes called the phase-detector mode.
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Gilbert cell as Multiplier

(1) If V;<V,andV, <V, then:tanh(x)=x+x’/3+....=x

Thus for small-amplitude signals,
the circuit performs an analog
multiplication. Unfortunately, the
amplitudes of the input signals
are often much larger than V7,

An alternate approach 1s to
introduce a nonlinearity that
predistorts the input signals to
compensate for the hyperbolic
tangent transfer characteristic of
the basic cell.

The required nonlinearity 1s an
mnverse hyperbolic tangent
characteristic

Aloyy = Uez_g = ley_g)

|yc:. s H'a-e

JQ: Q4 H Qs Q

Tanh™' |V,

o\

Tanh~!' | V5

¢
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Pre-warping circuit -
inverse hyperbolic tangent

<« We assume for the time being that the circuitry within the box develops a
differential output current that 1s linearly related to the input voltage 71. Thus
i =d,+KJV andl —1 —K T
Here 1, 1s the dc current that flows in each output lead if V'] 1s equal to zero,
and K1 1s the transconductance of the voltage-to-current converter

The differential voltage developed across the

Vee
two diode-connected transistors 1s
AV =V, In Ltk | V. In do= Bk | V. In Lekh il 0, 0,
Is ]s Iol i Kll/l
————0 +
Using the identity:  tanh™x = In((1+ x)/(1-x))/2 ay
I 1
K V ‘ 1 l 2
We get A¥=2F. tanh‘{#]
o1 et () G*B
And finally _ Kh | &5V Vi = =
: Al =1,
I I/ . Voltage —current
onics.dit.ie L 02 converter
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Complete Analog Multiplier

=1K, % &Vle = 0.1V,

ol 02

V

out

Differential-to-
single-ended —0 Vour
converter

l'ca-s Ies_g l

Multiplier core

-
l’m +K,V, l’oa - KV, l’oz + KV, l’oz - KV,
—
+ O » + O—— 5
V. Differential voltage- V. Differential voltage-
i ! to-current converter ? to current converter
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Variable Transconductance
Technique:

Ry lll Izl Ry
Vo
= rd
o
Q2
- l:Q‘ - VO = gm R,Vx = (Vy/VTRE)VXRL
o y =(Vx Vy R /V; R,
+0O I)Q3
Vy, R lIEE
— O

EC6404-LINEAR INTEGRATED

. . . CIRCUITS-ECE DEPT-SVCE
Vidyarthiplus.com



www.Vidyarthiplus.com

Four Quadrant Variable
transconductance multiplier

» The four quadrant operation indicates that the output voltage is
directly proportional to the product of the two input voltages
regardless of the polarity of the inputs and such multipliers can be

operated in all the four quadrants of
operatinn

- O
% s P e
Rem

r——-V, + Oy

Iy
-t

l]s —
Tg
vy

=1 l (I-L)
s+1d4
Qz +Vy —O—'::'\h
Iy
—_
r— Oy
Ry

-2

>
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Analog Multiplier ICs

» Analog multiplier is a circuit whose output voltage at any instantis
proportional to the product instantaneous value of two individual input
voltages.

» The important applications-—--multiplication, division, squaring and square
- rooting of signals, modulation and demodulation.

» These analog multipliers are available as integrated circuits consisting of
op-amps and other circuit elemente /N —\/v\Au /10

VKV = U
. _0 l\ i X1 8 [+Vs
Vx O—r Output =7
>< —o% i[5 ] 7w
V. Xz|2 :
y 0= ksl
= * 6
Y1l 3 2
Y24 3 Vs
1 AD633JN
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Multiplier quadrants:

» The transfer characteristics of a typical four-quadrant multiplier is shown in
figure. Both the inputs

can be positive or negative to obtain the corresponding output as shown in
the transfer

characteristics.

[o—
)

§ Ve O— V,=V.V.J10

X
5

Output, V; (V)

o

-6 Vy=10 Vy=-10

| | | | | | | | |
(00 g 6 4 2 0 2 4 6 8§ 10
Input, Vi(V)
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Applications of Multiplier ICs:

The multiplier ICs are used for the following purposes:
. Voltage Squarer

. Frequency doubler

. Voltage divider

. Square rooter

. Phase angle detector

. Rectifier

OOulh WN —
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Voltage Squarer:

»

Figure shows the multiplier IC connected as a squaring circuit. The inputs

can be positive or
negative, represented by any corresponding voltage level between 0 and T10V.

The input voltage Vi to be squared is simply connected to both the input
terminals, and hence we have, Vx = Vy = Vi and the output is VO = K Vi2 .

The circuit thus performs the squaring operation. This application can be
extended for frequency doubling applications.

VKV

V; Ot >< =0V,
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Frequency doubler

» A sine-wave signal Vi has a peak amplitude of Av and frequency of
fHZz.

» Assuming a peak amplitude Av of 5V and frequency f of 10KHz, VO
=1.25 - 1.25 cos2T1(20000)t.
The first term represents the dc term of 1.25V peak amplitude .

» The output waveforms ripples with twice the input frequency in the
rectified output of the input signal. This forms the principle of
application of analog multiplier as rectifier of ac signals. The dc
component of output VO can be removed by connecting a 1uF
coupling capacitor between the output terminal and a load resistor,
across which the output can be observed.
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Frequency doubler

V=S sam 2t (10000t l5 v { R:—10K
o

= s=vi

p— - Tupuc
=

=

=
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Voltage Divider

Ve
O
- >< N
O Y1
lzL R
a7,
o AN ; \
Visara r - O
/ Voa
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Phase angle Detector

+15V
Vy=Vvyp sin (27ft) TS
3
Y1 7
><O

1 —0—{ X ;

= 1|7 AD633

(LS DC Voltmeter
- to measure 0
Vx=Vxp sin (27ft+0) @ o Vi [ <— 0 Vio 1 Vscale
X2=Y2=Z=U i

> V=4 47 sin 27 (LOOO)t V—3t 47 sin (27(1O00)t+86)

4

8=—o0"

P )
:‘z o —r

Input volta ge for 8=00°

T ~o—sin 27 (000t

lvo— | [\ /\ =

Output voltage for 8=00°: DC texin isO V
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PHASE LOCKED LOOP

Basic Block Diagram of a PLL
Forward path
i Phase / Low Pass \ Voltage | for
—* Detector Filter Controlled
Input Oscillator
frequency I
Feedback path
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PLL

Phase detector (PD):

e Analog multiplier

e PD produces an error signal that is proportional to the phase error,
i.e., to the difference between the phases of input and output signals
of the phase-locked loop

Loop filter:
e |Low-pass filter
e It is characterized by its transfer function F'(s)
e Low-pass filter suppresses the noise and unwanted PD outputs. It
determines the dynamics of phase-locked loop
Voltage-controlled oscillator (VCO):

N e VCO generates a sinusoidal signal
e The instantaneous VCO frequency is controlled by its input voltage

ELO4U4-LINEAR INTEORAIT ED
. . . CIRCUITS-ECE DEPT-SVCE
Vidyarthiplus.com



www.Vidyarthiplus.com

PLL

OPERATION PRINCIPLE OF PHASE-LOCKED LOOP - Part |

Basic loop configuration PLL block diagram

lemadulated lemodulated 1 H
i amosduia emod ila) Voltages appearing in the loop are also

; | I shown

s(t, d) vl t) vl
3 Vi acquisition > PD EF(s) =

- VCO
r(f,®) u,.(t)

signal

Phase detector (PD) compares the phase of the input signal s(#, ®) against the
phase of the VCO output r(f.P) and produces an error signal v,(%)

This error signal is then filtered, in order to remove noise and other unwanted

components of the input spectrum

The sum of filter output v¢(#) and an additive external control voltage v.(%)
~_ controls the instantaneous VCO frequency
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PLL

OPERATION PRINCIPLE OF PHASE-LOCKED LOOP - Part Il

Basic loop configuration PLL block diagram
s i Voltages appearing in the loop are also
input J shown
ignal Pha Loop
= = -’l| et lill: i § (. ®) vl )
i acquisition . '—> PD =47 = (5]
C: II; li-;q-n'tl

red : VCO
rit,.d) v.(f)

Brrier
ignal

A nonzero output voltage must be provided by the PD, in order to tune the

VCO frequency to the input one if the input frequency differs from the VCO
center frequency

Consequently, the PLL tracks the phase of input signal with some phase error.
~__ However, this phase error can be kept very small in a well-designed PLL
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PLL- construction and operation

>

The phase detector or comparator compares the input frequency fs with
feedback frequency fo. The output of the phase detector is proportional to the
phase difference between fs & fo. The output of the phase detector is a dc
voltage & therefore is often referred to as the error voltage.

>LPF removes the high frequency noise and produces a dc level. The high
frequency component (fs + fo) is removed by the low pass filter

> The output frequency of VCO is directly proportional to the dc level. The VCO
frequency is

compared with input frequency and adjusted until it is equal to the input
frequencies.

» PLL goes through 3 states, i) free running ii) Capture iii) Phase lock.
»>Before the input is applied, the PLL is in free running state.
»>0Once the input frequency is applied the VCO frequency starts to change and

PLL is said to be in the capture mode. The VCO frequency continuous to change
it equals the input frequency and the PLL is in phase lock mode.

loop tracks anyChdngedi bEE )t frequency

Vidyarthiplus.com
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PLL

>The phase detector is basically a multiplier and produces the sum (fs + fo)
and difference (fs - fo) components at its output. The high frequency
component (fs + fo) is removed by the low pass filter and the difference
frequency component is amplified then applied as control voltage vc to VCO.

>The signal vc shifts the VCO frequency in a direction to reduce the frequency
difference between fs and fo. Once this action starts, we say that the signal is
in the capture range. The VCO continues to change frequency till its output
frequency is exactly the same as the input signal frequency. The circuit is then
said to be locked.

> Once locked, the output frequency fo of VCO is identical to fs except for a
finite phase difference ¢. This phase difference ¢ generates a corrective
control voltage vc to shift the VCO frequency from fO to fs and thereby
maintain the lock. Once locked,PLL tracks the frequency changes of the input
signal.

> Thus, a PLL goes through three stages (i)free running, (ii) capture and (iii)
locked or tracking.

g range: the range of frequencies over which the PLL can acquire lock

with an in al is called the capture range, This parameter is also

expressed as per fo. CIRCUITS-ECE DEPT-SVCE
P P Vidyarthiplus.com
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Low - Pass filter

» The function of the LPF is to remove the high frequency components in
the output of the phase detector and to remove the high frequency noise.

» LPF controls the characteristics of the phase locked loop. i.e, capture
range, lock ranges, bandwidth

Lock range(Tracking range):The lock range is defined as the range of
frequencies over which the PLL system follows the changes in the input
frequency fIN.

» Capture range:Capture range is the frequency range in which the PLL
acquires phase lock. Capture range is always smaller than the lock range.

» Filter Bandwidth:Filter Bandwidth is reduced, its response time increases.
However reduced Bandwidth reduces the capture range of the PLL.
Reduced Bandwidth helps to keep the loop in lock
through momentary losses of signal and also minimizes noise.

EC6404-LINEAR INTEGRATED
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Voltage Controlled Oscillator (VCO)

» The third section of PLL is the VCO; it generates an
output frequency that is directly proportional to its
input voltage.

» Voltage controlled oscillator

» A voltage controlled oscillator is an oscillator
circuit in which the frequency of oscillations can be
controlled by an externally applied voltage

» The maximum output frequency of NE/SE 566 is
500 Khz.

i Voltage g
;\Input—’ Controlled ——=»

frequency Oscillator
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Equations

Xm(?) is given by

T (1) = zc(t) - 20 (2)

the VCO frequency may be written as a function of the VCO input }(7) as
wy(t) = wr + goy(l)

where g, is the sensitivity of the VCO and 1s expressed in Hz / V.

Hence the VCO output takes the form

z,(t) = A, cos ([ w.(r)dr) = A, cos(wt + (1))
0

where

P(t) = fu g.y(7) dr

EC6404-LINEAR INTEGRATED
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The loop filter receives this signal as input and produces an output
XAT) = Fane(Xm(1))
where FFiner is the operator representing the loop filter transformation.
When the loop is closed, the output from the loop filter becomes the input to the VCO thus
V() = xXA0) = Fane(Xm(1))
We can deduce how the PLL reacts to a sinusoidal input signal:
X A1) = Asm(®d).
The output of the phase detector then is:
T (t) = Acsin(wet) A, cos(wel + (1) ).
This can be rewritten into sum and difference components using trigonometrnic identities:

.1‘,,,(1) — ‘4ré1f Sin(w‘ct _— (-l-'ft - v(t)) o

’4'2"1’ sin(w.t + wt + (1))

If we can make “f ~ e _then the SIN(")can be approximated by its

argument resulting in: y(t) = zp(t) >~ —AcApo(1) /2 e phase-locked loop is said to be
locked 1if this 1s the case.

EC6404-LINEAR INTEGRATED
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Monilithic VCO-IC 566

V+
i [ g“‘ ‘
aRouNn) " 8w v TR
n 7] C 1 SCHMITT BUFFER A
NCi i (4 A 2333525 TRIGGER AMPLIFIER [3[
= — MODULATION |5 , JUL
SQUARE WAVE ouTPUT| | ML INPUT
TRIANGLE WAVE ouTeuT 4 9| HODULATION INPUT | BUFFER 4|
o B AMPLIFIER o
— . A
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MONOLITHIC PHASE LOCKED
LOOPS (PLL IC 565)

Pin Configuration of PLL IC 565:

-y E (14] NC

INPUT [z 13| NC

weut [3] 12| NC

\OTI?PUT E Ngsse [11] NC

:vccgs:'cwroa E (10]+ v
mmg E E&%mnm
geuwreo E ‘3 %;E\;CRNSL RESISTOR

14-Psn DIP Package
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Block Diagram

e LOW-PASS
[ FILTER
r ............... Q--------- ---.ch
| - 3
LT VI
s u’: ? DEMODULATED
3! PHARS AMPLFER OQUTPUT
MPUT 0=4—\ OETECTOR 3= REFERENCE
PHASE COMPARATOR o4 E
{PC) VOO NPUT ; .
A 4 NE 565 PLL IC "
QUTPUT o 1
1
JLILrE 3 !
- VOO '
| |
' '
.----
)
Ry
oV

NE/SE 565 PLL Biock Diagram
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IC565

The signetics NE/SE 560 series is monolithic phase locked loops. The
SE/NE 560, 561,

562, 564, 565 & 567 differ mainly in operating frequency range, poser
supply requirements & frequency & bandwidth adjustment ranges.
The important electrical characteristics of the 565 PLL are,
»0Operating frequency range: 0.001Hz to 500 Khz.

Operating voltage range: =6 to £12v

Input level required for tracking: 10mv rms min to 3 Vpp max

Input impedance: 10 K ohms typically.

Output sink current: 1TmA

Output source current: 10 mA

The center frequency of the PLL is determined by the free running
frequency of the VCO, which is given by

where R1&C1 are an external resistor & a capacitor connected to
pin
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IC565

» The lock range fL & capture range fc of PLL is given
by,

Where four = free unmng frequency of VCO (Hz)
V= +=V)-(-V) volts

QIDG.6X10HCs
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Applications of PLL-IC
1.Frequency Multiplier
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2.FSK Demodulator
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565 As An FSK Demodulator
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FSK Demodulator

» - The output of 555 FSK generator is applied
to the 565 FSK demodulator.
» - Capacitive coupling is used at the input to
remove dc line.
» - At the input of 565, the loop locks to the
input frequency & tracks it between the 2
frequencies.
- R1T & C1 determine the free runnin
frequency of the VCO, 3 stage RC ladder filter
is used to
remove the carrier component from the
output.
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3.AM Demodulation

AM mput
TP Phase shif —p .. —p{ LowPass —Pp
: Multiplier ks
90 Filter
4 Demodulated
output
Phase
—P  Locked
Loop VCO output
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4.Frequency
multiplication/division:

PHASE LOW PASS
COMPARATOR FILTER AMPLIFIER
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5.Frequency Synthesizer

Master Osdllator

Phase
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