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CHAPTER IV

System C irc u it  Design

AThe system used fo r  t h i s  a p p lic a tio n  s im ila r  to  th e  analog 
computer in  which i t  in c re a se s  every frequency o f th e  in p u t s ig n a l 
by an amount o f  th e  d e s ire d  frequency» In  t h i s  chap ter th e  theo ry  
and num erical c a lc u la t io n  o f t h i s  system w i l l  be p resen ted  se p e ra te ly  
in  d e ta i ls »  The l a s t  s e c tio n  o f t h i s  chap ter w i l l  be an i l l u s t r a t i o n  
o f t h i s  whole system .

4.1 Band Pass Constant Phase S h if t  Network

Because th e  in p u t s ig n a ls  a re  in  the  audio frequency band 
th e re fo re  th e  co n stan t phase s h i f t  network must be a band pass phase 
s h i f t  netw ork. There a re  many methods to  f u l f i l l  our requirem ent 
such as Dome's method ( 7 )  and D ickey’s phase s h i f t  method ( l O)  »
In  our a p p lic a tio n  th e  method we chose i s  w idely used in  most o f the 
audio system such as method used to  s h i f t  phase in  quadraphonic 
fou r-channe ls a p p lic a t io n . The c i r c u i t  c o n s is ts  o f two a c tiv e  
le a d -la g  phase s h i f t  networks in  p a r a l l e l .  The phase d iffe re n c e  o f each 
network v a r ie s  a s  th e  lo g arith m ic  fu n c tio n  o f frequency, bu t when two 
networks a re  in  p a r a l l e l  th e i r  ou tp u t phase d if fe re n c e  w il l  be independent 
o f frequency, see equation  (4 .1 3 ) The network which i s  desc rib ed  above 
i s  shown in  F ig . 4.1
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Vi

From Fig,

Lot
F ig . 4 .1 Band Pass Phase S h if t  Network

vi In p u t s ig n a l v o ltag e

Vo Output s ig n a l v o ltag e
a  = V oltage gain o f th e  o p e ra tio n a l a m p lif ie r
R = R esistance
z  » Impedance o f  condenser 8 -----

jwC
4 ,1  we can w rite  th e  equation

Vo + Vi

-V , -  V1 O ¥0 -  aV i

ร2 z 2 h  +
R2 + z 2

V  * * 1 . (Z x + R1 ) (R 2 + z 2 )

-  l Vo  *  V1 > 2

aVi  -  Vo (

*2 1
JvC3

(4 .1 )

JwGg
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1 + aVi  -  Vo - 1
(1 + RjJwC1) (R2JwC2 + 1)

jwG 1 jwC 2R 0 _1
jwC,

Vo + Vi  + &Vj -  V0 -  1
1 -  R ^ 2พ20 ,02 + >  (R2C2 + C,R 1)

J * ฯ ^

V1 (1 + a)
v + vi

-  1 j  (wC2R 1 -  ____I__ )  +  ^ 2  J S
- V C1 ฯ  R2

V± (1 + a) 
Vo + v i”

J (wC0R1 -  1 \ 4. c2 , R1 , 1 , , 0,
2 1  R ^ ) + ^ +  ๆ £  + 1 ••••< * •* )

i f  we define

= wC„R. -2 1  RgWCj (4 .3 )

(4 .4 )

th en  (1 + a)
v0 + v1 j p  t /

Vo + V1 
V (1 + a) j/â +  ûC
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+ 1 I m v T

1 + a
J jï + oC -  1

1 + a -  ( .1 ft + °c )
J A + oC

V.

i f  we define  a

V .
V,

V.

1 + a -  ( j  ft + ^  )
J A + <

= 2  o( -  1

1 + 2 4  -  1 -  i f  - 4
J P  + oC

4 -  J A
4  + j  P

( 4 ,5 )

V0 .  1V1 J

4 * +- = 1

From derived  equation  ,the magnitude has shown to  be a c o n s ta n t, 
so w ith  t h i s  conclusion i t  i s  an a l l  pass netw ork.

From equation  (4 ,2 ) j th e  frequency f^  a t  which th e  phase s h i f t  i s  equal to  
zero is  given by w ritin g  th a t  th e  im aginary p a r t  o f  th e  equation  i s  equal
to  z e ro
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then 0Ita£L_

%C2R1 - 1 111, — 0
R2U»°1

"o°2a i
1

E2W<Fi

2 1
w0 R2 C1 R1C2

i f  RjC1 -  R2C2

th en 2 7] f  0 = พ = 10
R1°1

From equation  ( 4 . 5 ) ,  ( 4 .4 ) ,  (4 .6 )»  I f V i
then ft = 2 ù( -  1

R2G2
(4.6)

S i  + A
[ ร  R2

+ 1 -  1

2C0 2R1
+ n r  + 2 - 1

C1 r 2

2C2R2 + 2 R 1C1
■ ^ ฯ

+ 1

4 CjR 1
ร 1โ

+ 1

4R«
1 (4 .7)
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o(

From e q u a tio n  (4 .4 )  and (4 .6 )»  i f  ร RgCg

then
c2 R,
ฯ  + h

+ 1

A  + A
H2 R2

+ 1

2R«
+ 1 ( 4 .8 )

From equation  (4 .3 ) and (4 .6 )

£  “  "°2*1 -  ร ่^

R1 พ
V i

A ° _น2พ

พ
พ.

O
พ • (4 .9 )

then พi_o_2R. + 1

_o_
พ

+ 2
_o
พ

i f  we d e f in e Q =
R1

+  2
,(4.10)



Prom the tra n s fe r  equation in  page 17

th e n

Vว ^  -  .1
vi < + j  /3

p>1 -  j °(
* A1 + j oC

พ พ ■
1 -  jQ น

พ
1 + jQ พ พ0

ร
0 พ

พ- พ
v0 1 + jQ

ๆ" ■  V
v i 7 -  jQ พ0 พ

พ oj

form Appendix c, the  phase angle i s  g iv e n  b y

ta n  4 - = 1Q -พ
พ

พO

or. 0 -1= 2 ta n  q ( fo
f ■ - k ( 4 .1 1 )

form [ 8 ja n d  Appendix A5“ 7,we can w r i t e  E q . (4.11 ) . i n . a p p ro x im a tio n  t h a t

i f  - r - < f < + f0 7 r
4  0  %  -4  Q . In -------

f 0
(4 .1 2 )



For broad-band phase sh if t,w e  re q u ire  two d i f f e r e n t  s e ts  
o f  lo g arith m ic -eq u a tio n  phase s h i f t  network in  p a r a l l e l  as shown in  
F ig . 4 .2

°21

F ig . 4 .2  Band Pass C onstant Phase S h if t  Network
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The phase d iffe rence  yj between two outputs cun be ca lcu la ted  fro«  Eq. (4.12)

Ÿ  =  2  “  0 1

4Q In  ๆf — +  In  - ~ -  o2 cl

= 4Q In  J —  -  In  -4- 
01 0,2,

4Q In
l f o1

4Q I n (4.13)

= co n stan t

but
2 7 ÎR 11C11 2 (4 .14)

2 77 R12c12 2 71 R22C22 (4 .15 )

then y  =  + 4Q In R21G21
n22C22

(4 .16)
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In  our a p p lic a tio n  we have U n i te d  o u rse lv es to  an audio 
frequency range o f  800 Ha to  4000 Hz which corresponds roughly to  
th e  frequency range o f speeches.

fOl 2 71 R21G21 8 800 Hz ........... .................. (4.17)

f0 2
1 A/. A000 Hz . . (**18)2 71 R22c22 rJ

th e  value fo r  R^I fra il equation  (4 .1 7 )  must be in  the range o f

hundred of k i lo  ohms in  o rder to  match the in p u t inpedance o f the 
o p e ra tio n a l a m p lif ie r , i f  f  1 i s  in  the  range o f  thousand h e r tz ,

th e  velue of C^I would be in  the range o f 0.001 yuF

The same reasoning i s  a ls o  ap p lied  w ith  Eq (4. 18)on fin d in g
a value f o r  c^2 and ร22

The va lues fo r  our f i r s t  t r i a l  were found to  bo

°21 II II 0.001 yuF

R21 220 k a
■ R22 43

from equation (4 .16 ) since the req u ired

t

• IIf|™II + ฬ In

o r 3.1416จ + 4Q X

220
"43

then +  0 . 2 4 0 5 6 1 2 (4.19)
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from e q u a tio n  (4 . 10) and ( 4 . 19) we can c a lc u la te  and R.J2 ,

Q T 1 _ 1 0.2405Q 4 .  .
R11

2 R02 + 2

R โ2

th e n  R21

R11
= R22

R 12
2 .1 5 6 9 4 6 3

220k ก. 
*1 .

= 4 3k S L

R1 2
2 .1 5 6 9 4 6 3

R11 = 102 kSl

R12 — 20 k i l

from Eq (4 . 6 ) C12, C11 can be ca lcu la ted ,

C12 = C11 * 22 X =22

= - j $ -  X 0.001 JiF
0

ะะ: 0 .0 0 2 1 5 juF

from equation  (4 . 7 ) the ga in  o f the o p e ra tio n a l a m p lif ie r  i s
4R,1 1 + 1

12

4 X 102220 + 1

2 .85
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th en  f 01 and f 02 fo r  our f i r s t  t r i a l  a r e ะ
*01 -  T----- ------- T  -  -------------------  -  743 Hz

2 77 R11 G11 2 71 R21 C21

f  «X --------------------------------------------- *  ---------------------------—  ■  3700 Hz
2 77 R22 C22 2 77 R12 C12

Because in  our design  we use th e  approxim ation th a t

f 2 ta n -1 Q ( - ^ ■ ) 3  -  4 Q  I n  —

o o
The p h a se  d i f f e r e n c e  b e tw een  th e  o u tp u ts  o f  t h e  two p h a se  s h i f t  

ne tw orkB  w i l l  d i f f e r  som ewhat fro m  ■ -̂ s e e  A ppendix  A and  P i g .  4 . 3 .  Hy t r i a l  
a n d  e r r o r ,  i f  we ch o o se  f  2 t o  he  3500 Hz i n s t e a d  o f  3700 Hz, th e n  t h e  new 
p a ra m e te r s  a r e  a s  shown b e lo w :

f* 11. 1 1
02 -  2 77

R22 c 22 2 ท แ 12 012

R12  -  20
k a  , c22 = 0,001 yUP

c a n  s o lv e  t h a t C12 = 0.0022 M F

R 2 2  “ 4 5  k i L

then Q2
22

*12
+ 2

-  0.2352

« 3500 Hz

These param eters a re  adopted . The c i r c u i t  diagram u s in g  
th e se  v a lu esa re  shown in  f ig  4»4« The photo o f th e  re a l  c i r c u i t  is  
shown in  f ig  A ,ร. This c i r c u i t  g ive  a satisfactory r e s u l t  th a t  is  th e  
phase d iffe re n c e  is equal to  9 0 ’± 5* in th e  frequency range o f 3 0 0  Hz 
to  9 0 0 0  Hz (see f i g .  4 . 3) .



1 0 0
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F ig . 4 .4  Band Pass Phase S h ift  C irc u it  D iagraa,

F ig . 4 .5  Block D iagraa o f The Band Pass Phase S h if t  C ir c u i t .
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F ig . 4 .6  Photo o f The Band Pass Phase S h if t  C irc u it
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4 ,2  S ig n al .aM Bta& .Çlrojat.
Two s ig n a lsc a n  be added to g e th e r  by a  sim ple o p e ra tio n a l 

a m p lif ie r  as shown in  th e  F ig  4,7

Ho

®0

F ig  4 ,7  S ignal Summing C irc u it
L e t

from

• l  *®2 
ao

F ig  4,7 we can

= In p u t s ig n a l 
ะ* Output s ig n a l 

w r ite  th e  equation  th a t

®0 = ■ ' ao
*0 = I l + * 2

®x
Ï1 ■  .

*1

h

®o
a 2

Then th e  ou tpu t s ig n a l  ec  i s  a fu n c tio n  o f th e  sum o f in p u t 
s ig n a ls  e-̂  and e 2 * In  our p r a c t i c a l  c i r c u i t  we use S*h741 as o p e ra tio n a l 
a m p lif ie r  which has an in te rn a l  frequency compensation w ith  h igh  in p u t 
v o ltag e  range and e x c e lle n t tem pera tu re  s t a b i l i t y .
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Oar p r a o t ic le  c i r c u i t  i s  shown in  F ig . 4 « 8

Ro a  1000 ksi

F ig . 4 . 8 C irc u i t  Diagram o f The SignalSununing C irc u i t

F ig . 4.9 Block Diagram of The S ignal Sunning C irc u it
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4 .3  Quadrature S ignal G enerator w ith  N onlinear Amplitude L im iting

A quadratu re  o s c i la to r  c i r c u i t  which u ses am plitude l im itin g  
i s  shown ir. f ig u re  4.10> two o p e ra tio n a l a m p lif ie rs  a re  used as in te g ra to rs  
in  th i s  c i r c u i t ,  two zener diodes a re  used as an am plitude l im itin g  d e v ic e s . 
The behav ior o f  th e  c i r c u i t  i s  b e t t e r  understood i f  th e  n o n lin ea r l im itin g  
on Ag i s  f i r s t  ig n o red ^ a fte r  th e  l in e a r  behavior i s  described  th e  e f f e c t  
o f  th e  n o n lin e a r ity  can be considered .

In  considering  th e  l in e a r  behav io r, l e t  US assume th a t  th e re  i s  
an i n i t i a l  v o ltag e  o f ¥ 1 across c a p a c ito r  and o th e r i n i t i a l  conditions
a re  ze ro .
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Laplace transfo rm s o f v o lta g e  6]_, ®2 and ©3 a re  given by

£ 1 (.ร) RjC1ร + 1 E3 ^  + ร

E2 (3) = g r r  *c พ

£3 ( ร) = r3c;  ร Eo พ

Assuming id e a l  o p e ra tio n a l a p l i f i e r s  Ej (ร ), Eg (ร) w i l l  be e q u a l.

£1 (ร) -  E2 <s)

D efining T1 = B, c,

T2 R2C2

T3 R3G3

then  the  output. £0 (ร)
(a + ^ r >  ( •  + ^ )  V,

3 , / 1 \ 2 , / 1 \ _ 1 1ร \ m / s "̂" V m ip / 3 m m rn
1 1 3  1 2 3

i f  T1 = T2

<3 + t7 > 2 V|____________________
ร3 + ( f j - ' s + ( ï ÿ r ^ s + TjTj^T3

( ร + ~ )  V๙ไร(ร m m /TtT3
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T h e s o l u t i o n  a s  a  f u n c t i o n  o f  t im e  i s  f o u n d  b y  t a k i n g  t h e  i n v e r s e

l a p l a c e  t r a n s f o r m a t i o n .  T h u s w e o b t a i n

«ช( t )

w here ? =  ta n

i f ท
ฯ cn

E-III

th en e 0 ( t ) i

and ® 3 (t) II

+  1 s i n  ( 

T1

, 1
J v 3

t  + y/)

K h

Then th e  o u tp u t  80 ( t )  and  ©2 ( t )  have  th e  same a m p litu d e

w ith  90* p h ase  d i f f e r e n c e # i n  t h i s  c a s e  th e  f re q u e n c y  o f  t h e  o s c i l l a t o r  
i s

fo 1
2 77 RC

w here R -  R1 -  Ra -■ R3

c CM
oIId~II II o V-O
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In a p r a c t ic a l  c i r c u i t ,  s l ig h t  mismatching o f components w i l l  
cause th e  c i r c u i t  to  slow ly converge o r d iv e rg e , i f  Rj i s  d e l ib e ra te ly  
made s l ig h t ly  g re a te r  than khe 0s c i l a to r  ou tpu t am plitude w il l
d iverge (1 1 ).

But i f  l im i te r s  c l ip  th e  ou tpu t o f th e  ou tpu t am plitude

w il l  be s t a b i l i z e d .  The output d i s to r t io n  w i l l  be roughly  p ro p o rtio n a l 
to  the degree o f mismatch between R.jC.| and d is to r t io n  w il l

g e n e ra lly  be lower a t  th e  ou tput 8 0 than  a t  th e  ou tput «3» [ n j

F ig u r e  4 .1 1  shows th e  p r a c t i c a l  c i r c u i t  u s in g  
two/V\A741 o p e ra tio n a l a m p lifie rs  to  genera te  two s h i f t in g  frequency 
B ignals having 90 degrees phase d if fe re n c e  between each o th e r  •

The frequency o f  th e  quadra tu re  s ig n a l g en e ra to r 
i s  between 4 Ha and 12 H* [ 5 ) , see page 11. For our a p p lic a t io n , we 
choose f  ะ* 6 Ha which corresponds to  th e  fo llow ing  p r a c t i c a l  values
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-  o f compoonents R=270 k s i  Cs 0 .1  yiiF as shown by th e  o a lo u la tio n  :

f
1

2 7ÎRC
1

2 JL  270x 103. o . lx  lcF *
= 5.89 Hz

The block diagram f o r  th e  quadra tu re  s ig n a l  genera to r i s  shown 
in  F ig . 4.12

F ig . 4.12 Block Diagram of The Q uadrature S ig n al G enerator

F ig . 4 .13  Photo o f The Q uadrature S ignal G enerator

T  1  1  ‘- ใ  0 i £ )  3  é>
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4 .4  A nalog  s ig n a l  M u l t i p l i e r

T h e re  a r e  many m ethods in  th e  a p p l i c a t i o n  o f  o p e r a t i o n a l  
a m p l i f i e r  f o r  m u l t i p l i c a t i o n  o f  a n a lo g  s i g n a l s .  We w i l l  c h o o se  th e  
c u r r e n t  r a t i o i n g  m ethod , n o t  o n ly  f o r  i t s  a c c u r a c y ,  sp e e d  and  c o s t ,  
b u t  a l s o  f o r  i t s  e x c e l l e n t  l i n e a r i t y  and  te m p e ra tu re  s t a b i l i t y .  F ig  4 .1  
shows a c i r c u i t  d ia g ra m  o f  a c u r r e n t  r a t i o  m u l t i p l i e r .

F ig . 4 .14 C urren t R atio  M u ltip lie r  C ir c u i t  Diagram
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Fig. 4..15 Principle of The Multiplier Circuit Diagram

The main part of this multiplier circuit is shown in 
the figure 4.15 . In this circuit the currents I3, I in
the collectors of transistors Q , Q4 remain in a constant ratio 
equals to the ratio of the external current 1ๅ and 18

The current 1 ,̂ 1  ̂ and I8 are generated by constant 
current sources. The currents and voltages of the circuit are 
related by the following equations I lo)

A, vd lI7 = K1 e

: I; ;; ะ,
I 4 = K4 e ^  v be4

where K1 ,K2,K3,K4 are t*16 current when voltage across junction=0
A  = ---- -- ------------------------------------- (4.2๐)A  =

k.T
q = Electronic charge 
k = Boltz mann's constant 
T* = Absolute tepiperature
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and Vjj = V o lta g e  a c r o s s  b a s e  and e m i t t e r  o f  t r a n s i s t o r  
= V o lta g e  a c r o s s  d io d e

I f  th e  t r a n s i s t o r s  and  d io d e s  a r e  m atch ed  to  made
A  = A ,=  A l = a  3=

K1 = K2 = K3 = K4

th e n
K, e * ,vd l

VK„ e 2 d2

0A  (V -V ) e d 1 d 2 (4 .21 )

and A(V -V _) !. be  4 be 3 ,(4 .22 )

The lo o p  e q u a t io n  can  be w r i t t e n  
V + V,d l

d l

be3

d2

V + V be4 d2

Vbe4 Vbe3 ,(4 .23 )

By s u b s t i t u in g  eq u a tio n  ( 4 .2 3 ) in to  th e  eq u a tio n  (4 .21 ) f  (4 .2 2 ). 
then

s i m i l a r l y
8

i l I 5
T6

th e n i l  B i i
(4 .24 )
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From Fig. 4.14
* 3  + x4

T5 + *6

*3 + x 5

‘10 l r + I .6 4

then

*1 + *2
^  +

from F ig  4.14

■ 7 = —4. . i j
X1

1 3"8 =

from E q .{ 4 .2 4 ),(4 .2 5 )

V 1»
E< - h  > .........................
R( Ig -  I 7 ) ........... ..
R1 ( *9 -  ^10 >
R. ( I x -  I 2 ) . (  I 3 -  I 4 )

,(4 .25 )

,(4 .26 )

.(4 .27 )

,(4 .28)
,(4 .29 )

then  from K qSs(4.26), (4 .2 7 ) , (4 .2 8 ) ,(4 .2 9 )  we have
R, . e . e i X y

R R. I,

R2. I ,
{ e . e ) X y
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B ecau se  R1 and R a r e  c o n s t a n t ,  I Q i s  a c o n s t a n t  c u r r e n t
s o u r c e ,  so  V i s  p r o p o r t i o n a l  t o  e m u l t i p l i e d  by e .0 X y

The above c u r r e n t  r a t i o i n g  m u l t i p l i c a t i o n  m ethod w i l l  f u n c t io n  
a c c u r a t e l y  i f  th e  t r a n s i s t o r s  and d io d e s  a r e  d y n a m ic a l ly  m a tc h e d , t h a t  
r e q u ir e m e n t  makes m o n o l i th ic  c o n s t r u c t i o n  a t t r a c t i v e  f o r  t h i s  ty p e  o f  
m u l t i p l i e r .  Then in  o u r  s tu d y  we u se d  a m o n o l i th ic  f o u r - q u a d r a n t  
m u l t i p l i e r  c h ip  MC 1495 w hich  h a s  an  e x c e l l e n t  l i n e a r i t y  1% e r r o r  on  
X i n p u t ,  2% e r r o r  on y in p u t  w h ich  h a s  a c i r c u i t  d ia g ra m  a lm o s t  th e  same 
a s  t h a t  d i s c u s s e d  above e x c e p t  f o r  th e  a d d i t i o n  o f  c o n s t a n t  c u r r e n t  

s o u rc e s  I and Ig

The p r a c t i c l e  c i r c u i t  and  b lo c k  d ia g ra m  are  shown i n  F ig .
4 . I6 a n d  F ig .  4 .1 7

80ka 80ks\

F ig . 4.17 Block Diagram o f The M u ltip lie r  C irc u it
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ÜÉ?\

F ig . 4.18 Photo o f The M u ltip lie r  C irc u it
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4.5  The over a l l  system.

The over—a l l  system th a t  can s h i f t  the in p u t s ig n a l 
frequency by an amount o f A f which is  genera ted  by a quadratu re  
s ig n a l gen e ra to r a re  shown below in  F ig . 419 and Fig. 4. 20

Quadrature s ig n a l  genera to r
F ig .  4 . 19 B lo ck  D iagram  o f  F re q u e n c y  S h i f t i n g  C i r c u i t

F ig .  4 J20 C i r c u i t  D iagram  o f  F req u en cy  S h i f t i n g  C i r c u i t
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