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covers all the function circuits designed by using the basic principles of the
six building blocks: integrator, the 555 timer integrated circuit, switch, low
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text for senior undergraduate and graduate students in the fields of electrical
engineering and electronics and communication engineering. This book is
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and the 555 timer.
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e DPresents function circuit conversion such as multiplier to square root
and divider to a multiplier.

This comprehensive book covers the design of function circuits with the
help of 555 timer integrated circuits in a single volume. It further discusses
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Useful Notations

V, First input voltage
v, Second input voltage
V; Third input voltage
Vo Output voltage

Vi Reference voltage/peak value of first saw tooth waveform

Vr Peak value of first triangular waveform

Vp Peak value of second triangular wave/saw tooth wave

Ve Comparator 1 output voltage in the first saw tooth/triangular wave
generator

Vum  Comparator 2 output voltage by comparing saw tooth/triangular
waves with one input voltage

Vy Low pass filter input signal

Vs First generated saw tooth wave

Vs, Second generated saw tooth wave

Vri  First generated triangular wave

Vi,  Second generated triangular wave

Vs Sampling pulse

vy Slightly less than V; voltage

V' Slightly less than V, voltage



Abbreviations

TDM Time division multiplier

MTDM Multiplexing time division multiplier
STDM Switching time division multiplier
PRM Peak responding multiplier

MPRM Multiplexing peak responding multiplier
SPRM Switching peak responding multiplier
PDM Peak detecting multiplier

MPDM Multiplexing peak detecting multiplier
SPDM Switching peak detecting multiplier
PSM Peak sampling multiplier

MPSM Multiplexing peak sampling multiplier
SPSM Switching peak sampling multiplier
PPRM Pulse position responding multiplier
PPDM Pulse position detecting multiplier
PPSM Pulse position sampling multiplier
TDD Time division divider

MTDD Multiplexing time division divider
STDD Switching time division divider

PRD Peak responding divider

MPRD Multiplexing peak responding divider
SPRD Switching peak responding divider
PDD Peak detecting divider

MPDD Multiplexing peak detecting divider
SPDD Switching peak detecting divider

PSD Peak sampling divider

MPSD Multiplexing peak sampling divider
SPSD Switching peak sampling divider
PPRD Pulse position responding divider
PPDD Pulse position detecting divider

PPSD Pulse position sampling divider

TDMCD Time division multiplier cum divider
MTDMCD  Multiplexing time division multiplier cum divider



xviii Abbreviations

STDMCD  Switching time division multiplier cum divider
PRMCD Peak responding multiplier cum divider
MPRMCD  Multiplexing peak responding multiplier cum divider
SPRMCD Switching peak responding multiplier cum divider
PDMCD Peak detecting multiplier cum divider

MPDMCD  Multiplexing peak detecting multiplier cum divider
SPDMCD Switching peak detecting multiplier cum divider
PSMCD Peak sampling multiplier cum divider

MPSMCD  Multiplexing peak sampling multiplier cum divider
SPSMCD Switching peak sampling multiplier cum divider
PPRMCD Pulse position responding multiplier cum divider
PPDMCD Pulse position detecting multiplier cum divider
PPSMCD Pulse position sampling multiplier cum divider



Introduction to the 555 Timer

Figure 0.1 shows the functional diagram of the 555 timer. The resistors R,
R,, and R; are used as voltage dividers and provide voltage references (1)
2V /3 for the upper comparator CMP; and (2) V/3 for the lower com-
parator CMP,.

Initially when the power supply is switched on, the output of the upper
comparator CMP; will be LOW, i.e., R = 0, and the output of the lower
comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1
and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is OFF,
and hence the discharge pin 7 is at the open position.

With the threshold pin 6 and trigger pin 2 tied together, a rising voltage is
applied to these connected pins 2 and 6. When the rising voltage is increased
above 2 V¢/3, the output of the upper comparator CMP; becomes HIGH,
i.e., R = 1, and the output of the lower comparator CMP, becomes LOW,
i.e., S = 0. The flip flop outputs are Q = 0 and Q' = 1. The timer output at
pin 3 will be LOW, transistor Q1 is ON, and hence the discharge pin 7 is at
GND potential.

Ve

Threshold £

Control 2 -

0
L Reset

S FF

(:-,_

"_R Control
|
|

Trigger

Power ‘ 3
amp —=Output

i 5I@ME finverter)

Figure 0.1 Functional diagram of the 555 timer.

Discharge +
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Table 0.1 States of the 555 Timer

SI.No.  Trigger (pin 2) Threshold (pin 6) Output (pin 3) Discharge (pin 7)

I Below V(/3 Below 2 V/3 HIGH OPEN

2 BelowV(/3 Above 2 V/3 Last state remains Last state remains
3 Above V/3 Below 2 V¢/3 Last state remains Last state remains
4 AboveV(/3 Above 2 V/3 LOW GROUND

Now let us change the rising voltage in to a falling voltage. When the fall-
ing voltage goes below 1/3 VCC, the output of the upper comparator CMP;
becomes LOW, i.e., R = 0, the output of lower comparator CMP, becomes
HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q; is OFFE, and hence the discharge
pin 7 is at the open position.

The reset pin 4 is used to reset the flip flop if there are any overrides in
the operation. The transistor Q, is working as a buffer to isolate the reset
input from the flip flop and transistor Q,. The transistor Q, is driven by an
internal reference voltage Vygr obtained from V. The different operation
states of the 555 timer are shown in Table 0.1.



Chapter |

Time Division Multipliers—
Multiplexing

1. SAWTOOTH WAVE BASED TIME DIVISION MULTIPLIERS

The circuit diagrams of saw tooth wave based time division multipliers
are shown in Figure 1.1, and their associated waveforms are shown in Fig-
ure 1.2. A saw tooth wave Vg, of peak value Vi and time period T is gener-
ated by the 555 timer.

In the circuits of Figure 1.1, the comparator OA, compares the saw tooth
wave Vg; of peak value Vi with the input voltage V, and produces a rect-
angular waveform V) at its output. The ON time &, of this rectangular
waveform Vy is given as

5, Vip (1.1)
VR

The rectangular pulse Vy; controls the multiplexer M;. When V,; is HIGH,
another input voltage V, is connected to the R;C, low pass filter (‘ay’ is
connected to ‘a’). When Vy is LOW, zero voltage is connected to the R;C,
low pass filter (‘ax’ is connected to ‘a’). Another rectangular pulse Viy with
maximum value of V, is generated at the multiplexer M, output. The R;C,
low pass filter gives the average value of this pulse train Vy and is given as

1%

v, :?!:VZdt (1.2)
V.

Vo =26, (1.3)

Equation (1.1) in (1.3) gives

A

V
o v,

where Vi = 2/3 V.

DOI: 10.1201/9781003362968- |
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+Vcc
R: Di
D2
] Q
Ds 555 6
51 7 Vsi
VO=V1V2
Vr
;QI\
Q] +Vco
1T
-V Ri ) 4 8
Vs .
IV
. @ g 555
JS- 1
Cr

(b)

Figure 1.1 (a) Saw tooth wave based time division multiplier—type I. (b) Saw tooth wave
based time division multiplier—type Il.

1.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
MULTIPLIERS

The circuit diagrams of triangular wave based multipliers are shown in Fig-
ure 1.3, and their associated waveforms are shown in Figure 1.4. In Fig-
ure 1.3(a), a triangular wave Vp; with +V peak to peak value and time
period T is generated by the 555 timer.
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Vr
\Y : ; :
i e i
[ | | I I
Lo | | I |
+Vaar — &1 | Op-amp OA:
Output V.
_VSAT 4 pu M
et A
V2
Mux M1
Output Vn

Vivz
Vo= ===
+Vce Vi
R
4 83—
R
555 2 1
Co—
1 6
:fC1
-Vce
(@)
+Vce
R
R 2 4 8
1
OA\ 555 3

-----

(b)

Figure 1.3 (a) Triangular wave based multiplier—type I. (b) Triangular wave based multiplier—
type Il

One input voltage V; is compared with the generated triangular wave
V11 by the comparator on OA,. An asymmetrical rectangular waveform Vy,
is generated at the comparator OA, output. From the waveforms shown in
Figure 1.4, it is observed that
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+Vr
Vi - : ,,/:r\,\ i V11
| | |
-Vro \‘/ I \:
| — 172 i : |
+VsaT] : [ —
' : Op-Amp -OA2
T T | Output Vu
-Vsat I ! |
— T —
+V2
| Mux M1
|
-V, | Output Vn
Figure 1.4 Associated waveforms of Figure 1.3(a) and (b).
V.-V, Vi +V,
T = T LT, TZZQT,T:Tl-i-T2 (1.5)
2V, 2V,

This rectangular wave Vy, is given as control input to the multiplexer M.
The multiplexer M; connects the other input voltage +V, during T, (‘ay’ is
connected to ‘a’) and -V, during T, (‘ax’ is connected to ‘a’). Another rectan-
gular asymmetrical wave Vy with peak to peak value of £V, is generated at
the multiplexer M, output. The R;C, low pass filter gives the average value
of the pulse train Vy, which is given as

T, +T,

1% v,
Vo= ivz de+ Tj (-V,)dt =2 (L-T) (1.6)
Equation (1.5) in (1.6) gives
v, = V2 (1.7)
Vi
where V;=V../3. (1.8)

1.3 TIME DIVISION MULTIPLIERWITH NO
REFERENCE—TYPE |

The multipliers using the time division principle without using any refer-
ence clock is shown in Figure 1.5, and its associated waveforms are shown
in Figure 1.6.
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+Vece
” b
WM Cy 4 8

i ng Ry, lm_,.&.w_g v ]2 5553
+
Vi 6 1

-Vee
Figure 1.5 Time division multiplier without reference clock—type I.
+Vsar —
555 Timer
Output Ve
—Vsar |
| | |
| b |
| b !
+Vr T Differential
|
/E\ : /}\ : Integrator
I /o \}/ Output V11
VT | I
: : T \Lm T2 :.!
+Vsar
VM
-Vsar L -
| | I |
| | I |
+Va
VN
-V2 |

Figure 1.6 Associated waveforms of Figure |.5.

Initially when the 555 timer output is HIGH, the inverting amplifier OA;
gives —Vur to the differential integrator composed by resistor Ry, capacitor
C,, and op-amp OA;. The output of the differential integrator will be
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1

V,, = RG, j(vl +V,,p)dt

vy, = N £V, (1.9)
Rlcl

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; gives +Vg,r to the differential integrator
composed of resistor Ry, capacitor C; and op-amp OA;. Now the output of
the differential integrator will be

1

V,, = Ej(v1 — V,p)dt

vy, =N Vo), (1.10)
Rlcl

The output of the differential integrator reverses toward negative satu-
ration, and when it reaches the voltage level =V, the 555 timer output
becomes HIGH, and the cycle therefore repeats, to give an asymmetrical
rectangular wave V at the output of the 555 timer.

Vv, = V;C (1.11)

From the waveforms shown in Figure 1.6, it is observed that
VSAT — Vl T. T = VSAT + V1
bl 2

T =
l 2Vour 2Vour

T, T=T,+T, (1.12)

The asymmetrical rectangular wave V¢ controls the multiplexer M,. The
multiplexer M, connects +V, during the OFF time V (‘bx’ is connected to
‘b’) and -V, during the ON time of the rectangular wave V¢ (‘by’ is con-
nected to ‘b’). Another rectangular wave Vy is generated at the multiplexer
M, output. The R,C, low pass filter gives the average value of this pulse
train Vyy and is given as

T, +T,

T,
VO=% [V,de+ [ (-V,)de
0o T,

_VZ(TZ_TI) (1.13)
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Equation (1.12) in (1.13) gives

V, = (1.14)

1.4 TIME DIVISION MULTIPLIER NO REFERENCE—TYPE Il

The time division multiplier using the time division principle without using
any reference clock is shown in Figure 1.7, and its associated waveforms are
shown in Figure 1.8.

Initially the 555 timer output V¢ is HIGH. -V, is connected to the dif-
ferential integrator by the multiplexer M; (‘ay’ is connected to ‘a’). The
inverting amplifier OA; output will be LOW, i.e., —Vgur. The output of the
differential integrator will be

1

vy, = RC [ (Vo +V,)dt
v, = Yot Vi) (1.15)
Rlcl

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. +V, is connected to the differential integrator by the multiplexer M,

+Vee
4 8
M
_ ay, Ve
Vi ) 2555 3+
1Vie—e
6 1
-Vce
2R
------ ICI3
1T
A Vn Rz Vx
0A3 >—e—MWW - )
by l OAx -—-Vo:VIVZ

V SAT

Figure 1.7 Time division multiplier without reference clock—type II.
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+VsAT —
555 Timer
output V¢
—VsAT | : I :
|
| b |
L — | . .
+Vr I Differential
|
/E\ : /I\ : Integrator
| i/ | \/ Output Vn
VT | |
: AR
+Vi
VM
Vi ] -
| | | |
| | | |
+Vsar
A%
—Vsar || L

Figure 1.8 Associated waveforms of Figure 1.7.

(‘ax’ is connected to ‘a’). The inverting amplifier OA; output will be HIGH,
i.e., +Vgur Now the output of the differential integrator will be

1

Vy, = RC —— [ (Vo =V, )dt
(V, = V,)
V= -0 1.16
o R,C, ' (1-16)

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

Vv, = V;C (1.17)

From the waveforms shown in Figure 1.8, it is observed that

VisVo 1 .
2V, 2v,

V, +V,

T, = ST T=T, 4T, (1.18)
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Another rectangular wave Vy with +Vg,r results as the peak to peak value
is generated at the inverting amplifier OA; output. The R,C, low pass filter
gives the average value of this pulse train Vy and is given as

T +T,

1]
VX = ? j VSAT de+ I (_VSAT)dt
o T,

Vi (T, = T))

V, = AT 1.19
X T (1.19)
Equations (1.18) in (1.19) gives
v, = YoVar (1.20)
\2

The op-amp OA, is at the negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,=Vy (1.21)

From equations (1.20) and (1.21)

vV, - (1.22)

1.5 TIME DIVISION MULTIPLIER USING 555 ASTABLE
MULTIVIBRATOR

1.5.1 Time Division Multiplier Using 555 Astable
Multivibrator—Type |

The circuit diagram of the multiplier using the 555 timer astable multivi-
brator is shown in Figure 1.9, and its associated waveforms are shown in
Figure 1.10. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP; will be LOW, i.e., R = 0, the output of the lower
comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1
and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is OFF,
and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R; and
R, with a time constant of (R+R,)C;, and its voltage is rising exponentially.
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+Vcce

Vm
ay

avn R3 Voo Y1V2
X o M1 TR

™ e

Figure 1.9 Multiplier with 555 timer astable multivibrator.

+Vce

+V2 ‘

——Or—— Vx

Figure 1.10 Associated waveforms of Figure 1.9.

When the capacitor voltage is rising above the voltage V;, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of lower
comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are Q = 0
and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is ON
and hence the discharge pin 7 is at GND potential. Now the capacitor C; is
discharging to GND potential through the resistor R, with a time constant
of R,C. When the capacitor voltage falls below 1/3 V¢, the output of the
upper comparator CMP; becomes LOW, i.e., R = 0, the output of the lower
comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs are Q = 1
and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is OFF,
and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward +V¢, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V) is proportional to V;, which is
applied at its pin 5. The pulse V\; controls the multiplexer M. During the
ON time 8, the second input voltage V, is connected to the R;C, low pass
filter (‘ay’ is connected to ‘a’). During the OFF time of V), zero voltage
is connected to the R;C, low pass filter (‘ax’ is connected to ‘a’). Another
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rectangular waveform Vy, with V, as the peak value, is generated at the
output of the multiplexer M;.

5, = (1.23)

R

The R;C, low pass filter gives the average value of this pulse train Vy and
1s given as

v —1Tth— 25
(] T 0 2 T
VARRAL (1.24)
Vi

where Vy is a constant value.

1.5.2 Multiplier from 555 Astable Multivibrator—
Type 1l

The circuit diagram of the divider using the 555 astable multivibrator is
shown in Figure 1.11, and its associated waveforms are shown in Figure 1.12.
Refer to the internal diagram of the 555 timer IC shown in Figure 0.1.
Initially when we switch on the power supply, the output of the upper com-
parator CMP; will be LOW, i.e., R = 0, the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q =1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.

The capacitor C; is charging toward V, through the resistors R; and R,
with a time constant of (R{+R;)C;, and its voltage is rising exponentially.

Vi
+Vce
R
74 8
R2: I F
11

Ci 7.

T - Vo:V]Vb

Vee

Figure 1.11 Multiplier from 555 astable—type II.
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L] || T

——O0r— VN

Figure 1.12 Associated waveforms of Figure I.11.

When the capacitor voltage is rising above the voltage 2/3 V¢, the out-
put of the upper comparator CMP; becomes HIGH, i.e., R = 1, and the
output of the lower comparator CMP, becomes LOW, i.e., S = 0. The flip
flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW,
transistor Q; is ON and hence the discharge pin 7 is at GND potential.
Now the capacitor C; is discharging to GND potential through the resis-
tor R, with a time constant of R,C. When the capacitor voltage falls
below 1/3 V¢, the output of the upper comparator CMP, becomes LOW,
i.e., R = 0, and the output of the lower comparator CMP, becomes HIGH,
i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer output at
pin 3 will be HIGH, transistor Q, is OFF, and hence the discharge pin 7
is at the open position.

Now the capacitor starts charging toward V;, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V), is inversely proportional to V.
The 555 timer output controls the multiplexer M;. During the ON time 8,
the input voltage Vo is connected to the R;C, low pass filter (‘ay’ is con-
nected to ‘a’). During the OFF time of V), zero voltage is connected to the
R;C, low pass filter (‘ax’ is connected to ‘a’). Another rectangular waveform
Vy, with Vg as the peak value, is generated at the output of multiplexer M.
The ON time & of this rectangular pulse Vy is given as

5, = e (1.25)
Vi

where Vy is a constant value.
The R;C, low pass filter gives the average value of this pulse train Vy and
1s given as

o

¢ V
V.dt=—-"26

}[ (0] T T

V,
Vy :VTVR (1.26)
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The op-amp OA, is kept in a negative closed loop configuration, and a posi-
tive dc voltage is ensured in the feedback. Hence its inverting terminal volt-
age will be equal to its non-inverting terminal voltage, i.e.,

V=V, (1.27)

From equations (1.26) and (1.27),

VARRAL (1.28)

1.6 MULTIPLIER FROM 555 MONOSTABLE MULTIVIBRATOR

1.6.1 Multiplier from 555 Monostable Multivibrator—
Type |
The circuit diagram of a multiplier using the 555 timer monostable multi-

vibrator is shown in Figure 1.13, and its associated waveforms are shown
in Figure 1.14. Refer to the internal diagram of the 555 timer IC shown in

+Vce
R I—TriggerlN
74 82
Vm
5553
ay
615 v Ve Ry ViV
Ci th | ’m_.'dx M c; VR
% Vi %
(@)
+Vce C
Ri —£
74 82 R2
VM
555 3
. ay
6 1 5 V2 wo R iV
Ci me I Xy M; o
% Vi mlm_. rl—rE]

(b)

Figure 1.13 (a) Multiplier from 555 monostable. (b) Multiplier with 555 re-trigger mono-
stable multivibrator.
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Figure 1.14 (a) Associated waveforms of Figure 1.13(a). (b) Associated waveforms of
Figure 1.13(b).

Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP, will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C,
is charging toward +V¢( through the resistor R;. The capacitor voltage is
rising exponentially and when it reaches the value of V, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero volts is existing at pin 6, the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C, is charging toward +V¢, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is proportional to V;, which is
applied at its pin 5. The 555 timer output controls the multiplexer M;. Dur-
ing the ON time 8y, the second input voltage V, is connected to the R;C;
low pass filter (‘ay’ is connected to ‘a’). During the OFF time of V), zero
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voltage is connected to the R;C; low pass filter (‘ax’ is connected to ‘a’).
Another rectangular waveform Vy, with V, as the peak value, is generated at
the output of multiplexer M;. The ON time 8y of this rectangular waveform
Vy is given as

5, Vip (1.29)
VR

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

17 v,

VO :?‘(.)‘Vzdt:?é-r

Vv, = ViV (1.30)
Vi

where Vy is a constant value.
The multiplier using the 555 re-trigger monostable multivibrator is shown
in Figure 1.13(b).

1.6.2 Multiplier from 555 Monostable Multivibrator—
Type 1l

The circuit diagram of a divider using the 555 monostable multivibrator
is shown in Figure 1.15, and its associated waveforms are shown in Fig-
ure 1.16. Refer to the internal diagram of the 555 timer IC shown in Fig-
ure 0.1. Initially when the power supply is switched on, the output of the
upper comparator CMP,; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C,
is charging toward V through the resistor R;. The capacitor voltage is rising
exponentially, and when it reaches the value of 2/3 V¢, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW], transistor Q, is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero voltage exists at pin 6, and the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.
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Figure 1.15 (a) Multiplier using 555 timer monostable multivibrator. (b) Multiplier using
re-trigger monostable multivibrator.

Now the capacitor C; is charging toward V, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V), is inversely proportional to V;.
The output of the 555 timer controls the multiplexer M;. During the ON
time &y, the voltage V is connected to the R;C; low pass filter (‘ay’ is con-
nected to ‘a’). During the OFF time of V), zero voltage is connected to the
R;C; low pass filter (‘ax’ is connected to ‘a’). Another rectangular waveform
Vn, with Vg as peak value, is generated at the output of the multiplexer M.

V,
S, =2T 1.31
7Y, (1.31)

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as
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Figure 1.16 (a) Associated waveforms of Figure 1.15(a). (b) Associated waveforms of
Figure 1.15(b).

X :T.(I)‘ =
v,
Vi = v, —> Vi (1.32)

where Vy is a constant value.

The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vy =V, (1.33)

From equations (1.32) and (1.33),

V, = (1.34)

Figure 1.15(b) shows the re-trigger monostable multivibrator used as an
analog multiplier.
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Chapter 2

Time Division Multipliers—
Switching

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 a time division multiplier, a pulse averaging multiplier, or a sigma
delta multiplier. The time division multiplier can be implemented using (1) a
triangular wave, (2) a saw tooth wave, and (3) no reference wave.

There are two types of time division multipliers (TDM) (1) multiplexing
TDM (MTDM) and (2) switching TDM (STDM). A time division multiplier
using analog 2 to 1 multiplexers is called a multiplexing TDM. A time divi-
sion multiplier using analogue switches is called a switching TDM. Multi-
plexing time division multipliers are described in chapter 3, and switching
time division multipliers are described in this chapter.

2.1 SAW TOOTH WAVE BASED TIME DIVISION MULTIPLIERS

The circuit diagrams of saw tooth wave based time division multipliers
are shown in Figure 2.1, and their associated waveforms are shown in Fig-
ure 2.2. A saw tooth wave Vg; of peak value Vy and time period T is gener-
ated by the 555 timer.

In the circuits of Figure 2.1, the comparator OA, compares the saw tooth
wave Vg, of peak value Vi with the input voltage V; and produces a rect-
angular waveform Vy at its output. The ON time &, of this rectangular
waveform Vy is given as

5, Vi (2.1)
Vi

The rectangular pulse Vy, controls the switch S;. When V), is HIGH, another
input voltage V, is connected to the R;C, low pass filter (switch S, is closed).
When Vy, is LOW, zero voltage is connected to the R;C, low pass filter
(switch S, is opened). Another rectangular pulse Vg with a maximum value

DOI: 10.1201/9781003362968-2
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Figure 2.1 (a) Saw tooth wave based time division multiplier—type I. (b) Saw tooth wave
based time division multiplier—type Il.

of V, is generated at the switch S; output. The R;C, low pass filter gives the
average value of this pulse train Vg and is given as

1°%
Vo= ! V,dt (2.2)
Vv, =Y (2.3)
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Figure 2.2 Associated waveforms of Figure 2.1.

Equation (2.1) in (2.3) gives

V. = VIVZ
O VR
where VR =2/3 Vcc.

2.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
MULTIPLIERS

The circuit diagrams of triangular wave based multipliers are shown in Fig-
ure 2.3, and their associated waveforms are shown in Figure 2.4. A trian-
gular wave Vp; with £V peak to peak value and time period T is generated
by the 555 timer.

One input voltage V; is compared with the generated triangular wave
V1, by the comparator on OA,. An asymmetrical rectangular waveform Vy
is generated at the comparator OA, output. From the waveforms shown in
Figure 2.5, it is observed that

Vi Vi VitV
> 2

T
EAYA 2V,

T, T=T +T, (2.5)

This rectangular wave V) is given as the control input to the switch S;.
During T, of V), the switch S; is closed, and the op-amp OA; will work as
non-inverting amplifier. +V, will be its output, i.e., Viy = +V,. During T; of
Vs, the switch S; is opened, and the op-amp will work as inverting amplifier.
-V, will be at its output, i.e., Viy = —=V,. Another rectangular asymmetrical
wave Vy, with a peak to peak value of £V,, is generated at the op-amp OA;
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Figure 2.3 (a) Triangular wave based multiplier—type I. (b) Triangular wave based
multiplier—type II.
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Figure 2.4 Associated waveforms of Figure 2.3(a) and (b).
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output. The R,C; low pass filter gives an average value of the pulse train Vi
and is given as

1 T, T,+T, \Vi
— _ 2
v, _?Mvz dt + Tj (—Vz)dr}_?(Tz—T]) (2.6)
Equation (2.5) in (2.6) gives
v, =V (2.7)
T
where V; = V/3. (2.8)

2.3 TIME DIVISION MULTIPLIERWITH NO REFERENCE—
TYPE |

The multiplier using the time division principle without using any reference
clock is shown in Figure 2.5, and its associated waveforms are shown in
Figure 2.6.

Initially the 555 timer output is HIGH. The inverting amplifier OA; out-
put is —Vga1. The output of the differential integrator will be

+Vee
Rs rL|
MWW C 4 8
11
OATS LY BRI ver [12 555 3
+
Vi 6 1
ég Rs l
> -Vec
Ve
R
—wWWE
~_ o,
by . Ra Viva
-Va .-‘ Si Vn Vo=
AW (—)A4 i | Vsar
Rs C2

Figure 2.5 Time division multiplier without reference clock.
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Figure 2.6 Associated waveforms of Figure 2.5.
vV, = — [V, + Vg )dt
R,C,
Vo +V
V,, = Mt (2.9)
R,C,

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; output is +Vgar. Now the output of the
differential integrator will be

1

VTl = mj(vl _VSAT )dt
Vg, = —%t (2.10)
1™~1

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.



Time Division Multipliers—Switching 25

v, = V;fc (2.11)

From the waveforms shown in Figure 2.6, it is observed that
VSAT _Vl T.T = VSAT +V1
> 2

T =
! 2’ \/SAT 2’ \/SAT

T,T=T +T, (2.12)

The asymmetrical rectangular wave V¢ controls switch S;. The op-amp OA,
gives —V, during the ON time T, of the rectangular waveform V. (the switch
S, is closed, and the op-amp OA, will work as a non-inverting amplifier) and
+V, during the OFF time T, of the rectangular wave V (the switch S; is
opened, and the op-amp OA, will work as an inverting amplifier). Another
rectangular wave Vy with a peak to peak value of +V, is generated at the
output of op-amp OA,. The R,C, low pass filter gives the average value of
this pulse train Vy and is given as

1 T, T,+T,
VO:?|:'[V2dt+ I (—Vz)dt}
0 T,

V,(T,-T,)
V. =22 1 2.13
o T (2.13)
Equation (2.12) in (2.13) gives
VARRAR (2.14)
VSAT

2.4 TIME DIVISION MULTIPLIER NO REFERENCE—TYPE 1l

The multipliers using the time division principle without using any refer-
ence clock is shown in Figure 2.7, and its associated waveforms are shown
in Figure 2.8.

Initially the 555 timer output is HIGH. The op-amp OA; gives -V to the
inverting terminal of differential integrator (the switch S; is closed, and the
op-amp OA; will work as a non-inverting amplifier). The output of differ-
ential integrator will be

1
Rlcl
(Vo +V)

V=21t 2.15
"=TRC (2.15)

V,, = [ (Vo +V,)dt
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Figure 2.7 Time division multiplier without reference clock—II.
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Figure 2.8 Associated waveforms of Figure 2.7.

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The op-amp OA; gives +V, to the inverting terminal of the differential
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integrator (the switch S; is opened, and the op-amp OA; will work as an
inverting amplifier). Now the output of the differential integrator will be

1
V., = V, - V,)dt
"R, ryesl e
(V, = V,)
V,, =——1 0/ 2.16
m R,C, ' (2.16)

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

Vee

V. = 2.17
T (2.17)
From the waveforms shown in Figure 2.8, it is observed that
1 =YNor ¢ Vit Vo pog (2.18)
2V, 2V,

Another rectangular wave Vy, with £V, as the peak to peak value, is gen-
erated at the output of the inverting amplifier OA,. The R,C, low pass filter
gives the average value of this pulse train Vy and is given as

T, +T,
I Voar de+ I Voar ) dt
Vy = —VSAT(T2 L) (2.19)
x T
Equation (2.17) in (2.19) gives
v, = YoVar (2.20)
Vi

The op-amp OAj is at negative closed loop configuration, and a positive dc
voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,=V, (2.21)
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From equations (2.20) and (2.21),

AR

V,
? Voar

(2.22)

2.5 MULTIPLIER FROM 555 ASTABLE MULTIVIBRATOR

2.5.1 Multiplier from 555 Astable Multivibrator—
Type |

The circuit diagram of a multiplier using the 555 timer astable multivi-
brator is shown in Figure 2.9, and its associated waveforms are shown in
Figure 2.10. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP,; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R; and
R, with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage V;, the output of the

+Vee
R
74 8 5
R2 555 3
2
6 1 VIV
1V2
Cln—rl;n mjm Vo= X2
Figure 2.9 Multiplier with 555 timer astable multivibrator—type .
+Vce
Vm
— T — :
+V2
——O0r—— Vi

Figure 2.10 Associated waveforms of Figure 2.9.
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upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW], transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward +V¢, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V) is proportional to V,, which is
applied at its pin 5. During the ON time &y, the second input voltage V, is
connected to R;C, low pass filter (switch S; is closed). During the OFF time
of Vy, zero voltage exists on the R;C, low pass filter (switch S, is opened).
Another rectangular waveform Vy, with V, as the peak value, is generated
at the output of switch S;.

5, = Vit (2.23)

R

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% \'A

v, =?£V2dt=T5T

v, =V (2.24)
\A

where Vy is a constant value.

2.5.2 Multiplier from 555 Astable Multivibrator—Type Il

The circuit diagram of a divider using the 555 astable multivibrator is shown
in Figure 2.11, and its associated waveforms are shown in Figure 2.12. Refer
to the internal diagram of the 555 timer IC shown in Figure 0.1. Initially
when we switch on the power supply, the output of the upper comparator
CMP; will be LOW, i.e., R = 0, and the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q =1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.
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Figure 2.11 Multiplier from 555 astable—type II.
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Figure 2.12 Associated waveforms of Figure 2.11.

The capacitor C; is charging toward V; through the resistors R; and R,
with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage rises above the voltage 2/3 V¢, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of
the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q,
is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward Vy, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V) is inversely proportional to V;.
During the ON time 8, the voltage Vq is connected to the R;C, low pass
filter (switch S; is closed). During the OFF time of Vy, zero voltage exists on
the R;C, low pass filter (switch S; is opened). Another rectangular waveform
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Vi, with Vg as the peak value, is generated at the output of switch S;. The
ON time & of this rectangular pulse Vy is given as

5, = Ve p (2.25)
4

where Vy is a constant value.
The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% v,
VX = T-([Vodt = ?61-

V,
V=1V (2.26)

The op-amp OA; is at a negative closed feedback configuration, and a posi-
tive dc voltage is ensured in the feedback loop. Hence its non-inverting ter-
minal voltage must be equal to its inverting terminal voltage.

V, =V, (2.27)
From equations (2.26) and (2.27),

A

V,
o A

(2.28)

2.6 MULTIPLIER FROM 555 MONOSTABLE MULTIVIBRATOR

2.6.1 Typel

The circuit diagram of a multiplier using the 555 timer monostable multi-
vibrator is shown in Figure 2.13, and its associated waveforms are shown
in Figure 2.14. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C,
is charging toward +V¢ through the resistor R;. The capacitor voltage is
rising exponentially, and when it reaches the value of V,, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
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Figure 2.13 (a) Multiplier from 555 monostable. (b) Multiplier with 555 re-trigger mono-
stable multivibrator.
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Figure 2.14 (a) Associated waveforms of Figure 2.13(a). (b) Associated waveforms of
Figure 2.13(b).
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Q =0 and Q' = 1. The timer output at pin 3 will be LOW] transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero voltage exists at pin 6, and the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward +V¢, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output V) is proportional to V,, which is
applied at its pin 5. The 555 timer output controls switch S;. During the ON
time &r, the second input voltage V, is connected to the R;C; low pass filter
(switch S; is closed). During the OFF time of V), zero voltage is connected to
the R;C; low pass filter (switch S, is opened). Another rectangular waveform
Vi, with V;, as the peak value, is generated at the output of switch S;. The
ON time & of this rectangular waveform Vy is given as

S, = Vit (2.29)
Vi

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1°% v,

VO = ?‘(.)‘Vzdt = ?5T

Vv, = ViV (2.30)
Vi

where Vy is a constant value.
A multiplier using a re-trigger monostable multivibrator is shown in
Figure 2.13(b).

2.6.2 Multiplier from 555 Monostable Multivibrator—
Type 1l

The circuit diagram of a multiplier using the 555 monostable multivibra-
tor is shown in Figure 2.15, and its associated waveforms are shown in
Figure 2.16. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
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Figure 2.15 (a) Multiplier using 555 timer monostable multivibrator. (b) Multiplier using
re-trigger monostable multivibrator.

OFF, and hence the discharge pin 7 is at the open position. The capacitor
C, is charging toward V; through the resistor R,. The capacitor voltage is
rising exponentially, and when it reaches the value of 2/3 V, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of
the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q,
is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is short circuited, zero voltage exists at pin 6, the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.



Time Division Multipliers—Switching 35

‘ I ﬂ ‘ TRIGG
+Vee
L L |
V(’) : ! : :
[ [—%—] | L
(a)
+Vcce
L] || Re
e i T ; I
| |

<
Z

Figure 2.16 (a) Associated waveforms of Figure 2.15(a). (b) Associated waveforms of
Figure 2.15(b).

Now the capacitor C; is charging toward V,, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V) is inversely proportional to
V;. The output of the 555 timer control switch S;. During the ON time &,
the voltage V, is connected to the R;C; low pass filter (switch Sy is closed).
During the OFF time of V), zero voltage exists on the R;C; low pass filter
(switch S; is opened). Another rectangular waveform Vy, with V as the
peak value, is generated at the output of switch S;.

5, = Ve (2.31)
v

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1°% \'A
Vi = $Z|).V0dt = ?5T
V,
V=V (2.32)

where Vy is a constant value.
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The op-amp OA; is at a negative closed feedback configuration, and a
positive dc voltage is ensured in the feedback loop. Hence its non-inverting
terminal voltage must be equal to its inverting terminal voltage.

V, = Vy (2.33)
From equations (2.32) and (2.33),

AR

V,
o v,

(2.34)

Figure 2.15(b) shows the multiplier using a re-trigger monostable
multivibrator.



Chapter 3

Time Division Dividers
(TDD)—Multiplexing

3.1 SAW TOOTH WAVE BASED TIME DIVISION DIVIDERS

The circuit diagrams of saw tooth wave based time division dividers are
shown in Figure 3.1, and their associated waveforms are shown in Fig-
ure 3.2. A saw tooth wave Vg, of peak value Vi and during time period T is
generated by the 555 timer IC.

The circuit working operation of a saw tooth wave generator is given in
chapter 1.

In the circuits of Figure 3.1, the comparator OA, compares the saw tooth
wave Vg; of peak value Vi with the input voltage V; and produces a rect-
angular waveform Vy; at its output. The ON time &, of this rectangular
waveform Vy is given as

5, =T (3.1)
Vi

The rectangular pulse Vy; controls the multiplexer M. When V\, is HIGH,
another input voltage Vg is connected to the R;C, low pass filter (‘ay’ is
connected to ‘a’). When Vy is LOW, zero voltage is connected to the R;C,
low pass filter (‘ax’ is connected to ‘a’). Another rectangular pulse Vyy with
maximum value of V is generated at the multiplexer M; output. The R;C,
low pass filter gives the average value of this pulse train Viy and is given as

5y

wz%j%m (3.2)
0

v, - VTOST (3.3)

Equation (3.1) in (3.3) gives
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Figure 3.1 (a) Saw tooth wave based time division divider—type I. (b) Saw tooth wave
based time division divider—type |II.
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Figure 3.2 Associated waveforms of Figure 3.1.
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v, = 1Yo (3.4)
VR

where Vi = 2/3 V.

The op-amp OA; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vy =V, (3.5)
From equations (3.4) and (3.5)

\
V, = Vij (3.6)

3.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
DIVIDERS

The circuit diagrams of triangular wave based dividers are shown in Fig-
ure 3.3, and their associated waveforms are shown in Figure 3.4. In Fig-
ure 3.3(a), a triangular wave Vp; with £V peak to peak value and time
period T is generated by the 555 timer. The working operation of a triangu-
lar wave generator is described in chapter 1.

In the circuits of Figure 3.3(a) and (b), the output voltage V, is compared
with the generated triangular wave V; by the comparator on OA,. An asym-
metrical rectangular waveform V), is generated at the comparator OA, out-
put. From the waveforms shown in Figure 3.5, it is observed that

Vi Vo p Vit Vo po (3.7)

T
A 2V,

This rectangular wave V) is given as the control input to the multiplexer
M,;. The multiplexer M, connects the input voltage +V; during T, (‘ay’ is
connected to ‘a’) and —V; during T, (‘ax’ is connected to ‘a’). Another rectan-
gular asymmetrical wave V with a peak to peak value of +V, is generated at
the multiplexer M, output. The R;C; low pass filter gives the average value
of the pulse train Vi, which is given as

1
V, =—
T

T, T,+T, v
[Vide+ [ (=V,)de|=—HT,-T)) (3.8)
o T, T
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Figure 3.3 (a) Triangular wave based divider—type . (b) Triangular wave based divider—
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Figure 3.4 Associated waveforms of Figure 3.3(a) and (b).
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Equation (3.7) in (3.8) gives

v, = Vo (3.9)
Vi
where Vi = Ved/3. (3.10)

The op-amp OA; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vi =V, (3.11)
From equations (3.9) and (3.11),

\Y
v, =7jVT (3.12)

3.3 TIME DIVISION DIVIDERWITH NO REFERENCE—TYPE |

The divider using the time division principle without using any reference
clock is shown in Figure 3.5, and its associated waveforms are shown in
Figure 3.6.

Initially the 555 timer output is HIGH. The multiplexer M, connects -V,
to the differential integrator composed of resistor Ry, capacitor C;, and
op-amp OA; (‘ay’ is connected to ‘a’). The output of differential integrator

will be
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Figure 3.5 Time division divider without reference clock.
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Figure 3.6 Associated waveforms of Figure 3.5.
v, = Lj(vz +V,)dt
R,C,
V,+V
v, =NtV (3.13)
R,C

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The multiplexer M, connects +V, to the differential integrator com-
posed by resistor Ry, capacitor C, and op-amp OA; (‘ax’ is connected to ‘a’).
Now the output of the differential integrator will be

1

V,, = Ej(v2 ~V,)dt
vy, =i Va), (3.14)
R,C,

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level —V+, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

(3.15)
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From the waveforms shown in Figure 3.6, it is observed that

Vo Vorp Vit Vagpog . (3.16)
2V, 2V,

T =

Another rectangular wave Vy is generated at the output of the inverting
amplifier OA;. The R,C, low pass filter gives the average value of this pulse
train Vi and is given as

1 T, T +T,

Vo = | [ Vo des [ (V) de
T|5 T,

v, = Yar(lh =) (3.17)

T
Equation (3.16) in (3.17) gives

V.

Vo :VZVSAT (3.18)

1

3.4 TIME DIVISION DIVIDERWITH NO REFERENCE—
TYPE Il

The divider using the time division principle without using any reference clock
is shown in Figure 3.7, and its associated waveforms are shown in Figure 3.8.
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Figure 3.7 Divider without reference clock—Type II.
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Figure 3.8 Associated waveforms of Figure 3.7.

Initially the 555 timer output is HIGH. The inverting amplifier OA; out-
put will be =V, 1. The output of differential integrator will be

1

V,, = RE, [ (Vo + Vo )dt

V;, = Mt (3.19)
Rlcl

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; output will be +Vg4r. Now the output of
differential integrator will be

1
Vi = EJ.(VO — Vsar)dt

(VSAT B Vo) t

V,, =—
T1 R1C1

(3.20)
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The output of differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

V, =< (3.21)

From the waveforms shown in Figure 3.8, it is observed that

VSAT _Vo T.T. = VSAT +Vo
> 42

T =
] 2Vour 2Vour

T,T=T +T, (3.22)

The asymmetrical rectangular wave V¢ controls the multiplexer M,. The
multiplexer M, connects —V; during the ON time T, (‘by’ is connected to
‘b’) and +V, during the OFF time T, of the rectangular wave V¢ (‘bx’ is con-
nected to ‘b’). Another rectangular wave Vi with £V, as the peak to peak
value is generated at the multiplexer M, output. The R,C, low pass filter
gives the average value of this pulse train Vy and is given as

1 T, T, +T,
Va=r [vide+ | (—VJdt}
0 T,
V,(T, -T)
V. =12 3.23
X T (3.23)
Equations (3.22) in (3.23) gives
v, = YoVi (3.24)
VSAT

The op-amp OA, is at a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,=Vy (3.25)
From equations (3.24) and (3.25),

\Y
V, = VTVSAT (3.26)



46 Design of Function Circuits with 555 Timer Integrated Circuit

3.5 DIVIDER FROM 555 ASTABLE MULTIVIBRATOR

3.5.1 Typel

The circuit diagram of a divider using the 555 astable multivibrator is shown
in Figure 3.9, and its associated waveforms are shown in Figure 3.10. Refer
to the internal diagram of the 555 timer IC shown in Figure 0.1. Initially
when we switch on the power supply, the output of the upper comparator
CMP, will be LOW, i.e., R = 0, and the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.

The capacitor C, is charging toward V; through the resistors R, and R,
with a time constant of (R{+R,)Cy, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage 2/3 V¢, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of
the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q’ = 1. The timer output at pin 3 will be LOW, transistor Q,

 S—
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Figure 3.10 Associated waveforms of Figure 3.9.
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is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward V;, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V), is inversely proportional to
V. During the ON time 8, the second input voltage V, is connected to the
R;C, low pass filter (‘ay’ is connected to ‘a’). During the OFF time of Vy,
zero voltage is connected to the R;C, low pass filter (‘ax’ is connected to ‘a’).
Another rectangular waveform Vy with V, as peak value is generated at
the output of multiplexer M;. The ON time 8y of this rectangular pulse Vy
is given as

5, = Jn (3.27)
\Z

where Vy is a constant value.
The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

O :?‘([ =
v,
Vv, = v 22y, (3.28)

3.5.2 Divider from 555 Astable Multivibrator—Type Il

The circuit diagram of a divider using the 555 timer astable multivibra-
tor is shown in Figure 3.11, and its associated waveforms are shown in
Figure 3.12. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP; will be LOW, i.e., R = 0, the output of the lower
comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1
and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q is OFF,
and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R; and
R, with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage V;, the output of the
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Figure 3.12 Associated waveforms of Figure 3.11.

upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward +V¢, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V), is proportional to V,, which is
applied at its pin 5. During the ON time 81, the output voltage V, is con-
nected to the R;C, low pass filter (‘ay’ is connected to ‘a’). During the OFF
time of Vi, zero voltage is connected to the R;C, low pass filter (‘ax’ is
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connected to ‘a’). Another rectangular waveform Vy with V, as peak value
is generated at the emitter of transistor.

5, =i (3.29)
Vr

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

v,
V, =— [ Vydt=-25
X 2[ O T T
v, = AV (3.30)
Vi

where Vy is a constant value.

The op-amp OA; is kept in negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vi =V, (3.31)
From equations (3.30) and (3.31),

v
Vo= Ve (3.32)

3.6 DIVIDER FROM 555 MONOSTABLE MULTIVIBRATOR

3.6.1 Typel

The circuit diagram of a divider using the 555 monostable multivibrator is
shown in Figure 3.13(a), and its associated waveforms are shown in Fig-
ure 3.14(a). Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C,
is charging toward V; through the resistor R;. The capacitor voltage rises
exponentially, and when it reaches the value of 2/3 V¢, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
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Figure 3.13 (a) Divider using 555 timer monostable multivibrator. (b) Divider using
re-trigger monostable multivibrator.
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Figure 3.14 (a) Associated waveforms of Figure 3.13(a). (b) Associated waveforms of
Figure 3.13(b).
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Q =0 and Q' = 1. The timer output at pin 3 will be LOW] transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero volts exists at pin 6, and the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward V,, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V) is inversely proportional to V;.
The output of the 555 timer controls the multiplexer M;. During the ON
time &r, the second input voltage V, is connected to the R;C; low pass filter
(‘ay’ is connected to ‘a’). During the OFF time of V), zero voltage is con-
nected to the R;C; low pass filter (‘ax’ is connected to ‘a’). Another rectan-
gular waveform Vy with V, as peak value is generated at the output of the
multiplexer M;.

5, = Yur (3.33)
Vi

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

O = ?‘([ =
v,
Vv, = v 22y, (3.34)

where Vy is a constant value.

The circuit diagram of a divider using the 555 re-trigger monostable
multivibrator is shown in Figure 3.13(b), and its associated waveforms are
shown in Figure 3.14(b).

3.6.2 Divider from 555 Monostable
Multivibrator—Type Il

The circuit diagram of a divider using the 555 timer monostable mul-
tivibrator is shown in Figure 3.15(a), and its associated waveforms are
shown in Figure 3.16(a). Refer to the internal diagram of the 555 timer
IC shown in Figure 0.1. Initially when the power supply is switched on,
the output of the upper comparator CMP; will be LOW, i.e., R = 0, and
the output of the lower comparator CMP, will be HIGH, i.e., S = 1. The
flip flop outputs are Q = 1 and Q' = 0. The timer output at pin 3 will be
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HIGH, transistor Q; is OFF, and hence the discharge pin 7 is at the open
position. The capacitor C; is charging toward +V¢ through the resistor
R;. The capacitor voltage is rising exponentially, and when it reaches the
value of Vg, the output of the upper comparator CMP; becomes HIGH,
i.e., R = 1, and the output of the lower comparator CMP, becomes LOW,
i.e., S = 0. The flip flop outputs are Q = 0 and Q' = 1. The timer output at
pin 3 will be LOW, transistor Q; is ON, and hence the discharge pin 7 is
at GND potential. Now the capacitor C; is short circuited, zero voltage
exists at pin 6, and the output of the upper comparator CMP; becomes
LOW, i.e., R = 0. A trigger pulse is applied at pin 2, and when the trig-
ger voltage comes down to 1/3 Vi, the output of the lower comparator
CMP, becomes HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and
Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is OFF, and
hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward +V¢, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output V), is proportional to Vo, which
is applied at its pin 5. The 555 timer output controls the multiplexer M.
During the ON time 8+, the input voltage V; is connected to R;C, low pass
filter (‘ay’ is connected to ‘a’). During the OFF time of V), zero voltage
is connected to the R;C, low pass filter (‘ax’ is connected to ‘a’). Another
rectangular waveform V with V; as peak value is generated at the output
of multiplexer M;. The ON time 8 of this rectangular waveform Vy is
given as

S, =-2T (3.35)

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1 v,

V =T£Vldt—?5T

v, = AV (3.36)
\A

where Vy is a constant value.

The op-amp OA; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V, =V, (3.37)
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From equations (3.36) and (3.37),
V.
v - Vy (3.38)
O Vl R

Figure 3.15(b) shows re-trigger monosatable as a divider, and its associated
waveforms are shown in Figure 3.16(b).



Chapter 4

Time Division Dividers
(TDD)—Switching

4.1 SAW TOOTH WAVE BASED TIME DIVISION
DIVIDERS

The circuit diagrams of saw tooth wave based time division dividers
are shown in Figure 4.1, and their associated waveforms are shown in
Figure 4.2. A saw tooth wave Vg; of peak value Vi and time period T is
generated by

In the circuits of Figure 4.1, the comparator OA, compares the saw tooth
wave Vg; of peak value Vi with the input voltage V, and produces a rect-
angular waveform Vy at its output. The ON time 8, of this rectangular
waveform Vy is given as

5, = (4.1)
Vi

The rectangular pulse Vy, controls the switch S;. When V,, is HIGH, the out-
put voltage Vg is connected to the R;C, low pass filter (switch S; is closed).
When V\ is LOW, zero voltage exists on the R;C, low pass filter (switch
S, is opened). Another rectangular pulse Vi with maximum value of Vg is
generated at the switch S; output. The R;C, low pass filter gives the average
value of this pulse train Vy and is given as

17

Vi= ! Vodt (4.2)
v,

Vi =26, (4.3)
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Figure 4.1 (a) Saw tooth wave based time division divider—type |. (b) Saw tooth wave

based time division divider—type II.

Figure 4.2 Associated waveforms of Figure 4.1.

Equation (4.1) in (4.3) gives

AR

V.
X v,

where Vg = 2/3 V.

Vsi

Op-Amp OA:
Output Vi

Vn

(4.4)
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The op-amp OAj is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V, =V, (4.5)

From equations (4.4) and (4.5),

\Y
Vo= Vi (4.6)

1

4.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
DIVIDERS

The circuit diagrams of triangular wave based dividers are shown in Fig-
ure 4.3, and their associated waveforms are shown in Figure 4.4. A triangu-
lar wave V; with a +V peak to peak value and time period T is generated
by the 555 timer. One input voltage V, is compared with the generated
triangular wave Vr; by the comparator on OA,. An asymmetrical rectan-
gular waveform V), is generated at the comparator OA, output. From the
waveforms shown in Figure 4.5, it is observed that

ViV VitV
> 72

T
A 2V,

T,T=T, +T, (4.7)

This rectangular wave V) is given as control input to the switch S;. During
T, of V), the switch S; is closed, and the op-amp OA; will work as a non-
inverting amplifier. +V, will be its output, i.e., Viy = +Vq. During T, of Vy,, the
switch S; is opened, and the op-amp will work as an inverting amplifier. -V
will be at its output, i.e., Viy = —V(5. Another rectangular asymmetrical wave Vy
with a peak to peak value of +V, is generated at the op-amp OA; output. The
R4C; low pass filter gives an average value of the pulse train Vy and is given as

1 T, T,+T, Vv
w=?jmﬁu-jp%mtbfnrn) (4.8)
o T,

Equation (4.7) in (4.8) gives
_ViVo

Vi
where Vi = V/3. (4.10)

VX
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The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V, =V, (4.11)

From equations (4.9) and (4.11),

\Y
Vo =/ Vr (4.12)

1

4.3 TIME DIVISION DIVIDERWITH NO REFERENCE—
TYPE |

The divider using the time division principle without using any reference
clock is shown in Figure 4.5, and its associated waveforms are shown in Fig-
ure 4.6. Initially the 555 timer output is HIGH. The switch S, is closed, and
the op-amp OA; will work as a non-inverting amplifier. -V, is given to the
differential integrator composed of resistor R;, capacitor C;, and op-amp
OA,. The output of differential integrator will be

1
V,, = RE, [V, +V)de
v, =it Vi) (4.13)
Rlcl
=¥

Figure 4.5 Time division divider without reference clock.
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Figure 4.6 Associated waveforms of Figure 4.5.

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The switch S, is opened, and the op-amp OA; will work as an invert-
ing amplifier. +V; is given to the differential integrator composed of resistor
R;, capacitor C;, and op-amp OA;. Now the output of differential integra-
tor will be

1
V. V, - V,)dt
o RC“ e
( 1_V2)
v, =W 4.14
m R,C, ' (4.14)

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

V, =< (4.15)

From the waveforms shown in Figure 4.6, it is observed that

-V Vopp Vit Varpop o (4.16)

2V, 2V,

The 555 timer output is given to the inverting amplifier OA,. Another rect-
angular wave Vy is generated at the op-amp OA, output with a +Vg,r peak
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to peak value. The R,C, low pass filter gives the average value of this pulse
train Vy and is given as

T,+T,

1%
Vo= [Vordt+ [ (=Veyr)de
0 T,

— VSAT(TZ _Tl)

V, 4.17
o = (4.17)
Equation (4.16) in (4.17) gives
V.
Vv, =72VSAT (4.18)

1

4.4 TIME DIVISION DIVIDERWITH NO REFERENCE—TYPE II

The MCDs using the time division principle without using any reference
clock is shown in Figure 4.7, and its associated waveforms are shown in
Figure 4.8.

Initially the 555 timer output is HIGH. The inverting amplifier OA; out-
put will be LOW. The output of the differential integrator will be

1

v, = o [ (Vo + Vgyr)de
vy, = Yot Vo) (4.19)
Rlcl

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; output will be HIGH. The output of dif-
ferential integrator will now be

1
Vi = EI(VO — Viar)dt
Veoar — Vi
vy, = - aar Vo) e o) (4.20)
1~1

The output of differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.
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Figure 4.8 Associated waveforms of Figure 4.7.

v, = Yec (4.21)
3
From the waveforms shown in Figure 4.8, it is observed that
T, =Y Vo Ve tVop g, (4.22)
2’VSAT 2’VSAT

During the HIGH of Vg, the S; is closed, the op-amp OA, will work as a
non-inverting amplifier, and -V, is given to the low pass filter. During the
LOW of Vg, the S, is opened, the op-amp OA, will work as an inverting
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amplifier, and +V, is given to the low pass filter. Another rectangular wave
Vi with £V as the peak to peak value is generated at the output of op-amp
OA,. The R,C, low pass filter gives the average value of this pulse train Vi
and is given as

1 T,+T,
Vy =T J'Vl de+ j (—Vl)dt}
) T
V,(T,-T))
Vy =—1+2_ 11 4.23
X T (4.23)
Equations (4.22) in (4.23) gives
v, = YoVi (4.24)
\,SAT

The op-amp OAj is in a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,=V, (4.25)
From equations (4.24) and (4.25),

\Y%
A\ VTVSAT (4.26)

4.5 DIVIDER FROM 555 ASTABLE MULTIVIBRATOR

4.5.1 Typel

The circuit diagram of a divider using the 555 astable multivibrator is shown
in Figure 4.9, and its associated waveforms are shown in Figure 4.10. Refer
to the internal diagram of the 555 timer IC shown in Figure 0.1. Initially
when we switch on the power supply, the output of the upper comparator
CMP; will be LOW, i.e., R = 0, and the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.

The capacitor C; is charging toward V; through the resistors R; and R,
with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage 2/3 V¢, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of
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Figure 4.10 Associated waveforms of Figure 4.9.

the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q’ = 1. The timer output at pin 3 will be LOW, transistor Q,
is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V¢, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward Vi, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V), is inversely proportional to V;.
During the ON time 8, the second input voltage V, is connected to the R;C,
low pass filter (switch S; is closed). During the OFF time of Vy, zero voltage
is connected to the R;C, low pass filter (switch S, is opened). Another rect-
angular waveform Vy with V, as the peak value is generated at the output of
switch S;. The ON time & of this rectangular pulse Vy is given as

5. =—RT 4,27
T V] ( )

where Vy is a constant value.
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The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

O = ¥'([ =
v,
Vv, = v V, (4.28)

4.5.2 Divider from 555 Astable Multivibrator—Type Il

The circuit diagram of a divider using the 555 timer astable multivibra-
tor is shown in Figure 4.11, and its associated waveforms are shown in
Figure 4.12. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R;
and R, with a time constant of (R{+R,)C;, and its voltage is rising

Figure 4.1 Divider with 555 timer astable multivibrator.
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Figure 4.12 Associated waveforms of Figure 4.11.
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exponentially. When the capacitor voltage is rising above the voltage V,
the output of the upper comparator CMP; becomes HIGH, i.e., R = 1, and
the output of the lower comparator CMP, becomes LOW, i.e., S = 0. The
flip flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will be
LOW, transistor Q; is ON, and hence the discharge pin 7 is at GND poten-
tial. Now the capacitor C; is discharging to GND potential through the
resistor R, with a time constant of R,C. When the capacitor voltage falls
below 1/3 V¢, the output of the upper comparator CMP, becomes LOW,
i.e., R = 0, the output of the lower comparator CMP, becomes HIGH, i.e.,
S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer output at pin
3 will be HIGH, transistor Q; is OFF, and hence the discharge pin 7 is at
the open position.

Now the capacitor starts charging toward +V ¢, and the cycle there-
fore repeats to produce periodic pulses at the output pin 3 of the 555
timer.

The ON time of the 555 timer output Vy is proportional to Vg, which
is applied at its pin 5. During the ON time &, the input voltage V; is con-
nected to the R;C, low pass filter (switch S; is closed). During the OFF time
of Vy;, zero voltage exists on the R;C, low pass filter (switch S; is opened).
Another rectangular waveform Vy with V; as the peak value is generated at
the emitter of transistor. The ON time of Vy is given as

5, = Vo r (4.29)

R

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% \
V, = ¥‘([V]dt =6

_ViVo

v, (4.30)

VX

where Vy is a constant value.

The op-amp OA,; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Ve =V, (4.31)

From equations (4.30) and (4.31),

\Y
Vv, = VTVR (4.32)
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4.6 DIVIDER FROM 555 MONOSTABLE MULTIVIBRATOR

4.6.1 Type l

The circuit diagram of a divider using the 555 monostable multivibrator is
shown in Figure 4.13, and its associated waveforms are shown in Figure 4.14.
Refer to the internal diagram of the 555 timer IC shown in Figure 0.1. Initially
when the power supply is switched on, the output of the upper comparator
CMP; will be LOW, i.e., R = 0, and the output of the lower comparator CMP,
will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q; is OFF, and hence the discharge pin
7 is at the open position. The capacitor C; is charging toward V; through the
resistor R;. The capacitor voltage is rising exponentially, and when it reaches the
value of 2/3 V¢, the output of the upper comparator CMP; becomes HIGH,
i.e., R = 1, and the output of the lower comparator CMP, becomes LOW, i.e.,
S = 0. The flip flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will
be LOW,, transistor Q, is ON, and hence the discharge pin 7 is at GND poten-
tial. Now the capacitor C,; is short circuited, zero voltage exists at pin 6, and the
output of the upper comparator CMP, becomes LOW, i.e.,R = 0. A trigger pulse
is applied at pin 2, and when the trigger voltage comes down to 1/3 V, the
output of the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop
outputs are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor
Q) is OFF and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward V,, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V), is inversely proportional to V;.
The output of the 555 timer controls switch S;. During the ON time &, the
second input voltage V, is connected to the R;C; low pass filter (switch S;
is closed). During the OFF time of V), zero voltage exist on the R;C; low
pass filter (switch S; is opened). Another rectangular waveform Vy with V,
as the peak value is generated at the output of switch S;. The ON time of
rectangular wave is given as

S5, = Ve p (4.33)
\4

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1 T
o - ??.). -
v,
Vv, = v 2V, (4.34)

where Vy is a constant value.
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Figure 4.13 (a) Divider using 555 timer monostable multivibrator. (b) Divider using auto-

trigger monostable multivibrator.
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Figure 4.14 (a) Associated waveforms of Figure 4.13(a). (b) Associated waveforms of

Figure 4.13(b).

Figure 4.19(b) shows the auto-trigger monostable

an analog divider.

multivibrator used as
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4.6.2 Divider from 555 Monostable Multivibrator

The circuit diagram of divider using the 555 timer monostable multivibra-
tor is shown in Figure 4.15, and its associated waveforms are shown in
Figure 4.16. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C;
is charging toward +V through the resistor R;. The capacitor voltage is
rising exponentially, and when it reaches the value of Vg, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero voltage exists at pin 6, and the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the

¥igr
e Wi b i
i '\"l""k

Figure 4.15 (a) Divider from 555 monostable. (b) Divider with 555 re-trigger monostable
multivibrator.
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Figure 4.16 (a) Associated waveforms of Figure 4.15(a). (b) Associated waveforms of
Figure 4.15(b).

lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward +V, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output V) is proportional to V which is
applied at its pin 5. The 555 timer output controls switch S1. During the ON
time &, the first input voltage V; is connected to the R;C; low pass filter
(switch S1 is closed). During the OFF time of V), zero voltage exists on the
R;C, low pass filter (switch S; is opened). Another rectangular waveform Vi
with V; as the peak value is generated at the output of switch S;. The ON
time 8y of this rectangular waveform Vy is given as

S, = Vo r (4.35)
VR

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1% Vv,
VX = ?E.)‘\Adt = ?6-1-

_ViVo

V,
X vV,

(4.36)

where Vp is a constant value.
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The op-amp OA,; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V, =V, (4.37)

From equations (4.36) and (4.37),
V.
v.oYay (4.38)
(] Vl R

Figure 4.15(b) shows a divider using the 555 re-trigger monostable
multivibrator.
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Chapter 5

Time Division Multipliers cum
Dividers (MCDs)—Multiplexing

5.1 SAW TOOTH WAVE REFERENCED MCDS

5.1.1 Saw Tooth Wave Referenced MCD—Type I—Double
Multiplexing and Averaging

The circuit diagram of double multiplexing—averaging time division MCD is
shown in Figure 5.1, and its associated waveforms are shown in Figure 5.2.
A saw tooth wave Vg, of peak value Vi and time period T is generated by
the 555 timer.

The comparator OA; compares the saw tooth wave Vg, with the voltage
Vy and produces a rectangular waveform Vy. The ON time &, of Vg, is
given as

S, =T (5.1)

The rectangular pulse Vi controls the second multiplexer M,. When Vy is
HIGH, the first input voltage V; is connected to the R,C; low pass filter (‘by’
is connected to ‘b’). When Vi is LOW, zero voltage is connected to the R,C;
low pass filter (‘bx’ is connected to ‘b’). Another rectangular pulse Vy; with
maximum value of V; is generated at the multiplexer M, output. The R,C;
low pass filter gives the average value of this pulse train Vy; and is given as

1% \Y
V, =— [Vdt=—-L5 (5.2)
X TZ'; 1 T T
TRRAS 53
R

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage.

DOI: 10.1201/9781003362968-5
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Figure 5.1 Double multiplexing—averaging MCD.
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Figure 5.2 Associated waveforms of Figure 5.1.
V,= V, (5.4)

From equations (5.3) and (5.4),

_V,Vi

V,
Y v,

(5.5)

The rectangular pulse Vi also controls the third multiplexer M3;. When Vi
is HIGH, the third input voltage V5 is connected to the R;C, low pass filter
(‘cy’ is connected to ‘c’). When Vi is LOW, zero voltage is connected to the
R;C, low pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse Vy
with a maximum value of V5 is generated at the multiplexer M; output.
The R;C, low pass filter gives the average value of this pulse train Vy and
is given as
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Vo == [Vidt=—225, (5.6)

Equations (5.1) and (5.5) in (5.6) gives

_VV;

V,
0 v,

5.1.2 Saw Tooth Based MCD—Type Il

The circuit diagram of the saw tooth wave based time division multiply-
divide MCD is shown in Figure 5.3, and its associated waveforms are shown
in Figure 5.4. A saw tooth wave Vy, of peak value Vy is generated by the
555 timer.

The comparator OA, compares the saw tooth wave Vg, with an input
voltage V3 and produces a rectangular wave form V. The ON time &, of
Vi, 1s given as

5y = Vo (5.8)
Vi

The rectangular pulse V\ controls the second multiplexer M,. When V),
is HIGH, the second input voltage V, is connected to the R,C, low pass fil-
ter (‘by’ is connected to ‘b’). When V\ is LOW, zero voltage is connected to
the R,C, low pass filter (‘bx’ is connected to ‘b’). Another rectangular pulse
Vi with a maximum value of V, is generated at the multiplexer M, output.

+Vce

3482
D*{ 555 ¢
51 7

V():—Vix 3

Figure 5.3 Saw tooth wave based time division multiplier—type II.
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Figure 5.4 Associated wave forms of Figure 5.3.

The R4C, low pass filter gives the average value of this pulse train V¢ and
1s given as

1°F V.
Va=o ! V,dt = ?Zan (5.9)
v, = 2V (5.10)
\A

The comparator OA; compares the saw tooth wave Vg, with the first input
voltage V; and produces a rectangular waveform Vy. The ON time &,, of
Vi, 18 given as

5. =L 5.11
T2 VR ( )

The rectangular pulse Vy controls the third multiplexer M;. When Vy is
HIGH, the output voltage V is connected to the R;C; low pass filter (‘cy’
is connected to ‘c’). When Vi is LOW, zero voltage is connected to the
R;C; low pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse
V. with maximum value of V, is generated at the multiplexer M; output.
The R;C; low pass filter gives the average value of this pulse train V; and
1s given as
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1°% V,

Vo= ! Vodt—?O(STZ

V, = A (5.12)
Ve

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V.=V, (5.13)
Equations (5.10) and (5.12) in (5.13) give

_VV

V
o v,

(5.14)

5.1.3 Saw Tooth Wave Referenced MCD—Type llI

The circuit diagram of saw tooth wave based time division divide-multiply
MCD is shown in Figure 5.5, and its associated waveforms are shown in
Figure 5.6. As discussed in chapter 1, a saw tooth wave Vg; with peak value
Vi and time period T is generated by the 555 timer.

The comparator OA, compares the saw tooth wave with an input volt-
age V; and produces a rectangular waveform V. The ON time 8, of Vy,
is given as

V.
O = LT (5.15)
Vr
Vi
+Vce b Vu v
D B +
"3, Yo Pl vie Re vi |OA:
—l Q1 gﬁ(yMz
3482 R: CE &
T Vy
Ds 555 6
Vsi
5 1.7 ce M Rs vo.Y2Vs
ox W T Vi
Er] Ca4

Figure 5.5 Saw tooth wave based time division multiplier—type IIl.
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Figure 5.6 Associated waveforms of Figure 5.5.

The rectangular pulse V\, controls the second multiplexer M,. When Vy
is HIGH, the voltage Vy is connected to the R,C, low pass filter (‘by’ is
connected to ‘b’). When V,, is LOW, zero voltage is connected to the R,C,
low pass filter (‘bx’ is connected to ‘b’). Another rectangular pulse Vi with a
maximum value of Vy is generated at the multiplexer M, output. The R,C,
low pass filter gives the average value of this pulse train Vi and is given as

1°%F V.

V= ! VYdt=TY5T1

v, =Yy (5.16)
\A

The op-amp OA, is configured in a negative closed loop feedback, and a
p-amp 4 g g p

positive dc voltage is ensured in the feedback loop. Hence its inverting ter-

minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V=V, (5.17)
From equations (5.16) and (5.17),

AN

V,
Y v,

(5.18)
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The comparator OA; compares the saw tooth wave with the second input
voltage V, and produces a rectangular waveform Vy. The ON time 8., of
Vy is given as

5, =T (5.19)

R

The rectangular pulse Vy controls the third multiplexer M;. When Vy is
HIGH, the voltage Vy is connected to the R;C, low pass filter (‘cy’ is con-
nected to ‘c’). When Vi is LOW, zero voltage is connected to the R;C4 low
pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse V| with maxi-
mum value of Vy is generated at the multiplexer M; output. The R;C, low
pass filter gives the average value of this pulse train V| and is given as

1% V.
%=?£wm:%&2 (5.20)
v, = 2V (5.21)
Vi

Equation (5.18) in (5.21) gives

AL

V,
o v,

(5.22)

5.2 TRIANGULAR WAVE BASED TIME DIVISION MCDS

5.2.1 Type l

The circuit diagram of the triangular wave referenced time division multi-
plier cum divider is shown in Figure 5.7, and its associated waveforms are
shown in Figure 5.8. A triangular wave V; of +V peak to peak values and
time period T is generated by the 555 timer. The comparator OA; compares
the triangular wave Vp; with the voltage Vy and produces an asymmetrical
rectangular wave V. From Figure 5.11, it is observed that

ViV VitV
> 72

T:
A 2V,

T,T=T, +T, (5.23)

The rectangular wave Vi controls the multiplexer M,, which connects +V;
to its output during T, (‘ay’ is connected to ‘a’) and —V, to its output during
T, (‘ax’ is connected to ‘a’). Another asymmetrical rectangular waveform Vy
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Figure 5.8 Associated waveforms of Figure 5.7.

is generated at the multiplexer M, output with +V, peak to peak values. The
R4C, low pass filter gives the average value of Vi and is given as

1 T, T,+T, v
V., =—| | V,dt+ -V, )dt |==[T, -T
=7V sz( de =T, =T, 524
V :VIVY
X VT

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

Vy=V, (5.25)
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From equations (5.24) and (5.25),

_VV:

V.
Y v,

(5.26)

The rectangular wave Vi also controls the multiplexer M,, which connects
+V; to its output during T, (‘by’ is connected to ‘b’) and —V; to its output
during T, (‘bx’ is connected to ‘b’). Another asymmetrical rectangular wave
Vi is generated at the multiplexer M, output with £V; peak to peak values.
The R;C, low pass filter gives the average value Vg and is given as

T, +T,

1% Y

V, ==| | V,dt+ -V,)dt |=2[T,-T

s v va] Yo .

V :V3VY

(@] VT

Equation (5.26) in (5.27) gives

Vozm (5.28)

Vi

5.2.2 Triangular Wave Based Time Division
MCD—Type 1l

The circuit diagram of triangular wave based divide-multiply MCD is shown
in Figure 5.9, and its associated waveforms are shown in Figure 5.10. A tri-
angular wave Vp; of £V peak to peak values and time period T is generated
around the 555 timer IC

+Vce

4 83

555 2

-Vco

Figure 5.9 Triangular wave based divide-multiply MCD
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Figure 5.10 Associated waveforms of Figure 5.9

The first input voltage V; is compared with the triangular wave V; by
the comparator on OA,. An asymmetrical rectangular waveform Vy is gen-
erated at the comparator OA, output. From the waveforms shown in Fig-
ure 5.14, it is observed that

ViVip o Vit
> 2

T,
AA 2V,

T,T=T, +T, (5.29)

This rectangular wave Vy is given as control input to the multiplexer M;.
The multiplexer M; connects the voltage +Vy during T, (‘ay’ is connected to
‘a’) and —Vy during T, (‘ax’ is connected to ‘a’). Another rectangular asym-
metrical wave Vi with peak to peak values of +Vy is generated at the mul-
tiplexer M, output. The R,C, low pass filter gives the average value of the
pulse train Vy, which is given as

1 T, T, +T, V
Vi ==| | Vydt+ | (-Vy)dt|=—(T,-T)
XTT ZI; Y %[ Y T ' 2 1 (5.30)
_VIVY

V.
X v,
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The op-amp OA; is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V,= V, (5.31)
From equations (5.30) and (5.31),

AL

V.
Y v,

(5.32)

The third input voltage V; is compared with the generated triangular wave
V1 by the comparator on OA,4. An asymmetrical rectangular waveform Vy
is generated at the comparator OA, output. From the waveforms shown in
Figure 5.10, it is observed that

ViV Vit Vippor (5.33)
2V, 2V,

T,

This rectangular wave Vy is given as control input to the multiplexer M,.
The multiplexer M, connects the voltage +Vy during T, (‘by’ is connected
to ‘b’) and —Vy during T; (‘bx’ is connected to ‘b’). Another rectangular
asymmetrical wave V; with peak to peak values of +Vy is generated at the
multiplexer M, output. The R,C, low pass filter gives the average value of
the pulse train Vj and is given as

1 T, Ty +T, v
— _ - _Y —
Vo= iVYdt+ J (=Vy)de | = (T, - ) (5.34)
V, = A (5.35)
VT
Equation (5.32) in (5.35) gives
V, = VaVy (5.36)
Vi

5.2.3 Triangular Wave Based MCD—Type llI

The circuit diagrams of a triangular wave based multiply-divide time division
MCD is shown in Figure 5.11, and its associated waveforms are shown in
Figure 5.12. A triangular wave of £V peak to peak value and time period T
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Figure 5.11 Triangular wave based time division multiply-divide MCD—type lII.
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Figure 5.12 Associated waveforms of Figure 5.11.

is generated around the 555 timer. The second input voltage V, is compared
with the triangular wave Vp; by the comparator on OA,. An asymmetrical
rectangular waveform V) is generated at the comparator OA, output. From
the waveforms shown in Figure 5.12, it is observed that

ViVaq o Vit Vi rog L (5.37)

T,
A 2V,

This rectangular wave V) is given as control input to the multiplexer M.
The multiplexer M, connects the third input voltage +V; during T, (‘ay
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is connected to ‘a’) and —V; during T, (‘ax’ is connected to ‘a’). Another
rectangular asymmetrical square wave V; with peak to peak values of £V,
is generated at the multiplexer M, output. The R,C, low pass filter gives the
average value of the pulse train V; and is given as

1 T,+T, v
V, =—| | V.dt+ -V, )dt |==(T, - T,
* TM ’ TI (V) I (5.38)
V :VZV3
A VT

The first input voltage V; is compared with the generated triangular wave
V11 by the comparator on OAj;. An asymmetrical rectangular waveform Vy
is generated at the comparator OA; output. From the waveforms shown in
Figure 5.12, it is observed that

I, I ——] I,I —I I (5.39)
4 3 4
ZVT ZVT

This rectangular wave Vy is given as control input to the multiplexer M,.
The multiplexer M, connects the output voltage +V during T, (‘by’ is con-
nected to ‘b’) and -V during T; (‘bx’ is connected to ‘b’). Another rectan-
gular asymmetrical wave Vi with peak to peak values of £V, is generated at
the multiplexer M, output. The R,C; low pass filter gives the average value
of the pulse train Vy and is given as

T;+T,

1% : \Y
V., =—| | V,dt+ -V, )dt |=—(T, -T
=g Vodtr [ (Vo)de|= ST - 15.40)
V. :V1VO
B VT

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

vV, =V, (5.41)
From equations (5.40) and (5.41),

AL

V
o v,

(5.42)
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5.3 MULTIPLIER CUM DIVIDERS FROM 555 ASTABLE
MULTIVIBRATOR

5.3.1 Typel

The circuit diagram of an MCD using the 555 astable is shown in Fig-
ure 5.13, and its associated waveforms are shown in Figure 5.14. Refer to
the internal diagram of the 555 timer IC shown in Figure 0.1. Initially when
we switch on the power supply, the output of the upper comparator CMP,
will be LOW], i.e., R = 0, and the output of the lower comparator CMP, will
be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q; is OFF, and hence the discharge
pin 7 is at the open position.

The capacitor C; is charging toward V; through the resistors R, and R,
with a time constant of (R{+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage V,, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output

Vi +Veec V2
Ri ’—L‘
74 85
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2555 3 ¥
6 1 ay
C he avn R3 Voo V2V K
NL“ X o My Vi
d C2

Figure 5.13 555 timer astable as MCD.
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Figure 5.14 Associated waveforms of Figure 5.13.



Time Division Multipliers cum Dividers (MCDs)—Multiplexing 87

of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward V;, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time &1 of the 555 timer output V), is (1) proportional to V,,
which is applied at its pin 5, and (2) inversely proportional to the voltage V;.
During ON time 8, V3 is connected to Vi (‘ay’ is connected to ‘a’). During
the OFF time of the waveform Vy, zero voltage is connected to Vy (‘ax’ is
connected to ‘a’). Another rectangular waveform Vi with V5 as peak value
is generated at the output of the multiplexer M.

5, KT (5.43)

1

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% Vv,
V, = ?£V3dt =26

— V2V3 K

v, (5.44)

1

where K is a constant value.

5.3.2 Type |l Square Wave Referenced MCD

The circuit diagrams of the square wave referenced MCD is shown in Fig-
ure 5.15, and its associated waveforms are shown in Figure 5.16. A square
waveform V¢ is generated by the 555 timer. During the LOW of the square
wave, the multiplexer M, connects ‘ax’ to ‘a’, an integrator, formed of the
resistor Ry, capacitor C;, and op-amp OA,, integrates the first input voltage
—V,. The integrated output will be

Vi, =- ! I—V]dt:
R,C,

Vi

t (5.45)
R,C,

A positive going ramp Vs, is generated at the output of op-amp OA;. During
the HIGH of the square waveform, the multiplexer M, connects ‘ay’ to ‘a’,
and hence the capacitor C; is shorted so that op-amp OA; output becomes
zero. The cycle therefore repeats to provide a semi-saw tooth wave of peak
value Vy at the output of op-amp OA,;.
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Figure 5.15 Square wave referenced MCD.
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Figure 5.16 Associated waveforms of Figure 5.15.

From the waveforms shown in Figure 5.16 and from equation (5.45), at
t= T/Z, VSl = VRZ

VW T
¥ RC, 2

T/2=Yeg (5.46)
v,

1
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The comparator OA, compares the semi-saw tooth wave Vg, of peak value
Vr with the input voltage V, and produces a rectangular waveform Vy at its
output. The square wave V- controls the second multiplexer M,. The mul-
tiplexer M, connects zero volts during the HIGH of V¢ and Vi during the
LOW of V. Another rectangular waveform V), is generated at the output of
multiplexer M,. The ON time &, of this rectangular waveform V) is given as

T

5
TV 2

(5.47)

The rectangular pulse V), controls the third multiplexer M;. When V) is
HIGH, the third input voltage V; is connected to the R,C, low pass filter (‘cy’
is connected to ‘c’). When V), is LOW, zero voltage is connected to the R,C,
low pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse Vy with a
maximum value of V; is generated at the multiplexer M, output. The R,C,
low pass filter gives the average value of this pulse train Vg and is given as

1%
v, =?£V3dt

\Y
Vo =26 (5.48)

From equations (5.46)—(5.48),

v, = 2V RiG (5.49)
V., T
Let T= R]C].
Vo = 2Ys (5.50)
Vi

5.4 MULTIPLIER CUM DIVIDER FROM 555 MONOSTABLE
MULTIVIBRATOR

The circuit diagram of a MCD using the 555 monostable is shown in Fig-
ure 5.17, and its associated waveforms are shown in Figure 5.18. Refer to
the internal diagram of the 555 timer IC shown in Figure 0.1. Initially when
the power supply is switched on, the output of the upper comparator CMP;
will be LOW, i.e., R = 0, and the output of the lower comparator CMP, will
be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q, is OFF, and hence the discharge
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Figure 5.17 (a) 555 monostable as MCD. (b) 555 re-trigger monostable as MCD.
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Figure 5.18 (a) Associated waveforms of Figure 5.17(a). (b) Associated waveforms of
Figure 5.17(b).
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pin 7 is at the open position. The capacitor C; is charging toward V; through
the resistor Ry. The capacitor voltage is rising exponentially, and when it
reaches the value of V,, the output of the upper comparator CMP, becomes
HIGH, i.e., R = 1, and the output of the lower comparator CMP, becomes
LOW, i.e., S = 0. The flip flop outputs are Q = 0 and Q' = 1. The timer out-
put at pin 3 will be LOW, transistor Q; is ON, and hence the discharge pin
7 is at GND potential. Now the capacitor C; is short circuited, zero voltage
exists at pin 6, the output of the upper comparator CMP; becomes LOW,
i.e., R = 0. A trigger pulse is applied at pin 2, and when the trigger voltage
comes down to 1/3 V¢, the output of the lower comparator CMP, becomes
HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q, is OFF, and hence the discharge
pin 7 is at the open position.

Now the capacitor C; is charging toward V,, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is (1) proportional to V,, which
is applied at its pin 5, and (2) inversely proportional to the input voltage V.
During the ON time 8r, V; is connected to the R;C; low pass filter (‘ay’ is
connected to ‘a’). During the OFF time of the waveform Vy,, zero voltage is
connected to the R;C; low pass filter). Another rectangular waveform Vy
with V5 as the peak value is generated at the output of multiplexer M. The
ON time & of this rectangular waveform Vy is given as

8, =K-2T (5.51)

1

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1% Vv,
V, = ?E[\@dt =26

— V2V3 K

v, (5.52)

1

where K is a constant value.
The MCD using a re-trigger monostable multivibrator is shown in
Figure 5.17(b).
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Chapter 6

Time Division Multiplier cum
Divider—Switching

6.1 SAW TOOTH WAVE BASED MCDS

6.1.1 Saw Tooth Wave Based Double Switching-Averaging
Time Division MCD

The circuit diagrams of double switching—averaging time division MCDs
are shown in Figure 6.1, and their associated waveforms are shown in Fig-
ure 6.2. Figure 6.1(a) shows a series switching MCD, and Figure 6.1(b)
shows a shunt switching MCD. A saw tooth wave V; of peak value Vi and
time period T is generated around the 555 timer.

The comparator OA; compares the saw tooth wave with the voltage Vy
and produces a first rectangular waveform V. The ON time [Figure 6.1(a)]
or the OFF time [Figure 6.1(b)] 8, of Vi is given as

5, =y (6.1)
Vi

The rectangular pulse Vi controls the switches S, and S;

e In Figure 6.1(a), when Vi is HIGH, the switch S, is closed, and a third
input voltage V; is connected to the R;C, low pass filter; the switch S; is
closed, and the first input voltage V; is connected to R,C; low pass filter.
When Vi is LOW, the switch S, is opened, and zero voltage exists on the
R;C, low pass filter; the switch S; is opened, and zero voltage exists on
the R4C; low pass filter.

e In Figure 6.1(b), when Vi is HIGH, the switch S, is closed, and zero volt-
age exists on the R;C, low pass filter; the switch S; is closed, and zero
voltage exists on the R4C; low pass filter. When Vi is LOW, the switch
S, is opened, and a third input voltage V; is connected to the R;C, low
pass filter; the switch S; is opened, and the first input voltage V; is con-
nected to the R,C; low pass filter.
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Figure 6.1 (a) Double series switching—averaging time division MCD. (b) D ouble shunt
switching—averaging time division MCD.
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Figure 6.2 Associated waveforms of Figure 6.1.

A second rectangular pulse Vy with a maximum value of V is generated
at the switch S; output. The R,C; low pass filter gives the average value of
this pulse train V and is given as

1 v,
V, = ?Z[Vldt =0
v, = IV (6.2)
\A

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage.

V,=V, (6.3)
From equations (6.2) and (6.3)

A

V.
Y v,

(6.4)

A third rectangular pulse Vy; with a maximum value of V; is generated at
the switch S, output. The R;C, low pass filter gives the average value of this
pulse train Vy; and is given as
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1% \A
v, =ij3dt=?5T (6.5)

Equations (6.1) and (6.4) in (6.5) give

_VV

V,
o v,

6.1.2 Saw Tooth Wave Referenced Time Division
Multiply-Divide MCD

The circuit diagrams of saw tooth wave based time division multiply--divide
MCDs are shown in Figure 6.3, and their associated waveforms are shown
in Figure 6.4. Figure 6.3(a) shows a series switching MCD, and Figure 6.3(b)
shows a shunt switching MCD. A saw tooth wave Vg, of period T is gener-
ated around the 555 timer. The comparator OA, compares the saw tooth
wave with an input voltage V; and produces a rectangular waveform Vy,.
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Figure 6.3 (a) Series switching time division multiply-divide MCD. (b) S hunt switching time
division multiply-divide MCD.
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Figure 6.4 (a) Associated waveforms of Figure 6.3(a)
Figure 6.3(b).

The ON time &,,0f Vy [Figure 6.3(a)] or the
ure 6.3(b)] is given as

Sy :%T
R

. (b) Associated waveforms of

OFF time §,, of Vy, [Fig-

(6.7)
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The rectangular pulse Vy; controls the first switch S;.

e In Figure 6.3(a), when V) is HIGH, the switch S; is closed, and another
input voltage V, is connected to R;C, low pass filter. When Vy is LOW], the
switch S, is opened, zero voltage is connected to the RsC, low pass filter.

¢ In Figure 6.3(b), when V, is HIGH, the switch S, is closed, and zero volt-
age is connected to the R5C, low pass filter. When V,; is LOW, S, is opened,
and another input voltage V, is connected to the RsC, low pass filter.

Another rectangular pulse Vg with maximum value of V, is generated at
the switch S; output. The R;C, low pass filter gives the average value of this
pulse train Vi and is given as

17 \
v, :?.[Vzdt: 250
0
vV, = V\Z/VS (6.8)
R

The comparator OA; compares the saw tooth wave Vg; with the first input
voltage V; and produces a rectangular waveform Vy. The ON time 6., of
Vy, [Figure 6.3(a)] or the OFF time &, of V [Figure 6.3(b)] is given as

V,
8y =~ T (6.9)

R

The rectangular pulse Vi controls the second switch S,.

e In Figure 6.3(a), When Vy is HIGH, the output voltage V, is connected
to the R¢C; low pass filter (switch S, is closed). When Vy is LOW, zero
voltage is connected to the R,C; low pass filter (switch S, is opened).

e In Figure 6.3(b), when Vy is HIGH, zero voltage is connected to the
R¢C; low pass filter (switch S, is closed). When Vy is LOW, output volt-
age Vo is connected to the R¢C; low pass filter (switch S, is opened).

Another rectangular pulse V; with maximum value of V is generated at
the switch S, output. The R,C; low pass filter gives the average value of this
pulse train V| and is given as

1% v,
Vi ! V,dt = ?Oa}z
v, = iV (6.10)
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The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V,=V, (6.11)
From equations (6.8) and (6.10),

_VV

V
o v,

(6.12)

6.1.3 Saw Tooth Wave Referenced Time
Division Divide-Multiply MCD

The circuit diagrams of saw tooth wave based time division divide-multiply
MCDs are shown in Figure 6.5, and their associated waveforms are shown
in Figure 6.6. Figure 6.5(a) shows a series switching MCD, and Figure 6.5(b)
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Figure 6.5 (a) Series switching time division divide-multiply MCD. (b) Shunt switching time
division divide-multiply MCD.
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Figure 6.6 (a) Associated waveforms of Figure 6.5(a). (b) Associated waveforms of
Figure 6.5(b).

shows a shunt switching MCD. A saw tooth wave Vg; of Vi peak value
and time period T is generated around the 555 timer. The comparator OA,
compares the saw tooth wave with an input voltage V; and produces a rect-
angular waveform V. The ON time &, of Vi, [Figure 6.7(a)] or the OFF
time &8, of Vy; [Figure 6.7(b)] is given as
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5y =T (6.13)
Vr

The rectangular pulse Vy controls the first switch S;.

e In Figure 6.5(a), when V, is HIGH, the switch S, is closed, and the volt-
age Vy is connected to the RsC, low pass filter. When Vy, is LOW, the
switch S; is opened, zero voltage is connected to the RsC, low pass filter.

e InFigure 6.5(b), when V,, is HIGH, the switch S, is closed, and zero volt-
age is connected to the RsC, low pass filter. When V), is LOW, the switch
S, is opened, and input voltage Vy is connected to R5C, low pass filter.

Another rectangular pulse V¢ with maximum value of Vy is generated at
the switch S; output. The RsC, low pass filter gives the average value of this
pulse train Vy and is given as

1% V.
V= ! Vyde= X6,
v, = V{,VY (6.14)
R

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V=V, (6.15)
From equations (6.14) and (6.15),

_V,Vi

V.
Y v,

(6.16)

The comparator OA; compares the saw tooth wave Vg, with the third input
voltage V3 and produces a rectangular waveform Vy. The ON time &, of Vy
[Figure 6.5(a)] or the OFF time &, of Vy [Figure 6.5(b)] is given as

e Vi (6.17)

R

The rectangular pulse Vi controls the second switch S,.

e In Figure 6.5(a), when Vy is HIGH, the switch S, is closed, the voltage
Vy is connected to the R¢C; low pass filter. When Vy is LOW, the switch
S, is opened, zero voltage is connected to the R,C; low pass filter
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e In Figure 6.5(b), when Vy is HIGH, the switch S, is closed, zero voltage
is connected to the R,C; low pass filter. When Vi is LOW] the switch S,
is opened, and the voltage Vy is connected to the R;C; low pass filter,

Another rectangular pulse V| with maximum value of Vy is generated at
the switch S, output. The R,C; low pass filter gives the average value of this
pulse train V and is given as

1°%% v,
Vo= ! Vyde=—26r, (6.18)
v, = YaVy (6.19)
VR
Equation (6.16) in (6.19) gives
v, = Y2V (6.20)
Vi

6.2 TRIANGULAR WAVE BASED MCDS

6.2.1 Time Division MCD

The circuit diagrams of triangular wave referenced time division MCDs are
shown in Figure 6.7, and their associated waveforms are shown in Figure 6.8.
Figure 6.7(a) shows a series switching MCD, and Figure 6.7(b) shows a shunt
switching MCD. The output of the 555 timer circuit is the triangular wave
V1 with £V peak values and time period T.

The comparator OA, compares this triangular wave V; with the voltage
Vy and produces the asymmetrical rectangular wave Vi From Figure 6.8, it
is observed that

Vi Verp Vit Y por (6.21)
2V, 2V,

Tl
The rectangular wave Vi controls switches S; and S,. During the ON time
T, of this rectangular wave Vi:

e In Figure 6.7(a), the switch S; is closed, the op-amp OA; along with the
resistor R¢ will work as a non-inverting amplifier, and +V; will exist on
its output (Vy = +V3). The switch S, is closed, the op-amp OA; along
with the resistor R, will work as a non-inverting amplifier, and +V; will
exist on its output (Vy = +Vy).
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Figure 6.8 Associated wave forms of Figure 6.7.
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e In Figure 6.7(b), the switch S; is closed, the op-amp OA; along with the
resistor R¢ will work as an inverting amplifier, and +V; will exist on its
output (Vy; = +V3). The switch S, is closed, the op-amp OA; along with
the resistor R, will work as an inverting amplifier, and +V; will exist on
its output (Vy = +V;).

During the OFF time T; of this rectangular wave Vi:

e InFigure 6.7(a), the switch S; is opened, the op-amp OA; along with the
resistor R¢ will work as an inverting amplifier, and —V; will exist on its
output (Vy; = —V3). The switch S, is opened, the op-amp OAj; along with
the resistor R, will work as an inverting amplifier, and —V; will exist on
its output (Vy = —V;).

e In Figure 6.7(b), the switch S, is opened, the op-amp OA; along with
the resistor R will work as a non-inverting amplifier, and —V; will exist
on its output (Vy; = —V3). The switch S, is closed, the op-amp OA; along
with the resistor R, will work as a non-inverting amplifier, and —V; will
exist on its output (Vi = —V;).

Two asymmetrical rectangular waveforms (1) Vy; with +V; peak to peak
values at the output of op-amp OA; and (2) Vy with £V, peak to peak val-
ues at the output of op-amp OA;, are generated. The RgC; low pass filter
gives the average value of Vi and is given as

1 T, T,+T, \Vi
V, == |V, dt+ -V, )dt |==2[T, -T
’ TM 1 TJ (V)dej= 7 1% - (6.22)
V :Vle
X VT

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V=V, (6.23)
From equations (6.22) and (6.23),

AL

V.
Y v,

(6.24)

The RyC, low pass filter gives the average value of the rectangular waveform
Vs and is given as
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T, +T,

1% \Y
Vo ==| [Vide+ [ (=V.)dt|=—2[T,-T
© TM ’ TI (V) Tk (6.25)
V :V3VY
(0] VT

Equation (6.24) in (6.25) gives

_VV;

v, (6.26)

Vo

6.2.2 Divide-Multiply Time Division MCD

The circuit diagrams of a triangular wave based divide-multiply time divi-
sion MCD are shown in Figure 6.9, and their associated waveforms are
shown in Figure 6.10. A triangular wave V; with £V peak to peak value is
generated around the 555 timer.
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Figure 6.9 (a) Series switching divide-multiply time division MCD. (b) Shunt switching
divide-multiply time division MCD.
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Figure 6.10 Associated waveforms of Figure 6.9.

The first input voltage V, is compared with the generated triangular wave
V1 by the comparator on OA,. An asymmetrical rectangular waveform Vy
is generated at the comparator OA, output. From the waveforms shown in
Figure 6.10, it is observed that

T -V Vipp Vit Vigror g (6.27)
2V, 2V,

This rectangular wave Vy is given as the control input to the switch S;.
During the ON time T, of this rectangular wave Vy:

¢ In Figure 6.9(a), the switch S, is closed, the op-amp OA; along with the
resistor R¢ will work as a non-inverting amplifier, and +Vy will exist on
its output (Vg = +Vy).

e In Figure 6.9(b), the switch S; is closed, the op-amp OA; along with the
resistor R¢ will work as an inverting amplifier, and +Vy will exist on its
output (Vi = +Vy).

During the OFF time T; of this rectangular wave Vy:
¢ InFigure 6.9(a), the switch S; is opened, the op-amp OA; along with the

resistor R¢ will work as an inverting amplifier, and —Vy will exist on its
output (VK = —Vy).
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e In Figure 6.9(b), the switch S; is opened, the op-amp OA; along with the
resistor R¢ will work as a non-inverting amplifier, and —Vy will exist on
its output (Vg = —Vy).

Another rectangular asymmetrical wave Vi with peak to peak values of +Vy
is generated at the output of op-amp OA; The R,C; low pass filter gives the
average value of the pulse train Vi and is given as

1 T, T,+T, v
Vi= [Vyde+ [ (=Vvy)dt :?Y(Tz—m
0 T,
v, = Yy (6.28)
VT

The op-amp OA, is configured in a negative closed loop feedback,
and a positive dc voltage is ensured in the feedback loop. Hence its
inverting terminal voltage must be equal to its non-inverting terminal
voltage, i.e.,

V,=Vy (6.29)
From equations (6.28) and (6.29),

AL

V.
Y v,

(6.30)

The third input voltage V; is compared with the generated triangular wave
V1, by the comparator on OA;. An asymmetrical rectangular waveform Vy
is generated at the comparator OA; output. From the waveforms shown in
Figure 6.14, it is observed that

:VT—V3 TT4:VT+V3TT:T3+T4 (6.31)
2V, 2V;

T3

This rectangular wave V), is given as the control input to the switch S,.
During the ON time T, of this rectangular wave Vy:

e In Figure 6.9(a), the switch S, is closed, the op-amp OA, along with the
resistor Rg will work as a non-inverting amplifier, and +Vy will exist on
its output (V= +Vy).

e In Figure 6.9(b), the switch S, is closed, the op-amp OA along with the
resistor Rg will work as an inverting amplifier, and +Vy will exist on its
output (V; = +Vy).
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During the OFF time T; of this rectangular wave Vi

¢ InFigure 6.9(a), the switch S, is opened, the op-amp OA¢ along with the
resistor Rg will work as an inverting amplifier, and —Vy will exist on its
output (VJ = —Vy).

e InFigure 6.9(b), the switch S, is opened, the op-amp OA along with the
resistor Rg will work as a non-inverting amplifier, and —Vy will exist on
its output (Vy = —Vy).

Another rectangular asymmetrical wave V; with peak to peak values of +Vy
is generated at the output of op-amp OA. The RoC, low pass filter gives the

average value of the pulse train V; and is given as

T;+Ty

1% v,
Vo= lVY dt+ Tj (—Vy )dt =—-(T,-T) (6.32)
Vv, = WV, (6.33)
Vi
Equation (6.30) in (6.33) gives
Vv, = AL (6.34)
Vi

6.2.3 Multiply-Divide Time Division MCD

The circuit diagrams of triangular wave based multiply-divide time
division MCDs are shown in Figure 6.11, and their associated wave-
forms are shown in Figure 6.12. Figure 6.11(a) shows a series switching
MCD, and Figure 6.11(b) shows a shunt switching MCD. A triangular
wave Vp; with £V peak to peak value is generated around the 555
timer.

The second input voltage V, is compared with the generated triangular
wave Vp; by the comparator OA,. An asymmetrical rectangular waveform
Vu is generated at the comparator OA, output. From the waveforms shown
in Figure 6.12, it is observed that

_Vi-Vop o VitV
b 2

T,
by, 2V,

T, T=T,+T, (6.35)

This rectangular wave Vy is given as control input to the switch S;.
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Figure 6.11 (a) Series switching multiply-divide time division MCD. (b) Shunt switching
multiply—divide time division MCD.
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During the ON time T, of this rectangular wave Vy:

e InFigure 6.11(a), the switch S; is closed, the op-amp OA, along with the
resistor R¢ will work as a non-inverting amplifier, and +V; will exist on
its output (Vy = +V3).

e In Figure 6.11(b), the switch S; is closed, the op-amp OA, along with
the resistor Ry will work as an inverting amplifier, and +V; will exist on
its output (Vy = +V3).

During the OFF time T; of this rectangular wave Vy:

e In Figure 6.11(a), the switch S, is opened, the op-amp OA, along with
the resistor Ry will work as an inverting amplifier, and —V; will exist on
its output (V; = -V3).

e In Figure 6.11(b), the switch S; is opened, the op-amp OA, along with
the resistor R will work as a non-inverting amplifier, and —V; will exist
on its output (Vy = -V3).

Another rectangular asymmetrical wave V; with peak to peak values of £V,
is generated at the output of op-amp OA,. The RoC, low pass filter gives the
average value of the pulse train V; and is given as

1 T, T, +T, V
V, =—| | V.dt+ -V,)dt|==(T,-T
AT T i 3 %[ ( 3) :| T( 2 ) (6.36)
V — VZV%
A VT

The first input voltage V; is compared with the generated triangular wave
V11 by the comparator on OA;. An asymmetrical rectangular waveform Vy
is generated at the comparator OA; output. From the waveforms shown in
Figure 6.17, it is observed that

ViV o Vi,
s 1y

T
A 2V,

T, T=T,+T, (6.37)

This rectangular wave Vy is given as control input to the switch S,.
During the ON time T, of this rectangular wave Vy:

e InFigure 6.11(a), the switch S, is closed, the op-amp OA; along with the
resistor R, will work as a non-inverting amplifier, and +V will exist on
its output (Vg = +Vo).

e InFigure 6.11(b), the switch S, is closed, the op-amp OA; along with the
resistor R, will work as an inverting amplifier, and +V will exist on its
output (Vg = +Vo).
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During the OFF time T; of this rectangular wave Vy:

e In Figure 6.11(a), the switch S, is opened, the op-amp OA; along with
the resistor R, will work as an inverting amplifier, and =V, will exist on
its output (Vg = —Vg).

e In Figure 6.11(b), the switch S, is opened, the op-amp OA; along with
the resistor R, will work as a non-inverting amplifier, and -V will exist
on its output (Vg = —Vo).

Another rectangular asymmetrical wave Vi with peak to peak values of
+V, is generated at the output of the op-amp OA;. The RyC; low pass filter
gives the average value of the pulse train Vi and is given as

1 T, Ty+T, v
V,=—| | V,dt+ -V, )dt |=2(T, - T

B T l o —I[ ( O) T ( 4 3) (6.38)
V., = Vlv()

B 2

The op-amp OAg is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V.=V, (6.39)
From equations (6.36) and (6.38),

_VV;

V,
0 v,

(6.40)

6.3 MULTIPLIER CUM DIVIDER FROM 555 ASTABLE
MULTIVIBRATOR

6.3.1 Multiplier cum Divider from 555 Astable
Multivibrator—Type |

The circuit diagram of an MCD using the 555 astable is shown in Fig-
ure 6.13, and its associated waveforms are shown in Figure 6.14. Refer to
the internal diagram of the 555 timer IC shown in Figure 0.1. Initially when
we switch on the power supply, the output of the upper comparator CMP,
will be LOW, i.e., R = 0, and the output of the lower comparator CMP, will
be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q, is OFF, and hence the discharge
pin 7 is at the open position.
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Figure 6.13 555 timer astable as MCD.
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Figure 6.14 Associated waveforms of Figure 6.13.

The capacitor C; is charging toward V, through the resistors Ry and
R, with a time constant of (R;+R,)C;, and its voltage is rising expo-
nentially. When the capacitor voltage is rising above the voltage V,, the
output of the upper comparator CMP; becomes HIGH, i.e., R = 1, and
the output of the lower comparator CMP, becomes LOW, i.e., S = 0. The
flip flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will
be LOW, transistor Q; is ON, and hence the discharge pin 7 is at GND
potential. Now the capacitor C; is discharging to GND potential through
the resistor R, with a time constant of R,C. When the capacitor voltage
falls below 1/3 Vg, the output of the upper comparator CMP, becomes
LOW, i.e., R = 0, and the output of the lower comparator CMP, becomes
HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q, is OFF, and hence the dis-
charge pin 7 is at the open position.

Now the capacitor starts charging toward V;, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time & of the 555 timer output V, is (1) proportional to V,,
which is applied at its pin 5 and (2) inversely proportional to the voltage V;.
During the ON time 8y, the switch S is closed, its collector voltage V5 exists
at the output of switch S;. During the OFF time of the waveform V), the
switch S; is opened, zero voltage exists at the output of switch S;. Another
rectangular waveform Vi with V; as the peak value is generated at the out-
put of the switch S;.



Time Division Multiplier cum Divider—Switching 113

The ON time of the rectangular wave V), is given as
T (6.41)

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% Vv,
v, = ?£V3dt =26

— V2V3 K

v, (6.42)

1

where K is a constant value.

6.3.2 Square Wave Referenced MCD

The circuit diagrams of a square wave referenced MCD is shown in Fig-
ure 6.15, and its associated waveforms are shown in Figure 6.16. During the
LOW of the square wave, the switch S; is opened, an integrator formed by
resistor Ry, capacitor C,, and op-amp OA, integrates the reference voltage
—V,. The integrated output will be

Vi, =- 1 I—V]dt:
R,C,

Vi
R,C,

t (6.43)

A positive going ramp Vs, is generated at the output of op-amp OA,. Dur-
ing the HIGH of square waveform, the switch S; is closed, and hence the
capacitor C; is shorted so that the op-amp OA; output becomes zero. The
cycle therefore repeats to provide a semi-saw tooth wave of peak value Vi
at the output of op-amp OA;

From the waveforms shown in Figure 6.16 and from equation (6.43), at
t=T/2, Vg, = Vg

_ T
® R, 2
T/2= %Rlc1 (6.44)

1

The comparator OA, compares the semi-saw tooth wave Vg; of peak value
Vg with the input voltage V, and produces a rectangular waveform Vi at
its output. The square wave V controls the second switch S,. The switch S,
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Figure 6.15 Square wave referenced MCD.
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Figure 6.16 Associated waveforms of Figure 6.15.

is closed during the HIGH time of V. Another rectangular waveform Vy,
is generated at the output of switch S,. The ON time &, of this rectangular
waveform V) is given as

T

5
v 2

(6.45)
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The rectangular pulse V) controls the third switch S;. The switch S; is closed
during the HIGH time of V. Another rectangular pulse Vyy with maximum
value of V; is generated at the switch S; output. The R,C, low pass filter
gives the average value of this pulse train Vy and is given as

1%

Vo= £ V., dt (6.46)
V.

Vo = =-0r (6.47)

From equations (6.45)—(6.47),

Vo — V2V3 Rlcl
v, T
LetT = R1C1.
Vv, = VaVy (6.48)
Vi

6.4 MULTIPLIER CUM DIVIDER FROM 555 MONOSTABLE
MULTIVIBRATOR

The circuit diagram of MCD using the 555 monostable is shown in Fig-
ure 6.17, and its associated waveforms are shown in Figure 6.18. Refer to
the internal diagram of the 555 timer IC shown in Figure 0.1. Initially when
the power supply is switched on, the output of the upper comparator CMP;
will be LOW, i.e., R = 0, and the output of the lower comparator CMP, will
be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q, is OFF, and hence the discharge
pin 7 is at the open position. The capacitor C; is charging toward V; through
the resistor Ry. The capacitor voltage is rising exponentially, and when it
reaches the value of V,, the output of the upper comparator CMP, becomes
HIGH, i.e., R = 1, and the output of the lower comparator CMP, becomes
LOW, i.e., S = 0. The flip flop outputs are Q = 0 and Q' = 1. The timer output
at pin 3 will be LOW, transistor Q; is ON, and hence the discharge pin 7 is at
GND potential. Now the capacitor C; is short circuited, zero voltage exists
at pin 6, and the output of the upper comparator CMP; becomes LOW, i.e.,
R = 0. A trigger pulse is applied at pin 2, and when the trigger voltage comes
down to 1/3 V¢, the output of the lower comparator CMP, becomes HIGH,
i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer output at
pin 3 will be HIGH, transistor Q, is OFFE, and hence the discharge pin 7 is
at the open position.
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Figure 6.17 (a) 555 monostable as MCD. (b) 555 re-trigger monostable as MCD.
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Figure 6.18 (a) Associated waveforms of Figure 6.17(a). (b) Associated waveforms of

Figure 6.17(b).

Now the capacitor C; is charging toward V,, and the sequence therefore

repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is (1) proportional to V,, which
is applied at its pin § and (2) inversely proportional to the input voltage V.
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During the ON time 8y, the switch S; is closed, and its collector voltage V;
exists at its emitter terminal. During the OFF time of the waveform Vy, the
switch S, is opened, zero voltage exists on its emitter terminal. Another rect-
angular waveform Vi with V; as the peak value is generated at the emitter
of transistor Q3. The ON time & of this rectangular waveform Vy is given as

8, =K-2T (6.49)

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1% Vv,
v, = ?!;VSdt =26

— V2V3 K

V
o v,

(6.50)

where K is a constant value.
The MCD using a re-trigger monostable multivibrator is shown in
Figure 6.17(b).
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Chapter 7

Peak Responding Multiplier
cum Dividers—Multiplexing

7.1 DOUBLE SINGLE SLOPE PEAK RESPONDING MCDs

7.1.1 Double Single Slope Peak Responding
MCDs—Type |

The circuit diagrams of double single slope peak responding MCDs are
shown in Figure 7.1, and their associated waveforms are shown in Fig-
ure 7.2. Figure 7.1(a) shows a double single slope peak detecting MCD,
and Figure 7.1(b) shows a double single slope peak sampling MCD. Initially
the 555 timer output is HIGH, the multiplexer M; connects ‘ay’ to ‘a’, an
integrator formed by the resistor R, the capacitor C;, and the op-amp OA,
integrates the first input voltage —V,. The integrated output will be

V, = [-Vdi="t
R,C, R,C,

t (7.1)

A positive going ramp Vs, is generated at the output of the op-amp OA,.
When the output of OA; reaches the voltage level of V,, the 555 timer out-
put becomes LOW. The multiplexer M; connects ‘ax’ to ‘a’, and hence the
capacitor C, is shorted so that op-amp OA; output becomes zero. Then the
555 timer output goes to HIGH, the multiplexer M; connects ‘ay’ to ‘a’, and
the integrator composed by Ry, C;, and op-amp OA; integrates the input
voltage —V, and the cycle therefore repeats to provide (1) a saw tooth wave
Vs of peak value V, at the output of op-amp OA; and (2) a short pulse
waveform V¢ at the output of the 555 timer. The short pulse V¢ also con-
trols the multiplexer M,. During the short LOW time of V, the multiplexer
M, connects ‘bx’ to ‘b’, the capacitor C, is short circuited so that the op-amp
OA, output is zero volts. During the HIGH time of V, the multiplexer M,
connects ‘by’ to ‘b’, and the integrator formed by the resistor R,, capacitor
C,, and op-amp OA, integrates its input voltage —V3;. Its output is given as

1
Vs, =- R,C, J_Vzdt =

\A
RZCZ

t (7.2)
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Figure 7.1 (a) Double single slope peak detecting MCD. (b) Double single slope peak
sampling MCD.

Another saw tooth waveform Vg, with a peak value Vy is generated at the
output of the op-amp OA,. From the waveforms shown in Figure 7.2 and
from equations (7.1) and (7.2), at t = T,

V1=V, Ver = Vp

v, =it (7.3)
Rlcl
v, =Vt (7.4)

RZCZ



Peak Responding Multiplier cum Dividers—Multiplexing 121

pr
548
Vi 2 555 31—
Ri
-V 1 e—mn—s 6 1
;
| ax . M
Ra Nl |
MW —ille A
Vu
H
Rs [
—wvm—bl\B] V2 Vs
—bx-. MZ Vsi
C2
{1
10R. Vs2 L L
''''' c vlv:l
CX, Ms l ¥ Vi
3
(b)
Figure 7.1 (Continued)
From equations (7.3) and (7.4),
P Vs £R1C
RZCZ Vl
Let us assume R, = R,, C; = C,. Then
v, =2V (7.5)
Vi

e In Figure 7.1(a), the peak detector realized by the op-amp OA;, diode
D, and capacitor C; gives this peak value V; at its output V. Vg = Vi
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Figure 7.2 Associated waveforms of Figure 7.1.

e In Figure 7.1(b), the peak value V; of the saw tooth waveform Vj; is
obtained by the sample and hold circuit realized by the multiplexer
M; and capacitor C;. The sampling pulse is generated by the op-amp
OA; by comparing a slightly lower voltage than that of V,, called
V', with the saw tooth wave Vg,. The sample and hold operation is
illustrated graphically in Figure 7.2. The sample and hold output Vg
is equal to V.

Hence the output will be Vg = V.

_VV;

V
o v,

7.1.2 Double Single Slope—Type Il

The circuit diagrams of double single slope peak responding MCDs are
shown in Figure 7.3, and their associated waveforms are shown in Fig-
ure 7.4. Figure 7.3(a) shows double single slope peak detecting MCD, and
Figure 7.3(b) shows double single slope peak sampling MCD. The 555 timer
is configured to be a flip flop. Initially the 555 timer output is HIGH, the
multiplexer M; connects ‘ay’ to ‘a’, an integrator, formed by the resistor Ry,
capacitor C,, and op-amp OA,, integrates the first input voltage —V;. The
integrated output will be

1 V,
V, =———[-V,dt = —!

t (7.7)
R,C, R,C,

A positive going ramp Vs, is generated at the output of op-amp OA,. When
the output of OA, reaches the voltage level of V,, the comparator OA, output
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Figure 7.3 (a) Double single slope peak detecting MCD. (b) Double single slope peak
sampling MCD.
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Figure 7.4 Associated waveforms of Figure 7.3.

becomes LOW and resets the 555 flip flop; the 555 timer output becomes
LOW. The multiplexer M, connects ‘ax’ to ‘a’, and hence the capacitor C; is
shorted so that the op-amp OA; output becomes zero. The 555 timer is set
to HIGH from its output through the resistor R; and capacitor C;, the mul-
tiplexer M; connects ‘ay’ to ‘a’, and the integrator composed of R;, C,, and
op-amp OA, integrates the input voltage —V,. The cycle therefore repeats
to provide (1) a saw tooth wave of peak value V, at the output of op-amp
OA, and (2) a short pulse waveform V at the output of the 555 timer. The
short pulse V¢ also controls the multiplexer M,. During the short LOW time
of V¢, the multiplexer M, connects ‘bx’ to ‘b, the capacitor C, is short cir-
cuited so that the op-amp OAj; output is zero volts. During the HIGH time
of V¢, the multiplexer M, connects ‘by’ to ‘b’, the integrator, formed by the
resistor R,, capacitor C,, op-amp OAj;, integrates its input voltage —V;, and
its output is given as

1
Ve, = _chz I_Vadt =

\&
RZCZ

t (7.8)

Another saw tooth waveform Vg, with a peak value V, is generated at the
output of the op-amp OAj;. From the waveforms shown in Figure 7.4 and
from equations (7.7) and (7.8), at t = T, Vg; = V,, Vg, = V.

V, = Vi (7.9)

R,C,

V, = Vi g (7.10)
RZCZ
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From equations (7.9) and (7.10),

vV, V
» =——+R,C
R,C, W,

Let us assume R, = R,, C; = C,. Then

_ VZ V3

v,
Vi

(7.11)

e In Figure 7.3(a), the peak detector realized by the op-amp OA,, diode
D, and capacitor C; gives this peak value V, at its output V. Vg = Vp.

e In Figure 7.3(b), the peak value V; of the saw tooth waveform Vg, is
obtained by the sample and hold circuit realized by the multiplexer M;
and capacitor C;. The sample and hold operation is illustrated graphi-
cally in Figure 7.4. The sample and hold output V, is equal to V.

Hence the output will be Vg = Vy:

_ VZ V3

v, (7.12)

Vo

7.2 DOUBLE DUAL SLOPE PEAK RESPONDING
MCD WITH FLIP FLOP

The circuit diagrams of double dual slope peak responding MCDs are shown
in Figure 7.5, and their associated waveforms are shown in Figure 7.6. Fig-
ure 7.5(a) shows a peak detecting MCD, and Figure 7.5(b) shows a peak
sampling MCD. Initially the flip flop output is LOW. The multiplexer M,
connects —V; to the integrator I composed of the resistor R;, capacitor C;,
and op-amp OA; (‘ax’ is connected to ‘a’). The integrator I output is given as

1
Vn=TRe Jvipde=

t (7.13)
R,C,

The output of integrator I is going toward positive saturation, and when it
reaches the value +V,, the comparator OA, output becomes LOW, and it sets
the 555 flip flop output to HIGH. The multiplexer M; connects +V; to the
integrator I composed of the resistor Ry, capacitor Cy, and op-amp OA; (‘ay’
is connected to ‘a’). The integrator I output is given as

R1C1

[ V,)de = t (7.14)
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Figure 7.5 (a) Double dual slope peak detecting MCD with flip flop. (b) Double dual slope

peak sampling MCD with flip flop.
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Figure 7.6 Associated waveforms of Figure 7.5.

The output of integrator I is reversing toward negative saturation, and
when it reaches the value —V,, the comparator OA; output becomes LOW,
and it resets the 555 flip flop so that its output becomes LOW. The multi-
plexer M; connects —V;, and the sequence repeats to give (1) a triangular
waveform Vo, of £V, peak to peak values with a time period of T at the out-
put of the op-amp OA,, (2) a square waveform V at the output of the 555
flip flop, and (3) another square waveform V) at the output of multiplexer
M,. From the waveforms shown in Figure 7.6, equation 7.13, and the fact
that at t = T/2, Vy = 2V,.

o VT
R.C, 2
=Yg ¢, (7.15)

1

The multiplexer M, connects +V; during the HIGH of the square wave-
form V¢ (‘by’ is connected to ‘b’) and —V; during the LOW of the square
waveform (‘bx’ is connected to ‘b’) V. Another square waveform Vy with
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+V; peak to peak value is generated at the output of the multiplexer M,. This
square wave Vy is converted into a triangular wave Vr, by the integrator
IT composed of the resistor R,, capacitor C,, and op-amp OA, with £V, as
the peak to peak values of the same time period T. For one transition, the
integrator Il output is given as

VTZ =

X C [=V,)de = t (7.16)

From the waveforms shown in Figure 7.6, the equation (7.16), and the fact
that at t = T/2, Vq, = 2V,

w, = T
R,C, 2

Vp — V2V3 RlCl
Vi R,G,

Let R1 = R2 and C1 = Czl

_VV

V,
P v,

(7.17)

e In Figure 7.5(a), the peak detector realized by the op-amp OAj;, diode
D, and capacitor C; gives the peak value V,, of triangular wave Vr,, and
hence Vg = V,.

e In Figure 7.5(b), the sample and hold circuit realized by the multiplexer
M; and capacitor C; gives the peak value V, of the triangular wave
V1,. The short pulse Vg generated at the input of the 555 timer acts as a
sampling pulse. The sample and hold output is Vg = Vj.

From equation (7.17), Vg = Vy:

A

V,
o v,

(7.18)

7.3 PULSEWIDTH INTEGRATED PEAK RESPONDING MCD

The circuit diagrams of pulse width integrated peak responding MCDs
are shown in Figure 7.7, and their associated waveforms are shown in Fig-
ure 7.8. Figure 7.7(a) shows a pulse width integrated peak detecting MCD,
and Figure 7.7(b) shows a pulse width integrated peak sampling MCD. Ini-
tially the 555 timer output is HIGH, the multiplexer M; connects ‘ay’ to ‘a’,
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Figure 7.7 (a) Pulse width integrated peak detecting MCD. (b) Pulse width integrated peak
sampled MCD.
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Figure 7.8 (a) Associated waveforms of Figure 7.7(a). (b) Associated waveforms of
Figure 7.7(b).

and integrator, formed by the resistor R;, capacitor C;, and op-amp OA;
integrates the first input voltage —V,. The integrated output is given as

:—L — 1dt: Vl

V. t 7.19
Y RG R,C, 71

When the output of op-amp OA; is rising toward positive saturation
and reaches the value 2/3 V¢, the 555 timer output becomes LOW, the
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multiplexer M; connects ‘ax’ to ‘a’, the capacitor C, is short circuited, and
the op-amp OA; output becomes zero. Now the 555 timer output changes
to HIGH, and the cycle therefore repeats to give (1) a saw tooth waveform
Vs of peak value Vg and time period T at the output of op-amp OA; and (2)
a short pulse wave form V¢ at the output of the 555 timer. From the wave-
forms shown in Figure 7.8 and the fact that at t = T, Vg, = Vi = 2/3 V.

Vo= r-Yrgg, (7.20)
Rlcl Vl

The saw tooth waveform Vg, is compared with the second input voltage
V, by the comparator OA,. An asymmetrical rectangular wave V\; is gen-
erated at the output of comparator OA,. The OFF time of this wave Vy
is given as

5. =Yt (7.21)
Ve

The output of the comparator OA, is given as control input of the multi-
plexer M,. During the ON time of V), the multiplexer M, connects ‘by’ to
‘b’, the capacitor C, is shorted so that zero voltage appears at op-amp OA;
output. During the OFF time of V), the multiplexer M, connects ‘bx’ to
‘b’, another integrator is formed by resistor R,, capacitor C,, and op-amp
OA;. This integrator integrates the third input voltage —V3, and its output
is given as

1
v, = - RC, [-Vyde =

\A
RZCZ

t (7.22)

A semi-saw tooth wave Vg, with peak values of Vj is generated at the output
of the op-amp OA;. From the waveforms shown in Figure 7.8, equation
(7.22), and fact that at t = 61, Vg, = Vi

v, Vs (7.23)
RZCZ
V, = V.Vs RG, (7.24)
Vl RZCZ
Let us assume R,C; = R,C,
V, = VaVy (7.25)

Vi
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e InFigure 7.7(a), peak detector realized by the diode D, and capacitor C;
gives the peak value V; at its output. Vy = Vyp.

e In Figure 7.7(b), the peak value V, is obtained by the sample and hold
circuit realized by the multiplexer M3 and capacitor C;. The sampling
pulse V is generated by the Ex-OR gate from the signals Vy; and V. Vi
is obtained by comparing a slightly lower voltage than that of V,, i.e.,
V', with the saw tooth waveform Vg;. The sampled output is given as
VO = Vp.

A

V,
o v,

(7.26)

7.4 PULSE POSITION PEAK RESPONDING MCDs

The circuit diagrams of pulse position peak responding MCDs are shown
in Figure 7.9, and their associated waveforms are shown in Figure 7.10.
Figure 7.9(a) shows a pulse position peak detecting MCD, and Figure 7.9(b)
shows a pulse position peak sampling MCD.

The op-amp OA; and 555 timer constitute a saw tooth wave generator.
The time period of the saw tooth wave Vy; is given as

T= %RIC] (7.27)

1

The comparator OA; compares the saw tooth wave Vg, with an input volt-
age V, and produces a rectangular wave Vy;. The OFF time &, of this rect-
angular wave V) is given as

5, =Y (7.28)
Vr

where Vi = 2V /3.

The short pulse V¢ in the saw tooth wave generator is also given to the
multiplexer M,, which constitutes a controlled integrator along with the
op-amp OAj, resistor R,, and capacitor C,. During the HIGH value of Vg,
the multiplexer M, connects ‘by’ to ‘b’, another integrator is formed by the
op-amp OA,, resistor R,, and capacitor C,. During the LOW value of Vg,
the multiplexer M, connects ‘bx’ to ‘b’, and capacitor C, is short circuited
so that integrator OA, output becomes zero.

The integrator OA, output is given as

1

v
Ve TR C 3
22

R,C,

_[ -V,dt =

t (7.29)
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Figure 7.9 (a) Pulse position peak detecting MCD. (b) Pulse width integrated peak sampling
D.



134 Design of Function Circuits with 555 Timer Integrated Circuit

+Vsarl

/] SET——
+V2 /

Vsi

or

+Vsat — b—
=Vsar— _t

Output of
Op-amp OA2
Vm

|
1
1
A
1
—i
i
—
i
:/4 Output of
L~

-amp OA3
L7 o
1 1
Vol-- | H | ) i Output of
] | | Mux.Ms
] | | Va
(a)
'stArl I I R
v | I |
| P —
Va2 /
" el T T
V2 T T T
11 | T Vsi
1 | 1
Pl i Pl
11 | | I [ |
+Vsar R e A s A
| : v
=Vsar : L } } -
IR
Q,’P;q? B P
3 — : : Vs2
A !
Vo) H R S
: " —1VN
SLVZ) NN NN B S
bbb
+Vw| — — | _I } "
vl L P

(b)

Figure 7.10 (a) Associated waveforms of Figure 7.9(a). (b) Associated waveforms of
Figure 7.9(b).

Another saw tooth wave Vs, with a peak value of V is generated at the out-
put of integrator OAj;. From the waveforms shown in Figure 7.10, equation
(7.29), and the fact that at t = T, Vg, = Vp:

A (7.30)
RZCZ
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e In Figure 7.9(a), the rectangular pulse Vy; controls the multiplexer Mj.
During the LOW of V), the multiplexer M; connects ‘cx’ to ‘c’, and the
saw tooth wave Vg, is connected to the multiplexer M3 output. During
the HIGH of Vy,, the multiplexer M; connects ‘cy’ to ‘c’, and zero volt-
age is connected to the multiplexer M3. A semi-saw tooth wave Vy with
peak value Vg is generated at the output of the multiplexer M;. The
peak detector realized by the op-amp OA4, diode Dy, and capacitor C;
gives the peak value Vg at its output, i.e., Vo = Vi,

e In Figure 7.9(b), the saw tooth wave Vg, is sampled by the sample and
hold circuit realized by the multiplexer M; and capacitor C; with a sam-
pling pulse V. The sampling pulse V; is generated by Ex-ORing the Vy,
and Vy signals. The signal Vy is generated by comparing the first saw
tooth wave Vg; with the second input voltage V,. The signal Vy is gen-
erated by comparing the first saw tooth wave Vg; with a slightly lower
voltage than that of V,, i.e., V,'. The sample and hold output V = V.

The value of Vg is given as

\Y
Vo = ?P& (7.31)
o~ Vs &T
R,C, Vi
v, YV RG
Vl RZCZ

Let Rl = Rz, Cl = Cz. Then

_ VZ V3

V,
o v,

(7.32)
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Chapter 8

Peak Responding Multiplier
cum Dividers—Switching

8.1 DOUBLE SINGLE SLOPE PEAK RESPONDING MCD

8.1.1 Type l

The circuit diagrams of double single slope peak responding MCDs are
shown in Figure 8.1, and their associated waveforms are shown in Fig-
ure 8.2. Figure 8.1(a) shows a double single slope peak detecting MCD,
and Figure 8.1(b) shows a double single slope peak sampling MCD. Initially
the 555 timer output is HIGH, the switch S, is opened, and an integrator,
formed by the resistor Ry, capacitor C;, and op-amp OA; integrates the first
input voltage —V;. The integrated output will be

V, =L [-Vdi="t
R,C, R,C,

t (8.1)

A positive going ramp Vs, is generated at the output of the op-amp OA,.
When the output of OA; reaches the voltage level of V,, the 555 timer out-
put becomes LOW. The switch S; is closed, and hence the capacitor C; is
shorted so that the op-amp OA; output becomes zero. Then the 555 timer
output goes to HIGH, the switch S, is opened, and the integrator, composed
of the Ry, C;, and op-amp OA,, integrates the input voltage —V;, and the
cycle therefore repeats to provide (1) a saw tooth wave Vg; of peak value
V, at the output of the op-amp OA; and (2) a short pulse waveform V¢ at
the output of the 555 timer. The short pulse V¢ also controls the switch S,.
During the short LOW time of V, the switch S, is closed, and the capacitor
C, is short circuited so that op-amp OA, output is zero volts. During the
HIGH time of V, the switch S, is opened, and the integrator, formed by the
resistor R,, capacitor C,, op-amp OA,, integrates its input voltage —Vj. Its
output is given as

1

Vv
Ve, = R.C :
2%

RZCZ

[-Vyde = t (8.2)

DOI: 10.1201/9781003362968-8


https://doi.org/10.1201/9781003362968-8

138 Design of Function Circuits with 555 Timer Integrated Circuit

\Y

9

+Vce
l_L|
54 8

a 2 555 3
Vsi
R
=Vi —mWWh—y 6 1
Cll m[m
f

Vc

Lh —e

Di
S VO:VzVs
Vi
G
V2 +Vco
54 8
2 555 3
Ri Vsi
-V 1 e—AWW—9 6 1
o 1
11
Vc
S2 “L
]
|C|2 Va2 Vs
't Vsi
10Ro
Vs2 VaVs
ss 1L Vo
: mT“|C3

(b)

Figure 8.1 (a) Double single slope peak detecting MCD. (b) Double single slope peak
sampling MCD.
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Figure 8.2 Associated waveforms of Figure 8.1.

Another saw tooth waveform Vg, with peak value V; is generated at the
output of the op-amp OAj;. From the waveforms shown in Figure 8.2 and
equations (8.1) and (8.2),at t = T, Vg; = V5, Vg, = V).

v, = (8.3)
Rlcl

V= Vit (8.4)
R,C,

From equations (8.3) and (8.4),

V, V
P~ —3_2R1C1
R,G, V,

Let us assume R, = R,, C; = C,. Then

AL

V
P v,

(8.5)

e In Figure 8.1(a), the peak detector realized by the op-amp OA;, diode
D, and capacitor C; gives this peak value V) at its output V. Vg = Vp.

e In Figure 8.1(b), the peak value V; of the saw tooth waveform Vg, is
obtained by the sample and hold circuit realized by the switch S; and
capacitor C;. The sampling pulse is generated by the op-amp OA; by
comparing a slightly lower voltage than that of V,, called V', with the
saw tooth wave Vg;. The sample and hold operation is illustrated graph-
ically in Figure 8.2. The sample and hold output Vg, is equal to V).



140 Design of Function Circuits with 555 Timer Integrated Circuit

Hence the output will be Vg = Vy:

A

V,
o v,

8.1.2 Double Single Slope—Type Il

The circuit diagrams of double single slope peak responding MCDs are
shown in Figure 8.3, and their associated waveforms are shown in Fig-
ure 8.4. Figure 8.3(a) shows a double single slope peak detecting MCD,
and Figure 8.3(b) shows a double single slope peak sampling MCD. The
555 timer is configured to be a flip flop. Initially the 555 timer output is
HIGH, the switch S, is opened, and an integrator, formed by the resistor Ry,
capacitor C,, and op-amp OA,, integrates the first input voltage —V;. The
integrated output will be

1

Vi =R C X
1~1

Rlcl

[-Vide= t (8.7)

A positive going ramp Vs, is generated at the output of the op-amp OA,;.
When the output of OA, reaches the voltage level of V,, the comparator

+Vce

R:3 8

—¢Vc

Vo V2Vs
VI

(a)

Figure 8.3 (a) Double single slope peak detecting MCD. (b) Double single slope peak
sampling MCD.



Peak Responding Multiplier cum Dividers 141

-fVcc
R,ég 8
Si Vi 15 555 3 Ve
—a ——
Cs
G % 41 6

11
Ri
Vi o Vs1 w
Al VM

19R2
Cs Vm
]I
11
—V3-—»N13\‘1W— - L
OAs V2 Vo VaVs
+ S3 Ca‘L Vi
. .

(b)

Figure 8.3 (Continued)
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Figure 8.4 Associated waveforms of Figure 8.3.

OA, output becomes LOW and resets the 555 flip flop, and the 555 timer
output becomes LOW. The switch S, is closed, and hence the capacitor C; is
shorted so that the op-amp OA; output becomes zero. The 555 timer is set
to HIGH from its output through resistor R; and capacitor Cs, the switch
S, is opened, and the integrator, composed of Ry, C;, and op-amp OA;,
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integrates the input voltage —V,. The cycle therefore repeats to provide (1) a
saw tooth wave of peak value V, at the output of the op-amp OA; and (2) a
short pulse waveform V¢ at the output of the 555 timer. The short pulse V
also controls the switch S,. During the short LOW time of V¢, the switch S,
is closed, and the capacitor C, is short circuited so that op-amp OA; output
is zero voltage. During the HIGH time of Vi, switch S, is opened, and the
integrator, formed by resistor R,, capacitor C,, op-amp OA;, integrates its
input voltage —V;. Its output is given as

\E

V., =
2 chz

j -V, dt =

- t (8.8)
RZCZ

Another saw tooth waveform Vg, with peak value V, is generated at the
output of the op-amp OAj;. From the waveforms shown in Figure 8.5 and
from equations (8.7) and (8.8), at t = T, Vg; = V,, Vg, = V.

V, = Vi (8.9)
R,C,

A (8.10)
R,C,

From equations (8.9) and (8.10),

V., V
P = —3_2R1C1
R,C, V,

Let us assume R, = R,, C; = C,. Then

A

V,
P v,

(8.11)

e In Figure 8.3(a), the peak detector realized by the op-amp OA,, diode
D, and capacitor C; gives the peak value V, at its output V. Vg = Vy.

¢ In Figure 8.3(b), the peak value V), of the saw tooth waveform Vs, is
obtained by the sample and hold circuit realized by the switch S; and
capacitor C;. The sample and hold operation is illustrated graphically in
Figure 8.4. The sample and hold output Vg, is equal to Vy.

Hence the output will be Vg = V.

_VV;

V
o v,

(8.12)
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8.2 DOUBLE DUAL SLOPE PEAK RESPONDING MCD WITH
FLIP FLOP

The circuit diagram of double dual slope peak responding MCDs are shown
in Figure 8.5, and their associated waveforms are shown in Figure 8.6. Fig-
ure 8.5(a) shows a peak detecting MCD, and Figure 8.5(b) shows a peak

R3 V2 +Vce

Vi OA
Nl > 555 3
VR 4 16
+, I

Ve

_V2V3
Vi ~ V.
+Veo
I
8
Vi
555 3
16
v S OA VN i [~ X l
3 = 6 OAs V12 VO_VzVa
Rs + S3 _L Vi
C3
R R e
(b)

Figure 8.5 (a) Double dual slope peak detecting MCD with flip flop. (b) Double dual slope
peak sampling MCD with flip flop.
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Figure 8.6 Associated waveforms of Figure 8.5.

sampling MCD. Initially the flip flop output is LOW. The control amplifier
OA; gives -V, to the integrator I, composed of the resistor R, capacitor C;,
and op-amp OA; (the switch S, is opened, and the op-amp OA; will work as
an inverting amplifier). The integrator I output is given as

L feve

VTl _RC Vl
1~1

TRC,

t (8.13)

The output of integrator I is going toward positive saturation, and when it
reaches the value +V,, the comparator OA, output becomes LOW, and it
sets the 555 flip flop output to HIGH. The control amplifier OA; gives +V;
to the integrator I composed by resistor R, capacitor C;, and op-amp OA,
(the switch S; is closed, and the op-amp OA; will work as a non-inverting
amplifier). The integrator I output is given as

V,, =— ! [ Vyde = - Vi (8.14)
R1C1 RlCl
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The output of integrator I is reversing toward negative saturation, and when
it reaches the value —V,, the comparator OA; output becomes LOW and
resets the 555 flip flop, so that its output becomes LOW. The control ampli-
fier OA; connects —Vy, and the sequence repeats to give (1) a triangular
waveform Vo, of £V, peak to peak values with a time period of T at the out-
put of the op-amp OA,, (2) a square waveform V¢ at the output of the 555
flip flop, and (3) another square waveform V) at the output of the control
amplifier OA;. From the waveforms shown in Figure 8.8, equation (8.13),
and the fact that at t = T/2, V4 = 2V,,

o VT
R.C, 2
4V
T="*RC, (8.15)

1

The control amplifier OA¢ gives +V; during the HIGH of the square wave-
form V¢ (the switch S, is closed, and the control amplifier OA; will work
as a non-inverting amplifier) and —V; during the LOW of the square wave-
form (the switch S, is opened, and the control amplifier OA will work as
an inverting amplifier) V.. Another square waveform Vy with +V; peak to
peak value is generated at the output of the op-amp OA,. This square wave
Vy is converted to the triangular wave V1, by the integrator II, composed
of the resistor R,, capacitor C,, and op-amp OA, with +V, as the peak to
peak values of the same time period T. For one transition, the integrator II
output is given as

- j(_vs)dtz t (8.16)

From the waveforms shown in Figure 8.6, equation (8.16), and the fact that
att = T/Z, VTZ = ZVP’

o Ve T
R,C, 2
V — V2V3 Rlcl
P
Vl RZCZ

Let Rl = RZ and Cl = Cz.

_VV;

V
P v,

(8.17)
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e In Figure 8.5(a), the peak detector realized by the op-amp OA-, diode
D, and capacitor C; gives the peak value V, of the triangular wave Vr,,
and hence Vg = V,.

e In Figure 8.5(b), the sample and hold circuit realized by the switch S;
and capacitor C; gives the peak value V,, of the triangular wave V,. The
short pulse Vg generated at the input of the 555 timer acts as a sampling
pulse. The sample and hold output is Vg = Vy.

From equation (8.17), Vg = Vy.

A

V,
o v,

(8.18)

8.3 PULSEWIDTH INTEGRATED PEAK
RESPONDING MCD

The circuit diagrams of pulse width integrated peak responding MCDs
are shown in Figure 8.7, and their associated waveforms are shown in Fig-
ure 8.8. Figure 8.7(a) shows a pulse width integrated peak detecting MCD,
and Figure 8.7(b) shows a pulse width integrated peak sampling MCD. Ini-
tially the 555 timer output is HIGH, the switch S; is opened, and the integra-
tor formed by the resistor Ry, capacitor C; and op-amp OA,, integrates —V.
The integrated output is given as

1

Ve = R.C X
1™~1

Rlcl

[-Vide= t (8.19)

When the output of the op-amp OA; is rising toward positive saturation
and reaches the value 2/3 V¢, the 555 timer output will become LOW,
the switch S, is closed, the capacitor C; is short circuited, and op-amp OA,
output becomes zero. Now the 555 timer output changes to HIGH, and the
cycle therefore repeats to give (1) a saw tooth waveform Vg, of peak value
Vg and time period T at the output of the op-amp OA; and (2) a short pulse
waveform Vg at the output of the 555 timer. From the waveforms shown in
Figure 8.11 and the fact that at t = T, V; = Vg = 2/3 V¢,

v o=Vt r=Yegg, (8.20)
R,C Vi

The saw tooth waveform Vg; is compared with the second input volt-
age V, by the comparator OA,. An asymmetrical rectangular wave Vy is
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Figure 8.7 (a) Pulse width integrated peak detecting MCD. (b) P ulse width integrated peak
sampling MCD.



148 Design of Function Circuits with 555 Timer Integrated Circuit

+Vsar| [ I
——
VR /1 Output of
+V2 = Op-amp OAu
— T "
+V i FST#I ‘: i i Output of
SAT
] [ ] 0
p-amp OA2
—Vsar \— )—‘ ‘—’ A%
I I | I i I
A
+Ve L—— : } ! Output of
: } : 8p—amp OA3
* s2
(@)
+Vsar} | | |
V
= 1
+VRp——e—— 3
i / Output of
I — f —  Op-amp OA:
+V2 | T 1 |
Y v
+V. i o | | i Output of
SAT b—ri (- !
il ‘r Op-amp OA2
-Vsar |,— — |.— A%
I I .
+Vsar ] — Output of
’7 Op-amp OA4
-Vsar, — Vi
TVsar| i — o Ex-OR
Output
-Vsar|— Vs
+Vp L__ | | | | Output of
} [ /‘ Op-amp OA3
- : Vs2
(b)

Figure 8.8 (a) Associated waveforms of Figure 8.7(a). (b) Associated waveforms of
Figure 8.7(b).

generated at the output of the comparator OA,. The ON time of this wave
Vu is given as

5, = Yo (8.21)
Vi

The output of the comparator OA, is given as control input of the switch
S,. During the OFF time of V), the switch S, is closed, the capacitor C, is
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shorted so that zero voltage appears at the op-amp OA; output. During the
ON time of Vy, the switch S, is opened, another integrator is formed by
resistor R,, capacitor C,, and op-amp OAj;. This integrator integrates the
third input voltage —V3, and its output is given as

1
WfﬁR£J4ww

\A
RZCZ

t (8.22)

A semi-saw tooth wave Vg, with peak values of V; is generated at the output
of op-amp OA;. From the waveforms shown in Figure 8.8, equation (8.22),
and fact that at t = &, Vg, = V,.

\

v
22

VP — V2V3 Rlcl
vV, R,G,

Let us assume R;C; = R,C,.

_VV;

V
P v,

(8.23)

e In Figure 8.7(a), the peak detector realized by the op-amp OA,,
diode Dy, and capacitor C; gives the peak value V; at its output.
VO = Vp.

e In Figure 8.7(b), the peak value Vj; is obtained by the sample and hold
circuit realized by the switch S; and capacitor C;. The sampling pulse
Vs is generated by the Ex-OR gate from the signals Vy; and Vy. Vy
is obtained by comparing slightly lower voltage than that of V,, i.e.,
V,', with the saw tooth waveform Vg;. The sampled output is given as
VO = Vp.

_VV

V
o v,

(8.24)

8.4 PULSE POSITION PEAK RESPONDING MCDS

The circuit diagrams of pulse position peak responding MCDs are shown
in Figure 8.9, and their associated waveforms are shown in Figure 8.10.
Figure 8.9(a) shows a pulse position peak detecting MCD, and Figure 8.9(b)
shows a pulse position peak sampling MCD.
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Figure 8.9 (a) Pulse position peak detecting multiplier. (b) Pulse width integrated peak
sampling MCD.
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Figure 8.10 (a) Associated waveforms of Figure 8.9(a). (b) Associated waveforms of
Figure 8.9(b).
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In Figure 8.9(a), the integrator OA; and 555 timer constitute a saw tooth
wave generator. The time period of the saw tooth wave Vy; is given as

T :%RIQ (8.25)

1

The comparator OA; compares the saw tooth wave Vg, with an input volt-
age V, and produces a rectangular wave Vy;. The OFF time &, of this rect-
angular wave V), is given as

5. =Yt (8.26)
Vi

The short pulse V¢ in the saw tooth wave generator is also given to the

switch S,, which constitutes a controlled integrator along with the op-amp

OA,, resistor R,, and capacitor C,. During the HIGH value of V, the switch

S, is opened, another integrator is formed by the op-amp OA,, resistor R,,

and capacitor C,, During the LOW value of V¢, the switch S, is closed, and

capacitor C, is short circuited so that integrator OA; output becomes zero.
The integrator OA; output is given as

= 1 j—V3dt =

Vsz _RC V3
22

RZCZ

t (8.27)

Another saw tooth wave Vg, with peak value of V, is generated at the output
of the integrator OA;. From the waveforms shown in Figure 8.10, equation
(8.27), and the fact that at t = T, Vg, = Vp,

A (8.28)
R,C,

e In Figure 8.9(a), the rectangular pulse V) controls the switch S;. During
the LOW of V), the switch S; is closed, and the saw tooth wave Vg, is
connected to the switch S; output. During the HIGH of V), the switch
S; is opened, and zero voltage exists on the switch S;. A semi-saw tooth
wave Vy with peak value V, is generated at the output of switch S;. The
peak detector realized by the op-amp OA,, diode D,, and capacitor C;
gives the peak value Vg at its output, i.e., Vo = V.

e In Figure 8.9(b), the saw tooth wave Vg, is sampled by the sample and
hold circuit realized by the switch S; and capacitor C; with a sampling
pulse V. The sampling pulse Vy is generated by Ex-ORing the Vy; and
Vy signals. The signal V) is generated by comparing the first saw tooth
wave Vg; with the second input voltage V,. The signal Vy is generated
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by comparing the first saw tooth wave Vg, with slightly lower voltage
than that of V,, i.e., V,'. The sample and hold output Vg = Vi,

The value of Vg is given as

V,
Vo =5, (8.29)
LA
R,C, Wk
v YV RC
Vl RZCZ
Let Rl = Rz, Cl = Cz.
(8.30)

_ VZ V3

v,
7
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Chapter 9

Time Division Square Rooters
(TDD)—Multiplexing

9.1 SAWTOOTH WAVE BASED TIME DIVISION SQUARE
ROOTERS

The circuit diagrams of saw tooth wave based time division square rooters
are shown in Figure 9.1, and their associated waveforms are shown in Fig-
ure 9.2. A saw tooth wave Vg, of peak value Vi and time period T is gener-
ated by the 555 timer IC.

The circuit working operation of a saw tooth wave generator is given in
chapter 1.

In the circuits of Figure 9.1, the comparator OA, compares the saw tooth
wave Vg; of the peak value Vi with the output voltage Vi and produces a
rectangular waveform Vy; at its output. The ON time &, of this rectangular
waveform Vy is given as

5, = Yo (9.1)
Vi

The rectangular pulse Vy; controls the multiplexer M. When V,, is HIGH,
another input voltage Vg is connected to the R;C, low pass filter (‘ay’ is
connected to ‘a’). When Vy,; is LOW, zero voltage is connected to the R;C,
low pass filter (‘ax’ is connected to ‘a’). Another rectangular pulse Vi with
a maximum value of Vg is generated at the multiplexer M; output. The
R;C, low pass filter gives the average value of this pulse train Vy and is
given as

5y

Vy :%jvodr (9.2)
0

v, = VTO(ST (9.3)
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Figure 9.1 (a) Saw tooth wave based time division square rooter—type |, (b) Saw tooth
wave based time division square rooter—type Il.
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Figure 9.2 Associated waveforms of Figure 9.1.
Equation (9.1) in (9.3) gives
V 2
Vy = - (9.4)
Vi

where Vi = 2/3 V.
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The op-amp OAj is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

v, =V, (9.5)
From equations (9.4) and (9.5),

V, = V.V, (9.6)

9.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
SQUARE ROOTERS

The circuit diagrams of triangular wave based square rooters are shown
in Figure 9.3, and their associated waveforms are shown in Figure 9.4. In
Figure 9.3(a), a triangular wave V1, with a £V peak to peak value and time
period T is generated by the 555 timer. The working operation of a triangu-
lar wave generator is described in chapter 1.

—s Vi \J‘\".T

+Ver

4 B3

555 2

=Wor

— Voo JVive

.....

ci =Wex

(b)

Figure 9.3 (a) Triangular wave based square rooter—type |. (b) Triangular wave based
square rooter—type II.
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Figure 9.4 Associated waveforms of Figure 9.3(a) and (b)

In the circuits of Figure 9.3(a) and (b), the output voltage Vg is compared
with the generated triangular wave Vp; by the comparator OA,. An asym-
metrical rectangular waveform V) is generated at the comparator OA, out-
put. From the waveforms shown in Figure 9.5, it is observed that

-V Vopp VitVor o 1, (9.7)
2V, 2V,

This rectangular wave Vy, is given as the control input to the multiplexer
M,. The multiplexer M, connects the output voltage +V during T, (‘ay’ is
connected to ‘a’), and —V during T, (‘ax’ is connected to ‘a’). Another rect-
angular asymmetrical wave Vy with a peak to peak value of £V, is gener-
ated at the multiplexer M; output. The R;C; low pass filter gives the average
value of the pulse train Vy, which is given as

1 T, T,+T, Y .
:? _[VOdt+ I (_Vo)dt :?O(Tz_TJ (9 8)
0 T,

Equation (9.7) in (9.8) gives

V, = (9.9)

Vo
Vi
where VT=VCC/3' (9.10)

The op-amp OA; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V=V, (9.11)
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From equations (9.9) and (9.11),
V, = V.V, (9.12)

9.3 TIME DIVISION SQUARE ROOTERWITH NO
REFERENCE—TYPE |

The square rooter using the time division principle without using any refer-
ence clock is shown in Figure 9.5, and its associated waveforms are shown
in Figure 9.6.

+Vce

[
~¥o NV R 2 555 3
+Vo e 8X a Vi N
A Vi 6 1
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w IC2 @ — Vo= |V Vr

Figure 9.5 Time division square rooter without reference clock.

+WsaTT " )
5355 Tumer
output Ve

=WsaT

+Wy -'—/-;;\-..\\x
vl

]
1
: I
| Differential
1 ifferentia
" /J,-\\" : Integrator
\\:/ : \\-IV/OUIpuIV!-
|

LT T 1

Vo
VM
-Vo L__| |
| 1 | |
| 1 | |
WAt
W
=VsaT L

Figure 9.6 Associated waveforms of Figure 9.5.
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Initially the 555 timer output is HIGH. The multiplexer M; connects =V, to
the differential integrator composed by resistor Ry, capacitor C;, and op-amp
OA, (‘ay’ is connected to ‘a’). The output of the differential integrator will be

1

V,, = RC, [V, +V)de

V= Mt (9.13)
R,C,

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The multiplexer M; connects +V, to the differential integrator com-
posed of the resistor Ry, capacitor C;, and op-amp OA; (‘ax’ is connected to
‘a’). Now the output of differential integrator will be

1
V,, = Ej(v1 ~V,)dt
vV, :_Mt (9.14)
Rlcl

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

v, = Yeo (9.15)
3
From the waveforms shown in Figure 9.6, it is observed that
T =Yo—Vipy Yot Vipp_p (9.16)
2V, 2V,

Another rectangular wave Vi is generated at the output of the inverting
amplifier OA;. The R,C, low pass filter gives the average value of this pulse
train Vi and is given as

T, +T,

1) %
Vo= [ Vo des [ (=Viyr)de
0 T,

— VSAT (Tz _ Tl)

\Y/
0 T

(9.17)
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Equation (9.16) in (9.17) gives

V, =V, Verr (9.18)

9.4 TIME DIVISION SQUARE ROOTERWITH NO
REFERENCE—TYPE 1

The square rooter using the time division principle without using any refer-
ence clock is shown in Figure 9.7, and its associated waveforms are shown
in Figure 9.8.
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Figure 9.7 Square rooter without reference clock—type Il.
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Figure 9.8 Associated waveforms of Figure 9.7.
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Initially the 555 timer output is HIGH. The inverting amplifier OA; out-
put will be =Vgur. The output of differential integrator will be

1

Vi, = RC [ (Vo + Vo )dt

vy, = Yot Vo), (9.19)
RICI

The output of the differential integrator is rising toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; output will be +Vg4r. Now the output of
the differential integrator will be

1

V,, = Ej(vO —V,,p)dt
vy, = o — Vo) (9.20)
Rlcl

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

v, = Yeo (9.21)
3
From the waveforms shown in Figure 9.8, it is observed that
T =Y Vo M tVorp g, (9.22)
2Viur 2Viur

The asymmetrical rectangular wave V¢ controls multiplexer M,. The multi-
plexer M, connects =V, during the ON time T, (‘by’ is connected to ‘b’) and
+Vg during the OFF time T, of the rectangular wave V¢ (‘bx’ is connected
to ‘b’). Another rectangular wave Vy with £V as the peak to peak value is
generated at the multiplexer M, output. The R,C, low pass filter gives the
average value of this pulse train Vi and is given as

T, +T,

T,
sz% [Vode+ [ (~Vo)dt
0o T,

_Vo(T, - T,)

V.
X T

(9.23)
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Equation (9.22) in (9.23) gives

V, = (9.24)
* VSAT

The op-amp OA, is at a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,= Vi (9.25)
From equations (9.24) and (9.25),

Vo =V, Verr (9.26)

9.5 SQUARE ROOTER FROM 555 ASTABLE MULTIVIBRATOR

9.5.1 Typel

The circuit diagram of a square rooter using the 555 astable multivibrator is
shown in Figure 9.9, and its associated waveforms are shown in Figure 9.10.
Refer to the internal diagram of the 555 timer IC shown in Figure 0.1. Ini-
tially when we switch on the power supply, the output of the upper compar-
ator CMP, will be LOW, i.e., R = 0, and the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.

The capacitor C; is charging toward Vg through the resistors R; and R,
with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage 2/3 V¢, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of

+Vce
Ri rL‘
7 4 8 OAI
R2 555 3

CH—TL; ML‘ aVN —-V04,|V|Vk

_Cz

Figure 9.9 Square rooter from 555 astable.
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Figure 9.10 Associated waveforms of Figure 9.9.

the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q’ = 1. The timer output at pin 3 will be LOW, transistor Q,
is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V¢, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward Vo, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V,, is inversely proportional to V.
During the ON time &y, the input voltage V; is connected to the R;C, low
pass filter (‘ay’ is connected to ‘a’). During the OFF time of V), zero voltage
is connected to the R5C, low pass filter (‘ax’ is connected to ‘a’). Another
rectangular waveform Vy with V, as the peak value is generated at the output
of the multiplexer M;. The ON time &1 of this rectangular pulse Vy is given as

5, = Ve (9.27)
VO

where Vp is a constant value.
The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1°% Vv,
v, :?!Vldt:?éT
V, = JV,V, (9.28)

9.5.2 Square Rooter from 555 Astable Multivibrator—
Type Il

The circuit diagram of the square rooter using the 555 astable multivibra-
tor is shown in Figure 9.11, and its associated waveforms are shown in
Figure 9.12. Refer to the internal diagram of the 555 timer IC shown in
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WVive

Figure 9.12 Associated waveforms of Figure 9.11.

Figure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP, will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R; and
R, with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage Vo, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q, is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C, is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward +V¢, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V\ is proportional to Vg, which
is applied at its pin 5. During the ON time 8t, the output voltage Vg is
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connected to the R;C, low pass filter (‘ay’ is connected to ‘a’). During the
OFF time of V), zero voltage is connected to the R;C, low pass filter (‘ax’ is
connected to ‘a’). Another rectangular waveform Vy with V, as a peak value
is generated at the output of multiplexer M;.

5, = Yo (9.29)

R

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

17 v,
Vi = — | Vodt =25
X T‘([ [0} T T
2
v, = Yo (9.30)
Vi

where Vp is a constant value.

The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vi =V, (9.31)
From equations (9.30) and (9.31),

V, =V, Vg (9.32)

9.6 SQUARE ROOTER FROM 555 MONOSTABLE
MULTIVIBRATOR

9.6.1 Typel

The circuit diagrams of a square rooter using the 555 monostable multivi-
brator are shown in Figure 9.13, and its associated waveforms are shown
in Figure 9.14. Refer to the internal diagram of the 555 timer IC shown in
Figure 0.1. Initially when the power supply is switch on, the output of the
upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position. The capacitor C,
is charging toward V through the resistor R,. The capacitor voltage is rising
exponentially, and when it reaches the value of 2/3 V¢, the output of the
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Figure 9.13 (a) Square rooter using 555 timer monostable multivibrator. (b) Square rooter
using re-trigger monostable multivibrator.
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Figure 9.14 (a) associated waveforms of Figure 9.13(a). (b) Associated waveforms of
Figure 9.13(b).
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upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capacitor
C, is short circuited, zero voltage exists at pin 6, and the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at
pin 2 and when the trigger voltage comes down to 1/3 V, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward Vg, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is inversely proportional to
Vo. The output of the 555 timer controls the multiplexer M;. During the
ON time 8, the second input voltage V; is connected to the R;C; low pass
filter (‘ay’ is connected to ‘a’). During the OFF time of Vy, zero voltage is
connected to the R;C; low pass filter (‘ax’ is connected to ‘a’). Another rect-
angular waveform Vy with V; as the peak value is generated at the output
of the multiplexer M.

5, =Yt (9.33)
O

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1 V,
A =?£V1dt=?e>‘T
V, = /V1VR (9.34)

where Vp is a constant value.
Figure 9.13(b) shows re-trigger monostable multivibrator used as analog
square rooter.

9.6.2 Square Rooter from 555 Monostable
Multivibrator—Type Il

The circuit diagrams of a square rooter using the 555 timer monostable
multivibrator are shown in Figure 9.15, and their associated waveforms
are shown in Figure 9.16. Refer to the internal diagram of the 555 timer
IC shown in Figure 0.1. Initially when the power supply is switched on, the
output of the upper comparator CMP; will be LOW, i.e., R = 0, and the
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Figure 9.15 (a) Square rooter from 555 monostable. (b) Square rooter with 555 re-trigger
monostable multivibrator.
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Figure 9.16 (a) Associated waveforms of Figure 9.15(a). (b) Associated waveforms of
Figure 9.15(b).
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output of the lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop
outputs are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, tran-
sistor Q; is OFF, and hence the discharge pin 7 is at the open position. The
capacitor C; is charging toward +V¢ through the resistor R;. The capaci-
tor voltage is rising exponentially, and when it reaches the value of V, the
output of the upper comparator CMP; becomes HIGH, i.e., R = 1, and the
output of the lower comparator CMP, becomes LOW, i.e., S = 0. The flip
flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW,
transistor Q; is ON, and hence the discharge pin 7 is at GND potential. Now
the capacitor C; is short circuited, zero voltage exists at pin 6, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is
applied at pin 2, and when the trigger voltage comes down to 1/3 V, the
output of the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip
flop outputs are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH,
transistor Q; is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C; is charging toward +V¢, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is proportional to Vg, which is
applied at its pin 5. The 555 timer output controls the multiplexer M;. Dur-
ing the ON time 3, the output voltage V is connected to the R;C, low pass
filter (‘ay’ is connected to ‘a’). During the OFF time of Vy, zero voltage is
connected to the R;C, low pass filter (‘ax’ is connected to ‘a’). Another rect-
angular waveform Vy with Vg as a peak value is generated at the output of
multiplexer M;. The ON time &t of this rectangular waveform Vy is given as

5, = Yo (9.35)

R

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

17 v,
Vi = — | Vodt =25
X T‘([ O T T
2
v, = Yo (9.36)
Vi

where Vp is a constant value.

The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V=V, (9.37)
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From equations (9.36) and (9.37),
V, = V.V, (9.38)

Figure 9.15(b) shows a re-trigger monostable as a square rooter.
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Chapter 10

Time Division Square Rooters
(TDSR)—Switching

10.1 SAW TOOTH WAVE BASED TIME DIVISION SQUARE
ROOTERS

The circuit diagrams of saw tooth wave based time division square root-
ers are shown in Figure 10.1, and their associated waveforms are shown in
Figure 10.2. A saw tooth wave Vg, of peak value Vg and time period T is
generated by the 555 timer.

In the circuit of Figure 10.1, the comparator OA, compares the saw tooth
wave Vg; of the peak value Vi with the output voltage Vi, and produces a
rectangular waveform Vy; at its output. The ON time &, of this rectangular
waveform Vy is given as

5, Vo (10.1)
Vi

The rectangular pulse Vy; controls the switch S,. When V), is HIGH, another
input voltage Vg, is connected to the R;C, low pass filter (switch S; is closed).
When Vy is LOW, zero voltage is connected to the R;C, low pass filter
(switch S; is opened). Another rectangular pulse Vy with a maximum value
of V, is generated at the switch S; output. The R;C, low pass filter gives the
average value of this pulse train Vi and is given as

5y

wz%j%m (10.2)
0

Vy =VTO(ST (10.3)

Equation (10.1) in (10.3) gives

2
V, = Yo (10.4)
Vr
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Figure 10.1 (a) Saw tooth wave based time division square rooter—type . (b) Saw tooth
wave based time division square rooter—type |l.
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Figure 10.2 Associated waveforms of Figure 10.1.

where Vi = 2/3 V.

The op-amp OAj; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

V, =V, (10.5)
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From equations (10.4) and (10.5),

V, =JV,V, (10.6)

10.2 TRIANGULAR WAVE REFERENCED TIME DIVISION
SQUARE ROOTERS

The circuit diagrams of triangular wave based square rooters are shown
in Figure 10.3, and their associated waveforms are shown in Figure 10.4.
A triangular wave Vpy with a £V peak to peak value and time period T
is generated by the 555 timer. The output voltage V is compared with the
generated triangular wave Vp; by the comparator on OA,. An asymmetrical
rectangular waveform V) is generated at the comparator OA, output. From
the waveforms shown in Figure 10.4, it is observed that

T1=MT T2=MT T=T+T, (10.7)
2V, 2V;

This rectangular wave V) is given as the control input to the switch S;.
During T, of V), the switch S; is closed, and the op-amp OA; will work
as a non-inverting amplifier. +V will be its output, i.e., Vy = +V. During

(b)

Figure 10.3 (a) Triangular wave based square rooter—type |. (b) Triangular wave based
square rooter—type II.
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Figure 10.4 Associated waveforms of Figure 10.3(a) and (b).

T, of V), the switch S; is opened, and the op-amp will work as an invert-
ing amplifier. -V will be at its output, i.e., Vi = =V. Another rectangular
asymmetrical wave Vy with a peak to peak value of +V, is generated at the
op-amp OA; output. The R4C; low pass filter gives the average value of the
pulse train Vy and is given as

T, +T,

1% v, (10.8)
Ve = lvo de+ Tj (—V, )dt =(T,-T)
Equation (10.7) in (10.8) gives
2
V, = Vo (10.9)
VT
where V= Ved/3. (10.10)

The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Ve =V, (10.11)
From equations (10.9) and (10.11),

V, =JV,V, (10.12)
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10.3 TIME DIVISION SQUARE ROOTERWITH NO
REFERENCE—TYPE |

The square rooter using the time division principle without using any refer-
ence clock is shown in Figure 10.5, and its associated waveforms are shown
in Figure 10.6. Initially the 555 timer output is HIGH. The switch S; is
closed, and the op-amp OA; will work as a non-inverting amplifier. =V, is
given to the differential integrator composed of the resistor Ry, capacitor C,
and op-amp OA;. The output of differential integrator will be

_..V«»J\'_.\':

Figure 10.5 Time division square rooter without reference clock.
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Figure 10.6 Associated waveforms of Figure 10.5.
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1

V,, = RG, j (V, + Vg )dt

v, = Yot Vi), (10.13)
Rlcl

The output of the differential integrator is rising toward positive satura-
tion, and when it reaches the voltage level of +Vq, the 555 timer output
becomes LOW. The switch S; is opened, and the op-amp OA; will work as
an inverting amplifier. +V, is given to the differential integrator composed
of the resistor Ry, capacitor C;, and op-amp OA;. Now the output of the
differential integrator will be

1

V,, = RC [V, = Vo )dt
Vi, = _Mo-V), (10.14)
R,C,

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

v, = Yec (10.15)
3
From the waveforms shown in Figure 10.6, it is observed that
T =Yo Vipp Vot Vippop (10.16)
2V, 2V,

The 555 timer output is given to the inverting amplifier OA,. Another rect-
angular wave Vy is generated at the op-amp OA, output with +V,r peak
to peak values. The R,C, low pass filter gives the average value of this pulse
train Vy and is given as

T, +T,

1%
Vo= [ Vo de+ [ (=Viyr)de
[¢) T

Vi (T, = T))

Vo =~ (10.17)
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Equation (10.16) in (10.17) gives

V, =V, Verr (10.18)

10.4 TIME DIVISION SQUARE ROOTERWITH NO
REFERENCE—TYPE Il

The square rooter using the time division principle without using any refer-
ence clock is shown in Figure 10.7, and its associated waveforms are shown
in Figure 10.8.

+Voo

Figure 10.7 Square rooter without reference clock—type |I.
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Figure 10.8 Associated waveforms of Figure 10.7.
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Initially the 555 timer output is HIGH. The inverting amplifier OA; out-
put will be LOW. The output of differential integrator will be

1

Vi, = RC [ (Vo + Vo )dt

vy, = Yo+ Vo), (10.19)
RICI

The output of the differential integrator is rising toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The inverting amplifier OA; output will be HIGH. The output of dif-
ferential integrator will now be

1

V,, = Ej(vO —V,,p)dt
vy, = o — Vo) (10.20)
Rlcl

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

V. =& (10.21)

From the waveforms shown in Figure 10.8, it is observed that

T, =MT,TZ :MT,T=T1+TZ (10.22)
2’\/SAT 2’\/SAT

During the HIGH of V¢, the S; is closed, the op-amp OA, will work as a non-
inverting amplifier, and =V, is given to the low pass filter. During the LOW of
Ve, the S; is opened, the op-amp OA, will work as an inverting amplifier, and
+V, is given to a low pass filter. Another rectangular wave Vi with £V, as the
peak to peak value is generated at the output of the op-amp OA,. The R,C,
low pass filter gives the average value of this pulse train Viy and is given as

T, +T,

T,
sz% [Vode+ [ (~Vo)dt
0o T,

Vo(Tz _T1>

V. =
X T

(10.23)
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Equation (10.22) in (10.23) gives

V, = (10.24)
* VSAT

The op-amp OAj is in a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V=V, (10.25)

From equations (10.24) and (10.25),

Vo = \/V1VSAT (10.26)

10.5 SQUARE ROOTER FROM 555 ASTABLE
MULTIVIBRATOR

10.5.1 Typel

The circuit diagram of square rooter using the 555 astable multivibrator
is shown in Figure 10.9, and its associated waveforms are shown in Fig-
ure 10.10. Refer to the internal diagram of the 555 timer IC shown in Fig-
ure 0.1. Initially when we switch on the power supply, the output of the
upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

R
7 4 8 OA1
I+
55 3 Vm

R2 5
> J\
6 1
c:m mlm Vie—aaVa B3 1 Ly, Ve

2

o

Figure 10.9 Square rooter from 555 astable.
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Figure 10.10 Associated waveforms of Figure 10.9.

The capacitor C; is charging toward Vg through the resistors R; and R,
with a time constant of (R;+R;)C;, and its voltage is rising exponentially.
When the capacitor voltage rises above the voltage 2/3 V¢, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output
of the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop
outputs are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW,
transistor Q; is ON, and hence the discharge pin 7 is at GND potential.
Now the capacitor C; is discharging to GND potential through the resis-
tor R, with a time constant of R,C. When the capacitor voltage falls
below 1/3 V¢, the output of the upper comparator CMP; becomes LOW,
i.e., R = 0, and the output of the lower comparator CMP, becomes HIGH,
i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer output at
pin 3 will be HIGH, transistor Q; is OFF, and hence the discharge pin 7
is at the open position.

Now the capacitor starts charging toward Vo, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V), is inversely proportional to V.
During the ON time 8, the input voltage V, is connected to the R;C, low
pass filter (switch S; is closed). During the OFF time of V), zero voltage
exists on the R;C, low pass filter (switch S1 is opened). Another rectangular
waveform Vy with V; as the peak value is generated at the output of switch
S,. The ON time & of this rectangular pulse Vy is given as

5, = Ve (10.27)

(¢]

where Vp is a constant value.
The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

V, =V, V, (10.28)
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10.5.2 Square Rooter from 555 Astable
Multivibrator—Type Il

The circuit diagram of a square rooter using the 555 timer astable multivi-
brator is shown in Figure 10.11, and its associated waveforms are shown
in Figure 10.12. Refer to the internal diagram of the 555 timer IC shown
in Figure 0.1. Initially when we switch on the power supply, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
OFF, and hence the discharge pin 7 is at the open position.

The capacitor C; is charging toward +V¢ through the resistors R; and
R, with a time constant of (R;+R;)C;, and its voltage is rising exponentially.
When the capacitor voltage rises above the voltage V, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
Q =0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V¢, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q;
is OFF, and hence the discharge pin 7 is at the open position.

+Voco

—Vo- [ViVe

Figure 10.11 Square rooter with 555 timer astable multivibrator.
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Figure 10.12 Associated waveforms of Figure 10.11.
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Now the capacitor starts charging toward +V¢, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time of the 555 timer output V) is proportional to Vg, which is
applied at its pin 5. During the ON time &, the voltage V, is connected to the
R;C, low pass filter (switch S is closed). During the OFF time of Vy, zero volt-
age exists on the R;C, low pass filter (switch S is opened). Another rectangular
waveform Vi with Vg as the peak value is generated at the output of switch S;.

S, = Yo r (10.29)

R

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as

1% \Y/
V, =— [V .dt=-25
X T‘([ (0] T T
2
vxsz (10.30)
Vi

where Vp is a constant value.

The op-amp OA, is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

Vi =V, (10.31)
From equations (10.30) and (10.31),

V, =V, V, (10.32)

10.6 SQUARE ROOTER FROM 555 MONOSTABLE
MULTIVIBRATOR

10.6.1 Typel

The circuit diagram of a square rooter using the 555 monostable multivi-
brator is shown in Figure 10.13, and its associated waveforms are shown
in Figure 10.14. Refer to the internal diagram of the 555 timer IC shown
in Figure 0.1. Initially when the power supply is switched on, the output of
the upper comparator CMP; will be LOW, i.e., R = 0, and the output of the
lower comparator CMP, will be HIGH, i.e., S = 1. The flip flop outputs are
Q =1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q; is
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Figure 10.13 (a) Square rooter using 555 timer monostable multivibrator. (b) Square
rooter using re-trigger monostable multivibrator.
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Figure 10.14 (a) Associated waveforms of Figure 10.13(a). (b) Associated waveforms of
Figure 10.13(b).




186 Design of Function Circuits with 555 Timer Integrated Circuit

OFF, and hence the discharge pin 7 is at the open position. The capacitor
C, is charging toward V, through the resistor R;. The capacitor voltage is
rising exponentially, and when it reaches the value of 2/3 V, the output of
the upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of
the lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs
are Q = 0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q,
is ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is short circuited, zero voltage exists at pin 6, the output of the upper
comparator CMP; becomes LOW, i.e., R = 0. A trigger pulse is applied at pin
2, and when the trigger voltage comes down to 1/3 Vg, the output of the
lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF, and hence the discharge pin 7 is at the open position.

Now the capacitor C, is charging toward V, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V), is inversely proportional to V,. The
output of the 555 timer controls switch S;. During the ON time &, the input
voltage V, is connected to the R;C; low pass filter (switch S1 is closed). During
the OFF time of V), zero voltage exists on the R;C; low pass filter (switch S; is
opened). Another rectangular waveform Vy, with V; as the peak value, is gener-
ated at the output of switch S;. The ON time of rectangular wave is given as

5, = Ja (10.33)
Vo

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1% v,
A =T‘([V1dt:?5T
V, =V,V, (10.34)

where Vp is a constant value.
Figure 10.13(b) shows a re-trigger monostable multivibrator used as an
analog square rooter.

10.6.2 Square Rooter from 555 Monostable
Multivibrator—Type Il

The circuit diagrams of a square rooter using the 555 timer monostable
multivibrator are shown in Figure 10.15, and their associated waveforms
are shown in Figure 10.16. Refer to the internal diagram of the 555 timer
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Figure 10.15 (a) Square rooter from 555 monostable. (b) Square rooter with 555 re-
trigger monostable multivibrator.
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Figure 10.16 (a) Associated waveforms of Figure 10.15(a). (b) Associated waveforms of
Figure 10.15(b).
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IC shown in Figure 0.1. Initially when the power supply is switched on, the
output of the upper comparator CMP; will be LOW, i.e., R = 0, and the
output of the lower comparator CMP, will be HIGH, i.e., S = 1. The flip
flop outputs are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH,
transistor Q; is OFF, and hence the discharge pin 7 is at the open position.
The capacitor C, is charging toward +V¢¢ through the resistor Ry. The
capacitor voltage is rising exponentially, and when it reaches the value of
Vo, the output of the upper comparator CMP; becomes HIGH, i.e.,R = 1,
and the output of the lower comparator CMP, becomes LOW, i.e., S = 0.
The flip flop outputs are Q = 0 and Q' = 1. The timer output at pin 3 will
be LOW, transistor Q; is ON, and hence the discharge pin 7 is at GND
potential. Now the capacitor C; is short circuited, zero voltage exists at
pin 6, the output of the upper comparator CMP; becomes LOW, i.e., R = 0.
A trigger pulse is applied at pin 2, and when the trigger voltage comes down
to 1/3 Vg, the output of the lower comparator CMP, becomes HIGH, i.e.,
S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer output at pin
3 will be HIGH, transistor Q, is OFF, and hence the discharge pin 7 is at
the open position.

Now the capacitor C, is charging toward +V¢, and the sequence there-
fore repeats for every trigger input pulse.

The ON time of the 555 timer output Vy is proportional to Vg, which is
applied at its pin 5. The 555 timer output controls the switch S;. During the
ON time &, the output voltage V is connected to the R;C; low pass filter
(switch Sy is closed). During the OFF time of Vy, zero voltage exists on the
R;C, low pass filter (switch S; is opened). Another rectangular waveform Vy
with Vg as the peak value is generated at the output of switch S;. The ON
time 8 of this rectangular waveform Vy is given as

5, = Yo (10.35)

R

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as

1% \Y/
V, =— [V .dt=-25
X T‘([ (0] T T
2
vxsz (10.36)
Vi

where Vp is a constant value.
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The op-amp OA,; is kept in a negative closed loop configuration, and a
positive dc voltage is ensured in the feedback. Hence its inverting terminal
voltage will be equal to its non-inverting terminal voltage, i.e.,

v, =V, (10.37)
From equations (10.36) and (10.37),

V, =V,V, (10.38)

Figure 10.15(b) shows the square rooter with 555 re-trigger monostable
multivibrator.
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Chapter ||

Multiplexing Time Division
Vector Magnitude Circuits—
Part |

11.1 SAWTOOTH WAVE REFERENCED YMCs

The circuit diagram of a double multiplexing-averaging time division VMC
is shown in Figure 11.1, and its associated waveforms are shown in Fig-
ure 11.2. A saw tooth wave V; of peak value Vg and time period T is gener-
ated by the 555 timer.

The comparator OA; compares the saw tooth wave Vg; with the volt-
age Vy and produces a rectangular waveform V. The ON time &, of Vg is
given as

S, =—XT (11.1)

The rectangular pulse Vi controls the second multiplexer M,. When Vy is
HIGH, the first input voltage V; is connected to the R,C; low pass filter (‘by’
is connected to ‘b’). When Vi is LOW, zero voltage is connected to the R,C;
low pass filter (‘bx’ is connected to ‘b’). Another rectangular pulse Vy; with
a maximum value of Vy is generated at the multiplexer M, output. The R,C;
low pass filter gives the average value of this pulse train Vy; and is given as

1°% v,
Vy :?Z[VBdt:T& (11.2)
V, = VaVy (11.3)
\A

The op-amp OA, is configured in a negative closed loop feedback, and a
positive dc voltage is ensured in the feedback loop. Hence its inverting ter-
minal voltage must be equal to its non-inverting terminal voltage.

V=V, (11.4)
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Figure |1.] Double multiplexing-averagingVMC.
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Figure 11.2 Associated waveforms of Figure 11.1.

From equations (11.3) and (11.4),

_ViVk

V.
Y v,

(11.5)

The rectangular pulse Vi also controls the third multiplexer M;. When Vi
is HIGH, the input voltage V; is connected to the R;C, low pass filter (‘cy’
is connected to ‘c’). When Vy is LOW, zero voltage is connected to the R;C,
low pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse Vy with a
maximum value of V; is generated at the multiplexer M; output. The R;C,
low pass filter gives the average value of this pulse train Vi and is given as

V, =—[Vidt=—L5, (11.6)
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Equations (11.1) and (11.5) in (11.6) give

Vv, = \\]]—1: (11.7)
The output of the summer SU, will be

V, =V, +V, (11.8)
The output of the summer SU; will be

Vo =V, +V, (11.9)
Equations (11.7) and (11.8) in (11.9) give

V, = VOV-:-ZVZ +V, (11.10)

V) =V +V,? (11.11)

2
(e}
V, =V2+V,? (11.12)

11.2 TRIANGULAR WAVE BASED TIME DIVISION VYMCs

The circuit diagram of a triangular wave referenced time division VMC
is shown in Figure 11.3, and its associated waveforms are shown in Fig-
ure 11.4. A triangular wave Vp; of £V peak to peak values and time period
T is generated by the 555 timer. The comparator OA; compares the triangu-
lar wave Vr; with the voltage Vy and produce an asymmetrical rectangular
wave Vi. From Figure 11.4, it is observed that

Ve Ve VitV
2

T,
A'A 2V,

TT=T, +T, (11.13)

The rectangular wave Vi controls the multiplexer M;, which connects +Vjy
to its output duringT, (‘ay’ is connected to ‘a’) and —Vj to its output during
T, (‘ax’ is connected to ‘a’). Another asymmetrical rectangular waveform Vy
is generated at the multiplexer M, output with +Vj peak to peak values. The
R4C, low pass filter gives the the average value of Viy and is given as

1
V, = —
xoT

T, T+T, v
V, dt+ -V, )dt |=2[T, -T,]
i ’ T[( ) } T (11.14)

AR

V.
X v,
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Figure 11.3 Triangular wave based time division VMC.
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The op-amp OA, is configured in a negative closed loop feedback, and a
p-amp 4 g g p

positive dc voltage is ensured in the feedback loop. Hence its inverting ter-

minal voltage must be equal to its non-inverting terminal voltage, i.e.,

V=V, (11.15)
From equations (11.14) and (11.15),

AL

V,
Y v,

(11.16)

The rectangular wave Vi also controls the multiplexer M,, which connects
+V; to its output during T, (‘by’ is connected to ‘b’) and connects —V; to
output during Ty (‘bx’ is connected to ‘b’). Another asymmetrical rectan-
gular wave V) is generated at the multiplexer M, output with £V, peak
to peak values. The R;C4 low pass filter gives the average value V, and is
given as
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\Y :lﬁv dt+T'ITZ(—V)dt SITE
AN F I S T (11.17)

v, L
Equation (11.16) in (11.17) gives

v, :\\/]_1: (11.18)
The output of the summer SU, will be

V,=V,+V, (11.19)
The output of the summer SU; will be

V,=V,+V, (11.20)

Equations (11.18) and (11.19) in (11.20) give

— \/12
OV, 4V,
V2=V +V,?

+V, (11.21)

V, =/V2 +V,’ (11.22)

11.3 VMC FROM 555 ASTABLE MULTIVIBRATOR

The circuit diagram of VMC using the 555 astable is shown in Figure 11.5,
and its associated waveforms are shown in Figure 11.6. Refer to the internal
diagram of the 555 timer IC shown in Figure 0.1. Initially when we switch
on the power supply, the output of the upper comparator CMP, will be
LOW, i.e., R = 0, and the output of the lower comparator CMP, will be
HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0. The timer
output at pin 3 will be HIGH, transistor Q; is OFF, and hence the discharge
pin 7 is at the open position.

The capacitor C; is charging toward Vj through the resistors R; and R,
with a time constant of (R;+R,)C;, and its voltage is rising exponentially.
When the capacitor voltage is rising above the voltage V;, the output of the
upper comparator CMP; becomes HIGH, i.e., R = 1, and the output of the
lower comparator CMP, becomes LOW, i.e., S = 0. The flip flop outputs are
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Figure 11.5 555 timer astable asVMC.
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Figure | 1.6 Associated waveforms of Figure | 1.5.

Q =0 and Q' = 1. The timer output at pin 3 will be LOW, transistor Q; is
ON, and hence the discharge pin 7 is at GND potential. Now the capaci-
tor C; is discharging to GND potential through the resistor R, with a time
constant of R,C. When the capacitor voltage falls below 1/3 V¢, the output
of the upper comparator CMP; becomes LOW, i.e., R = 0, and the output of
the lower comparator CMP, becomes HIGH, i.e., S = 1. The flip flop outputs
are Q = 1 and Q' = 0. The timer output at pin 3 will be HIGH, transistor Q,
is OFF and hence the discharge pin 7 is at the open position.

Now the capacitor starts charging toward Vg, and the cycle therefore
repeats to produce periodic pulses at the output pin 3 of the 555 timer.

The ON time & of the 555 timer output V, is (1) proportional to Vj,
which is applied at its pin § and (2) inversely proportional to the voltage
Vy. During the ON time 8, V; is connected to Vi (‘ay’ is connected to ‘a’).
During the OFF time of the waveform V), zero voltage is connected to Vi
(‘ax’ is connected to ‘a’). Another rectangular waveform Vy with V; as the
peak value is generated at the output of the multiplexer M.

8, =K—LT (11.23)

The R;C, low pass filter gives the average value of this pulse train Vy and
is given as
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1% Vv,
VA =¥£Vldt=?5T
2
v, =\\/]—1K (11.24)

where K is a constant value.
The output of the summer SU, will be

V, =V, +V, (11.25)
The output of the summer SU; will be
V, =V, +V, (11.26)

Equations (11.24) and (11.25) in (11.26) give

VZ

Vo=tV (11.27)
O+ 2

V2= V24V,

V, =V +V,? (11.28)

11.4 SQUARE WAVE REFERENCED YMC

The circuit diagram of a square wave referenced VMC is shown in Fig-
ure 11.7, and its associated waveform is shown in Figure 11.8. A square
waveform V¢ is generated by the 555 timer. During the LOW of the square
wave, the multiplexer M, connects ‘ax’ to ‘a’, an integrator formed by resis-
tor Ry, capacitor Cy, and op-amp OA,, integrates the first input voltage —Vj.
The integrated output will be

1

Vi = R C ¥
1~1

Rlcl

[-Vyde = t (11.29)

A positive going ramp Vs, is generated at the output of the op-amp OA,.
During the HIGH of the square waveform, the multiplexer M; connects
‘ay’ to ‘a’, and hence the capacitor C; is shorted so that op-amp OA; output
becomes zero. The cycle therefore repeats to provide a semi-saw tooth wave
of peak value Vy at the output of the op-amp OA;

From the waveforms shown in Figure 11.8 and equation (11.29), at
t=T/2, Vg = Vgr.
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Figure 11.8 Associated waveforms of Figure 11.7.

Vi

Vi = R

N

1C1
T/2=YRR C (11.30)
V 1™~

B

The comparator OA, compares the semi-saw tooth wave Vg; of peak value
Vg with the input voltage V; and produces a rectangular waveform Vy at its
output. The square wave V¢ controls the second multiplexer M,. The mul-
tiplexer M, connects zero volts during the HIGH of V¢ and Vi during the
LOW of V¢. Another rectangular waveform V) is generated at the output



Multiplexing Time Division Vector Magnitude Circuits—Part | 199

of the multiplexer M,. The ON time 8. of this rectangular waveform Vy; is
given as

5y =—L (11.31)

The rectangular pulse V), controls the third multiplexer M;. When the Vy;
is HIGH, a third input voltage V5 is connected to the R,C, low pass filter
(‘cy’ is connected to ‘c’). When the V) is LOW, zero voltage is connected to
the R,C, low pass filter (‘cx’ is connected to ‘c’). Another rectangular pulse
Vi with a maximum value of V; is generated at the multiplexer M, output.
The R,C, low pass filter gives the average value of this pulse train Vy and
is given as

1°%
VA:¥.(|;V1dt

\Y
Vi=dy (11.32)

From equations (11.30)—(11.32),

vV, = \\/]—I:RITCI (11.33)
Let T = R,C;.

vV, = \\//—1: (11.34)
The output of the summer SU, will be

V, =V, +V, (11.35)
The output of the summer SU; will be

V, =V, +V, (11.36)
Equations (11.34) and (11.35) in (11.36) give

Vi +V, (11.37)
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V.2 = V72 +V,?
V, =V +V,? (11.38)

11.5 VMC FROM 555 MONOSTABLE MULTIVIBRATOR

The circuit diagrams of a VMC using the 555 monostable are shown in Fig-
ure 11.9, and their associated waveforms are shown in Figure 11.10. Refer
to the internal diagram of the 555 timer IC shown in Figure 0.1. Initially
when the power supply is switched on, the output of the upper compara-
tor CMP; will be LOW, i.e., R = 0, and the output of the lower comparator
CMP, will be HIGH, i.e., S = 1. The flip flop outputs are Q = 1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position. The capacitor C; is charging toward
Vp through the resistor R;. The capacitor voltage is rising exponentially and
when it reaches the value of V,, the output of the upper comparator CMP;

+Vce

Trigger IN
R 0]

74 82

T wh

ay

6 1 5 Vn R3
Ci m‘m | I Xy M,
. S b

Vi
(a)
V20
i
Ri (_H_é
74 82 :ng
555 3
a
6 15 Lvn R Va
Ci IR | ax M Cs
s SN
Vi
(b)

Figure 11.9 (a) 555 monostable as VMC. (b) 555 re-trigger monostable asVMC.
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(b)

Figure 11.10 (a) Associated waveforms of Figure 11.9(a). (b) A ssociated waveforms of
Figure 11.9(b).

becomes HIGH, i.e., R = 1, and the output of the lower comparator CMP,
becomes LOW, i.e., S = 0. The flip flop outputs are Q = 0 and Q' = 1. The
timer output at pin 3 will be LOW, transistor Q; is ON, and hence the dis-
charge pin 7 is at GND potential. Now the capacitor C; is short circuited,
zero voltage exists at pin 6, and the output of the upper comparator CMP,
becomes LOW, i.e., R = 0. A trigger pulse is applied at pin 2, and when the
trigger voltage comes down to 1/3 V¢, the output of the lower comparator
CMP, becomes HIGH, i.e., S = 1. The flip flop outputs are Q =1 and Q' = 0.
The timer output at pin 3 will be HIGH, transistor Q; is OFF, and hence the
discharge pin 7 is at the open position.

Now the capacitor C; is charging toward Vj, and the sequence therefore
repeats for every trigger input pulse.

The ON time of the 555 timer output V), is (1) proportional to V;, which
is applied at its pin 5 and (2) inversely proportional to the voltage Vi. During
the ON time 8y, V; is connected to the R;C; low pass filter (‘ay’ is connected
to ‘a’). During the OFF time of the waveform V\, zero voltage is connected
to the R;C; low pass filter. Another rectangular waveform Vi with V; as the
peak value is generated at the output of multiplexer M;. The ON time &} of
this rectangular waveform Vy is given as

8, =K—LT (11.39)
B

The R;C; low pass filter gives the average value of this pulse train Vy and
is given as
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1% v,
v, =T!Vldt=F5T
2
v, =Yk (11.40)
VB

where K is a constant value.
The output of the summer SU, will be

V, =V, +V, (11.41)
The output of the summer SU; will be
V, =V, +V, (11.42)

Equations (11.40) and (11.41) in (11.42) give

VZ
0=y iv +V, (11.43)
(0] 2
V) =V +V,’
V, =4V, +V,? (11.44)

The VMC using an auto-trigger monostable multivibrator is shown in
Figure 11.9(b).

11.6 TIME DIVISIONVMCWITH NO REFERENCE

A VMC using the time division principle without using any reference
clock is shown in Figure 11.11, and its associated waveforms are shown in
Figure 11.12.

Initially the 555 timer output is HIGH. The multiplexer M; connects —Vy
to the differential integrator composed of the resistor R,, capacitor C,, and
op-amp OA; (‘ay’ is connected to ‘a’). The output of differential integrator
will be

1
R,C,
(Vs + Vi),

Vp =21 11.45
"SRG, ( )

V,, = [V, +V,)dt
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Figure I'1.11 Time division VMC without reference clock.
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Figure 11.12 Associated waveforms of Figure 11.11.

The output of the differential integrator is rising toward positive satura-
tion, and when it reaches the voltage level of +Vy, the 555 timer output
becomes LOW. The multiplexer M; connects +Vj to the differential integra-
tor composed of the resistor Ry, capacitor C;, and op-amp OA; (‘ax’ is con-
nected to ‘a’). Now the output of differential integrator will be

1
v, = RC j (V, —V,)dt
' M=V, (11.46)

R,C,
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The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level =V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

v, = Yec (11.47)
3
From the waveforms shown in Figure 11.12, it is observed that
T =YeVipp Vet Vig oo (11.48)
2V, 2V,

The asymmetrical rectangular wave V controls another multiplexer M,.
The multiplexer M, connects +V; during the ON time T, (‘by’ is connected
to ‘b’) and —V; during the OFF time T; of the rectangular wave V¢ (‘bx’ is
connected to ‘b’). Another rectangular wave Vy is generated at the multi-
plexer M, output. The R,C, low pass filter gives the average value of this
pulse train Vy and is given as

L[ T, 4T,

Va=o ivl de+ Tj (—Vl)dt:|

V, = @ (11.49)
Equation (11.48) in (11.49) gives

v, = ‘\’/_1: (11.50)
The output of the summer SU, will be

V, =V, +V, (11.51)
The output of the summer SU; will be

Vo =V, +V, (11.52)
Equations (11.50) and (11.51) in (11.52) give

Vi +V, (11.53)

V =
°V,+V,
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Vo2 =V +V,?

V, =V, +V,? (11.54)
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Chapter 12

Multiplexing Time Division
VMC—Part Il

12.1 TIME DIVISIONVMCWITH NO REFERENCE—TYPE |

A VMC using the time division principle without using any reference clock is
shown in Figure 12.1, and its associated waveforms are shown in Figure 12.2.

Initially the 555 timer output is HIGH. The multiplexer M, connects -V,
to the inverting terminal of the differential integrator (‘ay’ is connected ‘a’).
The output of the differential integrator will be

1

V,, = Ej(vA +V,)dt

v, = Vat Vi), (12.1)
Rlcl

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of +V, the 555 timer output becomes
LOW. The multiplexer M; connects +V; to the inverting terminal of the
differential integrator. Now the output of the differential integrator will be

1

v, = Ej(vA —V,)dt
V., =_Mt (12.2)
R,C,

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level —V, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.

(12.3)

DOI: 10.1201/9781003362968-12
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Figure 12.1 VMC without reference clock.
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Figure 12.2 Associated waveforms of Figure 12.1.
From the waveforms shown in Figure 12.2, it is observed that

=Y Vapp Mt Vappog . (12.4)
2V, 2V,

The asymmetrical rectangular wave V controls another multiplexer M,.
The multiplexer M, connects —Vy during the ON time T, (‘by’ is connected



Multiplexing Time Division VMC—Part Il 209

to ‘b’) and +Vy during the OFF time T of the rectangular wave V¢ (‘bx’ is
connected to ‘b’). Another rectangular wave Vy with +Vy as the peak to
peak value is generated at the multiplexer M, output. The R,C, low pass
filter gives the average value of this pulse train Vy and is given as

1 T, T,+T,
Vi= (J;VB de+ J (—VB)dt:l
Vy = M (12.5)
T
Equations (12.4) in (12.5) give
v, = YV (12.6)
Vi

The op-amp OA; is at a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V=V, (12.7)

From equations (12.6) and (12.7),

Vv, =-L (12.8)

The output of the summer SU, will be
V, =V +V, (12.9)
The output of the summer SU; will be
Vo=V, +V, (12.10)

Equations (12.8) and (12.9) in (12.10) give

(12.11)

V, =4/V2 +V,? (12.12)
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12.2 TIME DIVISIONVMCWITH NO REFERENCE—TYPE Il

The VMC using the time division principle without using any reference
clock is shown in Figure 12.3, and its associated waveforms are shown in
Figure 12.4.

A rectangular pulse Vy; with a Vg, peak value is generated at output pin
3 of the 5§55 timer.

The ON time &, of this rectangular waveform V), is given as

5, _KT (12.13)

Vi

Another rectangular pulse Vyy with a maximum value of V, is generated at
pin 7 of the 555 timer. The R,C, low pass filter gives the average value of
this pulse train Vy and is given as

1°%
v, :?.([Vldt (12.14)
\Y
v, =?15T (12.15)
+Vce

4 8 E2 R2
7 <MW
VN
2 555 —L

+Viar
i i V V11
T T T T 1
| | | | | |
1 ] ] ] | ]
RAC Y (R ey | Pin3of
555 Timer
r
Vir—/ ] :
Pin 7 of
555 Timer

Figure 12.4 Associated waveforms of Figure 12.3.



Multiplexing Time Division VMC—Part Il 211

Equation (12.13) in (12.15) gives
2
v, =Yg (12.16)
B
The output of the summer SU, will be
V, =V, +V, (12.17)
The output of the summer SU; will be
V, =V, +V, (12.18)
Equations (12.16) and (12.17) in (12.18) give
A
Vo +V,
V) =V +V,?

2
(e}
V, =V2+V,? (12.20)

where K is a constant value.

V, = +V, (12.19)

12.3 TIME DIVISIONVMCWITH NO REFERENCE—TYPE Il

The VMC using the time division principle without using any reference
clock is shown in Figure 12.5, and its associated waveforms are shown in
Figure 12.6.

A rectangular pulse Vy; with a Vg, peak value is generated at output
pin 3 of the 555 timer. The ON time 8, of this rectangular waveform V; is
given as

S, = KYa (12.21)
Vl

Another rectangular wave Vy with +Vy as the peak to peak value is gener-

ated at output pin 7 of the 555 timer. The R,C, low pass filter gives the
average value of this pulse train V and is given as

or
Vy :%ijdt (12.22)
0
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oVo = Jvi' 4V

Figure 12.5 VMC without reference clock.
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Figure 12.6 Associated waveforms of Figure 12.5.

Vy = %@ (12.23)

Equation (12.20) in (12.23) gives

_\Ve

V.
X v,

(12.24)

The op-amp OA, is at a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V=V, (12.25)

From equations (12.24) and (12.25),
Vv, =L (12.26)

The output of the summer SU, will be

V, =V, +V, (12.27)
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The output of the summer SU; will be
V, =V, +V, (12.28)
Equations (12.26) and (12.27) in (12.28) give

— \]12
Vo +V,
V' =V, +V,?

V, = V2 +V, (12.30)

v, +V, (12.29)

12.4 TIME DIVISIONVMCWITH NO REFERENCE—TYPE IV

The VMC using the time division principle without using any reference
clock is shown in Figure 12.7, and its associated waveforms are shown in
Figure 12.8.

Initially the 555 timer output pin 3 is HIGH, and pin 7 of the 555 timer
is opened. The output of the differential integrator, composed of the resistor
R4, capacitor Cy, and op-amp OA,, will be

1

V,, = RC [V, = V)de+V,

Vi, =Mt+vB (12.31)
R,C,

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of 2V /3, the 555 timer output pin 3
becomes LOW. Pin 7 of the 555 timer goes to GND. Now the output of the

+Vce
ay
c 48 o N
3%, aVn
R . A
AV I Y 2 2 555 3l Ve
OA: V11
Ro
Vs + 6 1 7
Vm

Figure 12.7 Time division VMC without reference clock.



214 Design of Function Circuits with 555 Timer Integrated Circuit
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Figure 12.8 Associated waveforms of Figure 12.7.

differential integrator, composed of resistor R, capacitor C,, and op-amp
OA,, will be

1

V =
T1 R, C1
Vi

[(0-V)de+V,

V,, =——1t+V, (12.32)

1~1

The output of the differential integrator reverses toward negative satura-
tion, and when it reaches the voltage level (Vc/3), the 555 timer output
becomes HIGH, and the cycle therefore repeats, to give (1) an asymmetrical
rectangular wave V¢, at the output of the 555 timer and (2) another asym-
metrical rectangular wave Vi at the output of multiplexer M; with a peak
value of V.

From the waveforms shown in Figure 12.8, it is observed that the differ-
ential integrator output has an abrupt fall and rise by Vi due to the fact that
the capacitor C cannot change voltage across it abruptly.

From the waveforms shown in Figure 12.8, it is observed that

T, = RE (12.33)
VB _V1
T, = Ry (12.34)
Vi
T=T+T, R,CV,V (12.35)
(VB _Vl)vl
v = Ve _v, (12.36)
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The R,C, low pass filter gives the average value of this pulse train Vy and

is given as

17
VA:?!wm

\
Va=2tT,

Equations (12.33)—(12.36) in (12.37) give

v
v

Vi
The output of the summer SU, will be
V=V, +V,
The output of the summer SU; will be

V, =V, +V,

Equations (12.38) and (12.39) in (12.40) give

2
V, = Vi +V,
Vo +V,
V, :V12+V22

2
(e}
V, =V2+V,?

The values of Ry and R; should be such that Ry << R;.

(12.37)

(12.38)

(12.39)

(12.40)

(12.41)

(12.42)

12.5 TIME DIVISIONVMCWITH NO REFERENCE—TYPEV

The VMC using the time division principle without using any reference
clock is shown in Figure 12.9, and its associated waveforms are shown in

Figure 12.10.

Initially the 555 timer output is HIGH. Pin 7 is opened. The multiplexer
M, connects —Vj to the low pass filter (LPF) (‘ay’ is connected ‘a’). The

output of the differential integrator will be
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Figure 12.9 VMC without reference clock.
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Figure 12.10 Associated waveforms of Figure 12.9.

1

V,, = RC j (V, - V,)dt+V,

V,, = Mt+\/l (12.43)
Rlcl

The output of the differential integrator rises toward positive saturation, and
when it reaches the voltage level of +2V /3, the 555 timer output becomes
LOW. The multiplexer M; connects +0V to the low pass filter (LPF). Now
the output of differential integrator will be

1
V,, = RC [0-V,)de+V,
\Y
Vo, =——2 t+V 12.44
n=TRe Y ( )

The output of the differential integrator reverses toward negative saturation,
and when it reaches the voltage level V/3, the 555 timer output becomes
HIGH, and the cycle therefore repeats, to give an asymmetrical rectangular
wave V¢ at the output of the 555 timer.
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From the waveforms shown in Figure 12.10, it is observed that

T, = RC (12.45)
Vl _VA
T =Ry (12.46)
Vi
T=T+T, = REVV (12.47)
(V1 _VA)VA
\Y% =%—V] (12.48)

Another rectangular wave Vi with +Vj as the peak to peak value is gener-
ated at the multiplexer M; output. The R,C, low pass filter gives the average
value of this pulse train Vyy and is given as

1]
Vy :ﬂdet

v,
Ve, (12.49)

Equations (12.45) and (12.47) in (12.49) give

Vy=—2-2 (12.50)

The op-amp OA, is at a negative closed loop configuration, and a positive
dc voltage is ensured in the feedback loop. Hence its non-inverting terminal
voltage is equal to its inverting terminal voltage, i.e.,

V,= Vg (12.51)
From equations (12.50) and (12.51),

v

V
A v,

(12.52)

The output of the summer SU, will be

V, =V, +V, (12.53)
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The output of the summer SU; will be
V, =V, +V, (12.54)
Equations (12.52) and (12.53) in (12.54) give

— Vlz
Vo +V,
V' =V +V,?

V, =V +V,? (12.56)

Vo +V, (12.55)

12.6 TIME DIVISIONVMCWITH NO REFERENCE—TYPE VI

The VMC using the time division principle without using any reference
clock is shown in Figure 12.11, and its associated waveforms are shown in
Figure 12.12.

Initially the 555 timer output is HIGH, pin 7 of the 555 timer is opened,
and the control amplifier OA, will work as a non-inverting amplifier.
Hence -V, is given to the differential integrator OA,. The output of the

differential integrator, composed of the resistor R;, capacitor C,, and op-
amp OA, will be

1

V,, = RG, j V, +V,)dt

VT1=Mt (12.57)
R,C,

e

Ci

1
1F

o
s
Rig
s
<

VM

AAAAA
V! ¥

Figure 12.11 Time division VMC without reference clock.
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Figure 12.12 Associated waveforms of Figure 12.11.

The output of the differential integrator rises toward positive saturation,
and when it reaches the voltage level of 2V /3, the 555 timer pin 3 output
becomes LOW. Pin 7 of the 555 timer goes to GND. The control amplifier
OA, will work as an inverting amplifier, and hence V; is given to the dif-
ferential integrator OA; Now the output of the differential integrator, com-
posed of the resistor Ry, capacitor C;, and op-amp OA,, will be

1

V,, = Re [V, = Vy)de
(V, = V,)
Vp, =i Bl¢ 12.58
T1 R.C, ( )

Let us assume V; > V;.

The output of the differential integrator reverses toward negative satura-
tion, and when it reaches the voltage level (V/3), the 555 timer output
becomes HIGH, and the cycle therefore repeats, to give (1) an asymmetrical
rectangular wave V. at the output of the 555 timer and (2) another asym-
metrical rectangular wave Vi at pin 7 of the 555 timer with the peak value
of V,.

The ON time of the rectangular wave Vy is given as

5, =KL (12.59)

A

Another rectangular wave Vy is generated at the multiplexer M; output.
The R,C, low pass filter gives the average value of this pulse train Vy and
is given as
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1%

Vv, = T!Vldt (12.60)
V,

Vi =ts, (12.61)

Equation (12.59) in (12.61) gives

2
V, = Vg (12.62)
\

where K is a constant value.
The output of the summer SU, will be

Vi =V, +V, (12.63)
The output of the summer SU; will be
Vo=V, +V, (12.64)

Equations (12.62) and (12.63) in (12.64) give

2
Vi Ly (12.65)

V, =V2 +V,? (12.66)
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