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CHAPTER 1

INTRODUCTION TO ANALOG MULTIPLEXER

An analog multiplexer (also known as a MUX or data selector) is a device
used to select one of many input signals and connect that selected input to a
single output/transmission line. A select line is used to control which input
is connected to the output of the multiplexer. An analog multiplexer
incorporates analog switches to select one signal from multiple analog
inputs and forward it to a single output line. The analog multiplexer can also
be used as a demultiplexer since analog switches can transfer a signal
bidirectionally. The multiplexer offers the benefit of reducing the required
number of transmission lines by switching various signals onto a single line.

1.1 TRANSISTOR MULTIPLEXERS

Figure 1.1 shows analog multiplexer using transistors. If the control input
CON is HIGH (+Vcc), transistor Q, is ON, Q. is OFF and (V) will appear
at V. If the control input CON is LOW (-Vc), transistor Q; is OFF, Q. is
ON and (V») will appear at Vn. The operation is illustrated in table 1.

Fig. 1.1 Transistor multiplexer

Table I
CON | Vn
HIGH | V,

LOW | V,
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1.2 JFET MULTIPLEXERS

Figure 1.2 shows analogue multiplexers using FETs. If the control input
CON is HIGH (+Vcc), FETs Q; is ON, Q> is OFF and (V) will appear at
V. If control input CON is LOW (-Vcc), FETs Q; is OFF, Q2 is ON and
(V>) will appear at V. The operation is illustrated in Table II.

1.3 MOSFET MULTIPLEXER

Figure 1.3 shows analogue multiplexer using MOSFETs. If the control input
CON is HIGH (+V¢c), MOSFETSs Q; is ON, Q- is OFF and (V) will appear
at V. If control input CON is LOW (-V¢c), MOSFETs Q, is OFF, Q> is
ON and (V») will appear at Vn. The operation is illustrated in table II1.

1.4 ANALOGUE MULTIPLEXER IC CD 4053

Fig. 1.4 shows the symbol of analogue triple 2 to 1 multiplexer. Each
multiplexer has four terminals. In case of multiplexer My, it has ‘ay’,’ax’,
‘a’ and ‘A’ terminals. In case of multiplexer My, it has ‘by’,’bx’,’b’ and ‘B’
terminals. In case of multiplexer M3, it has ‘cy’,’cx’,’c’ and ‘C’ terminals.

Vi
G D channe
S e
5? Ra
CONe—| g—; VN
%RG
T S Cchanne
S e e
V2
Fig.1.2 FET multiplexer
Table II
CON | Vn
HIGH | V,
LOW | V,




Introduction to Analog Multiplexers 3

Q1
P Channel
MOSFET

Rl

1 VN

Q2
N Channel
MOSFIET

dffo

N

Fig. 1.3 MOSFET multiplexer

Table 111
CON | Vn
HIGH | V,
LOW |V,

M\A_ QJE_ cv |C
a b c
—by M-

ax
- M,

Fig. 1.4 Triple 2 to 1 multiplexers

CD 4053 IC

Fig. 1.5 Pin details of CD 4053 IC

In multiplexer My, if the pin ‘A’ is HIGH, then ‘ay’ is connected to ‘a’ and
if the pin ‘A’ is LOW, then ‘ax’ is connected to ‘a’. In multiplexer M,, if the
pin ‘B’ is HIGH, then ‘by’ is connected to ‘b’ and if the pin ‘B’ is LOW, then
‘bx’ is connected to ‘b’. In multiplexer M3, if the pin ‘C’ is HIGH, then ‘cy’
is connected to ‘c’ and if the pin ‘C’ is LOW, then ‘cx’ is connected to ‘c’.
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All the three multiplexers M;,M, and M3 are available in one IC PACKAGE
of CMOS CD4053 IC. The pin details of this CD4053 IC are given in the
Fig. 1.5.

1.5 ANALOG MULTIPLEXERS CD4051 and CD4052

Fig. 1.6 shows pin details of analog multiplexer IC 4052. Fig. 1.7 shows pin
details of analog multiplexer IC 4051.

Voo T ovinw WOV . 6] [15] [] 3] [2] [11] [o] [e
hefofiopa_ha2 oo s Voo Y2 Yy Yo Y3 Ag Ay A
CD 4052 D) HEF40518B

Y. Yo Z Yy Y5 E Vee Ves

1 12] 13 &) |8) [B) (7] |8

L £ 3 a4 L] |Ll

oy 2y ¥ Iy 1y, INH  Vgg Vg
iNfDUT  OUT/IN ThnuT

o
~

Fig. 1.7 pin details of IC 4051
Fig. 1.6 pin details of IC 4052

1.6 INTERNAL DIAGRAM OF 555 TIMER

Fig. 1.8 shows the internal diagram of 555 timer.

+Vee

Vrer

Q
4L Reset

Power | 3
amp —Output
(inverter)

Fig. 1.8 Internal diagram of 555 timer



CHAPTER 2

WAVEFORM GENERATORS

The circuits which generate sine, square, pulse, saw tooth and triangular
waveforms are discussed in this chapter. These waveforms are used in
timing and control, signal carriers for information transmission and storage,
sweep signals for information display, test signals for automatic test and
measurement and audio signals for electronic music. The function of
function generator is to produce a waveform of a particular frequency,
amplitude, and shape and duty cycle. Sine wave oscillators are used to test
the characteristics of low pass, high pass and band pass filters. Pulse
waveforms are used to test digital circuits. Saw tooth and triangular waves
are required to develop function circuits either internally or externally.

2.1 ASTABLE MULTIVIBRATOR

Fig. 2.1 shows an astable multivibrator using op-amp. Let us assume
initially that the op-amp output is LOW (i.e., negative saturation). The
voltage at the non-inverting terminal will be

R2
————————— " "MAMWA——
ValT
VB 7OA_ 1 P
R g;_ .Nl\}?v\,
5
mrm . nrtm
Fig. 2.4 astable multivibrator
V=B gr)
B R (2.1)

R +R,
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The voltage at inverting terminal Vg will be positive w.r.t VA and its
potential is decreasing i.e., C; charges down through R3;. When the potential
difference between the two input terminals approaches zero, the op-amp
comes out of saturation. The positive feedback from the output to terminal
Va causes regenerative switching which drives the op-amp to positive
saturation. Capacitor C; charges up through R; and Vg potential rises
exponentially; when it reaches ¥, = S(+Vec) the circuit switches back to

the state in which op-amp is in negative saturation. The sequence therefore
repeats to produce square waveform of time period T at its output. The time
period T is given as

T =2R,C, In(1+2 %) (2.2)

2

Voltage to period converter: If in the astable multivibrator shown in Fig.2.1,
the R, terminal is removed from the output terminal and an analog
multiplexer is added between R, and output as shown in Fig. 2.2, then the
circuit will work as voltage to time period converter. The time period T is
given as

T =V,K, (2.3)

Where K is a constant depends on equation (2.2) and op-amp saturation
voltage or supply voltage Vcc.

R~ a /’i_"*'VI

A —+
Vel oal S
= R 3
Ri= - AAAANA——
G|
nmrimm mmmm

Fig. 2.2 voltage to period converter
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Voltage to frequency converter: If in the astable multivibrator shown in Fig.
2.1, the Rj3 terminal is removed from the output terminal and an analog
multiplexer is added between R3 and output as shown in Fig. 2.3, then the
circuit will work as voltage to frequency converter. The frequency ‘f” is
given as

Ro>

VB _OAI

ng R=s a 2 =N 1

ax -N1
—

mmm mmm

Fig. 2.3 voltage to frequency converter
f=VK, (24)

Where K is a constant depends on equation (2.6) and op-amp saturation
voltage or supply voltage Vcc.

2.2 SAW TOOTH WAVE GENERATORS

Two circuits for generation of saw tooth wave are shown in Figs. 2.4 and
their associated waveforms in Fig. 2.5. A saw tooth wave Vg, of peak value
Vr and time period T is generated by these circuits.

In Fig. 2.4(a)
VR =2Vgg (2.5)
T=14RC; (2.6)

In Fig. 2.4(b), if initially op amp OA; output is LOW, the multiplexer M;
connects ‘ax’ to ‘a’ and the integrator formed by resister Ry, capacitor C;
and op amp OA, integrates (-Vr) and its output is given as
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Fig. 2.4(b) Saw tooth wave generator — II
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+Vh.\'l VC
(Fig.b)
-Vsar
"'V\V\l VC
(Figa)
'V.\'\] o
—T—
VR
Vsi

Fig. 2.5 associated waveforms of Fig. 2.4

1
Vg =——— | —Vgdt
s1 R1C1J- R

_Ir 2.7
Vs1 R1C1t 2.7

A positive going ramp is generated at the output of op amp OA; and when
it reaches the value of reference voltage +Vr the comparator OA; output
becomes HIGH. The multiplexer M; now connects ‘ay’ to ‘a’ and shorts
capacitor C; and hence the integrator output becomes zero. Then the
comparator output is LOW and the sequence therefore repeats to give a
perfect saw tooth wave Vg of peak value Vg at the output of op — amp OA;.
From equation (2.7), Fig. 2.5 and fact that at t="T, Vs;= Vg,

VR R 1
RIG

2.3 FUNCTION GENERATOR -TYPE 1

A triangular wave V1, with £Vt peak to peak value and time period T is
generated by the triangular wave generator shown in Figs. 2.6 and its
associated waveforms are shown in Figs. 2.7.

The output of op amp OA; is a triangular wave Vr; with £Vt peak values
and time period of T. Initially the comparator OA, output is LOW(-Vsar),
the output of the integrator composed by op-amp OA;, resistor R; and
capacitor Cy, is given as
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1 Vsar
v =—-—— | Vsqrdt= t 2.9
T1 R1C1I sATd =" (2.9)
The integrator output is rising towards positive saturation and when it
reaches a value +Vr, the comparator output becomes HIGH(+Vsar). The
output of the integrator composed by op-amp OA |, resistor R; and capacitor
C,, is given as

1 Vsar
Vi =——— | +Vgypdt =— ¢
T1 RICII SAT )

Now the output of the integrator is changing its slope from +Vr towards (-
V1) and when it reaches a value ‘-Vr’, the comparator output becomes
LOW(-Vsar) and the sequence therefore repeats to give (i) a triangular
waveform Vr; with £V peak to peak values at the output of op-amp OA,
and (ii) a square waveform V¢ with +Vsa peak to peak values at the output
of comparator OA,.

From the waveforms shown in Fig. 2.7, from equation (2.9) and the fact that
att=T/2, V11 =2Vt

— VSAT Z
" RC 2
_4V,RC,

VSAT

T (2.10)

When the comparator OA; output is LOW (-Vsar), the effective voltage at
the non-inverting terminal of comparator OA; will be, by superposition
principle,

(_VSAT) Rz n (+Vr) .
(Rz +R3) (Rz +R3)

When this effective voltage at the non-inverting terminal of comparator OA,

becomes zero

(Veur )R, + (+V, )R, _
(R, +R;)

0

(+,) = (%»%

3
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When the comparator OA; output is HIGH (+Vsar), the effective voltage at
the non-inverting terminal of comparator OA; will be by superposition
principle

(""VSAT) R2 + (_VT) \
(R, +R;) (R, +R;)

When this effective voltage at non-inverting terminal of comparator OA;
becomes zero
(+Vgr )R, + (V)R 0

(R, +R;)

R
V)= (_VSAT)R_z
R R
LV =tV 20 0.76(2V, ) >
Ry Ry @2.11)

From equation (2.10) and (2.11), time period T of the generated
triangular/square waveforms is given as

r—4rc
R

3

(2.12)

<>
s
e

| L Vn

R2
Ve Ri

Fig. 2.6 triangular wave generator



12 Chapter 2

+Vsat
Op-Amp -0A2
Wi Output Ve
Ve \ {— T/2 =
| [
-~ FE . Op-Amp -OA!1
Ny \/ I Output Vi

Fig. 2.7 associated waveforms of Fig. 2.6

The triangular wave generator shown in Fig. 2.6 can be converted in to a
voltage-controlled function generator by adding an analog multiplexer
between comparator and integrator as shown in Fig. 2.8.

r =2k (2.23)
Vi
_ARG R, (2.24)
Vi R
R
w2 LI
..... P v i
b oy
—Tx — ="
Ve - a “B.]“ =
Nl P L

Fig. 2.8 function generator
2.4 FUNCTION GENERATOR - TYPE II

The circuit diagram of the function generator — type II is shown in Fig. 2.9
and its associated waveforms are shown in Fig. 2.10.
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YA o
=Vied

0 /\/\/\/ Vi
-V,
+Vee

0 Vs
-Vee

= T —=

+Vec

0 Vr
-Vee
+Vee

0 Vi
-Vee -
+V1

1} WV
-V -

Fig. 2.10 Associated Waveforms of Fig. 2.9

Let initially the SR flip flop output Q be LOW. The multiplexer selects -V
(‘ax’ is connected to ‘a’). —V; will be given to the integrator formed by OA.,
resistor R and capacitor C. Its output will be

1
Vi :_EJ._V“” “ 2! (2.25)

The output of integrator OA2 is a positive going ramp. When the output of
the integrator exceeds the other input voltage V», SR Flip flop output Q is
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set to HIGH by the comparator OAj;. The multiplexer selects +V; (‘ay’ is
connected to ‘a’) and +V is given to the integrator OA,. Now the integrator
output will be

1 "M
VT] Z_E‘[Hdt:_ﬁt (2'26)

The output of the integrator is changing its slope from positive to negative.
When the output of the integrator exceeds the input voltage —V,, SR flip
flop output ‘Q’ will be reset to LOW by the comparator OA4 and the cycle
therefore repeats. From the equation (2.26) and from the waveforms shown
in Fig. 2.10 at t = T/2, V1(t) =2V,

141

Wy =—— 2.27

27 2rC (2.27)

T=E4RC s f‘:ﬁ; (2.28)
" V> 4RC

WORKED EXAMPLES:

2.1 Design a square wave generator for frequency of 1KHz. Power supply
voltage of £15V.

The square wave generator or astable multivibrator is given in Fig. 2.1.
From equation (2.2)

R
T =2RC In(1+2-1)

Given; frequency = 1kHz

T=1/f=1mS

Let R, =1.16R4

Let Ry = 10K, then R, = 11.6K
T =2R,C,1n2.7241=2R,C,

R, ——L_
Yo
Let C; = 0.05uF,
1x107°

=10K

3

T 2X0.05X10°



Waveform Generators 15
2.2 Design a saw tooth wave generator with peak value of 5V and time
period of 1mS.

The saw tooth wave generator is shown in Fig. 2.5. Chose Vg = 5V with
LM3365V reference diode. Given: T = ImS. Let R; = IM.

From equation (2.8)

3
T 1X10

T=R(C, C=—= =1nF
R 1x100

2.3 Design a triangular wave generator of time period 20mS with 10V peak
volts. Power supply is £15V.

The triangular wave generator circuit is shown in Fig. 2.6. Given: T =20mS,
Vr=10V, Vcc = 15V

From equation (2.11)
R R
=V, R—j 0 0.76(J_rVCC)R—j

Let R, = 10K

r = ROT6V

3

=11.4K

T

From equation (2.12)

R
T=4RC, -2 =35RG

3
Let C;=0.1pF

r__T __20x10°
' 3.5C, 3.5X0.1X10°

=57.14K

2.4 Design a voltage controlled triangular wave generator of 1KHz
frequency and 10V peak value. The given control voltage is (-1V). Power
supply used is £15V.
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Given: f=1KHz; T=1/f=1mS, Vi=-1V, Vr =10V, Vcc = 15V

The voltage controlled triangular wave generator is shown in Fig. 2.8

R R
= R—3 0 0.76(iVCC)R—3

4 4

R
R, =076(Vcc) >

T

Let R3 = 10K

10X10°

R, =0.76X15X =114K

From equation (2.28)

_V[

!~ %kevy

Let C=0.1pF

-V 1

R= = 3 £ =2500
4fCVr ax1Xx10° X0.1x107° X10




CHAPTER 3

ANALOG MULTIPLIERS USING MULTIPLEXERS

If the width of a pulse train is made proportional to one voltage and the
amplitude of the same pulse train to a second voltage, then the average value
of this pulse train is proportional to the product of two voltages, and is called
time division multiplier or pulse averaging multiplier or sigma delta
multiplier. The time division multiplier can be implemented using (1)
triangular wave (2) saw tooth wave and (3) without using any reference
wave.

Peak responding multipliers are classified in to (i) peak detecting multipliers
and (ii) peak sampling multipliers. A short pulse/saw tooth waveform whose
time period ‘T’ is proportional to one voltage is generated. Another input
voltage is integrated during the time period ‘T’. The peak value of the
integrated voltage is proportional to the product of the two input voltages.
This is called double single slope peak responding multiplier. A
square/triangular waveform whose time period ‘T’ is proportional to one
voltage is generated. Another input voltage is integrated during the time
period ‘T’. The peak value of the integrated voltage is proportional to the
product of the two input voltages. This is called double dual slope peak
responding multiplier. A rectangular pulse waveform whose OFF time is
proportional to one voltage is generated. Another voltage is integrated
during this OFF time. The peak value of integrated output is proportional to
the product of the two input voltages. This is called pulse width integrated
peak responding multiplier. At the output stage of a peak responding
multiplier, if peak detector is used, it is called peak detecting multiplier and
if sample & hold is used, it is called peak sampling multiplier. The principles
of peak responding multipliers are described in this chapter.

3.1 SAW TOOTH WAVE REFERENCED TIME DIVISION
MULTIPLIER

The time division multiplier using saw tooth wave as reference is shown in
Fig. 3.1 and its associated waveforms in Fig.3.2. A saw tooth wave Vg; of
peak value Vg is compared with one input voltage V| by the op-amp OA
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and a rectangular wave Vy is produced at the output of op-amp OA. The
ON time ‘37’ of the rectangular wave Vy, is given as

Saw tooth wave

Generator
Vsi
Vie—+ 1
—4053
A 3
ay
VZ o - R
ax o2 L VN (A VO_V\I;VZ
R
ind |

" i

Vr |’ ______
WV [/': T
L Vsi
=" :
+VsarT —
Vm
-VsaT
1 1 ] 1 1 1
i 8T i i i
1 1 1 1
. | [
Vi

R 3.1)

This rectangular wave Vy controls the analog multiplexer A, The analog
multiplexer A is connecting (i) another input voltage V, during the ON time
“d1” of rectangular pulse Vv (‘ay’ is connected to ‘a’) and (ii) zero volts
during OFF time of rectangular pulse Vu (‘ax’ is connected to ‘a’), to the
resistor (R) - capacitor (C) low pass filter (LPF). Another rectangular pulse
waveform Vy is generated at the output of analog multiplexer A with V as
peak value and time period of same “T’. The resistor (R) - capacitor (C) low
pass filter (LPF) at the output stage gives average value Vo’ of the pulse
train ‘VN’
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S,
o = & '[ Vo
0 T 2
0
Vo :lVZé‘T
T
"
Vo = HI2 (3.2)

3.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
MULTIPLIER

The time division multiplier using a triangular wave as a reference clock is
shown in Fig 3.3 and its associated waveforms in Fig. 3.4.

Triangular wave

Generator
Vi . Vi
Vie + 1
—4053
ay A 3
+V2 R
o1V aaman Vo- ¥1V2
V> ax l Vr
C

Fig. 3.3 Triangular wave referenced time division multiplier

A triangular wave Vr; of £ Vpeak to peak value is compared with the
input voltage V| by the op-amp OA and a asymmetrical wave Vy is
generated. The OFF time ‘T’ of this rectangular wave Vy is given as
Ve =V,
2 (33)

The ON time ‘T’ of this rectangular wave Vv is given as
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+VT

Vl T T /l‘/lr\r\ 1
| [ | : \ A
=N —f—— | | ! |
| | | | \ |
I | | | \ |
+VsaT — : I |
L : VM
T2 Th |
-Vsar L |
| | I |
I | \ |
+Va2 |— 1
: Vi

Fig. 3.4 Associated waveforms of Fig. 3.3

Ve + 1]
_Irth g

T
7

(3.4)

The rectangular pulse Vum controls analog multiplexer A. The analog
multiplexer A connects the other input voltage (+V3) during ON time T
(‘ay’ is connected to ‘a’) and (-V) during OFF time T, of the rectangular
pulse Vi (‘ax’ is connected to ‘a’) to the resistor (R) - capacitor (C) low
pass filter (LPF). Another rectangular wave Vy with £ V, maximum values
is generated at the output of analog multiplexer A. The resistor (R) -
capacitor (C) low pass filter (LPF) gives average value (Vo) of this pulse
train Vy and is given as

T+T,

T, :
VO = %[J‘ (+V2 )dt + j (—Vz)dt]
0 T,

1
Vo=—(L-T)V,
T (3.5)

Equations (3.3) and (3.4) in (3.5) gives



