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- ABSTRACT - o Coe .

»

Active all-pass clrcuits have been known since the early
1930 s.in their equivalent\vacuum-tube versions,'yet they
never seemed to find practical applications because of the

S previous cheaper cost and better rgliability of the classical
. $
passive constant-resistance networks. With the discovery gf w

the transistor and the subsequent ‘introducf:ion of differential
operationalvamplifiers having lmproved characteristics and
excellent‘lowéprices,;a great quantity of[work-has been accom-

"~ plished in the past few years forl;he'realization of "All-Pass

Transfer Functlons” using operational amplifiers and RC or RCI .

¢ PP ' o

"~ elements. '° : o . | : s
It i%\well known that group delay response, liable to be
' introduced in a system by cables, amplifiers, etc R must be

compensated for by cascading "A11- Pass Networksm (normally of

N

secdnd order) having a complementary delay frequency response.

)

The realtration of each second order all-pass network requires

four and two inductors “for 1ts balanced and unbalanced{versions

A

\ s Y
reéspectively. Also, at re&atively low frequencies, large ampli-,
tude distortions are introduced in the system response by the
- inductors limited by quality factors This amplitude distortion

must be Subsequently compensated by "Amplitude Equalizers"
. . [
. ‘ In this report we shall demonstrate that active

all-pass networks e*hibiting very flat amplitude response andf‘
. \"‘ °incorporating the required delay or phase characteristics can -
’ -

}.;ﬁ . "be\realized using operational amplifiers, with superior perfor-

-

mance and lower cost than their passive equ}yalents. An actlve kd
- A - . .

viii -
S o ‘ ;; , k L \.
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«

b -

all—paSs network.is .first derived from 1its passive lattice B
\ » ,

equivalent circuit using RLC elements.(The inductors are 1ater .

simulated through gyrators and capacitors. Experimental results

, -are included comparing performance with and wﬂﬁhout minimum ‘ Coe

_ sensitivity design with respect to the operational amplifier < T

.

gain. An all-pass transfer funct&on with real or complex poles

and zeros is realized using a single operational amplﬂfier and -
r i v

RC elements, and the effects of using isolation amplifiers

.-

between- sections is also shown. Practical 1inutat&ons, such as

.

the effect of source’ impedance finite operational Amplifiers
. gain-bandwidth product, and dissipation present in tuned :

>
e
} i,

4 -

LC-kircuits, are invést}gated .‘: c

i : ' . . . .
. . , . . L * o . * . . \
o 4 . » . . w .
. > ¥ a) . . - ?
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CHAPTER'1 - - .

.~ LITERATURE SURVEY , .°

’
. ’ ' o

1 1 - Introduction

o

e

The transfer function of a- second order all-pass network
- ‘t N / . . .
is given by: ) e . - . W
S | iW'(s).-. (s? - 2aw, 5+ W 2)/(s® + 2aw_-s +w2) - (1.1)

The poles and zeros of this function are the negattve ‘of

one another as 1llustrated by the pole=zero sattern of Fig.-1.1.-

*

The most familiar and classical realization of -the above function .j

’ (1)

o through the years nas ‘been by using symmetrical lattilces
' terminated by constanv resistances in either their balanced or
unbalanced form In the following pages, some of the active

structures(2’3’u’5’§)which can realize—the transfer function

“ i y

'Qshown in equation (1.1) are described.

!

1.2 Yanaglsawa Configuration-

Yanagisawa 5 configuration(7)for active filters, using -

”» 4

a negattye impedance converter of, the current inversion type,'

/- [

K 18 given in Fig. 1.2. The open circuit transfer voltage ratio _ :

of the network is gilven by ¢
.- q : . '

-

— _ vy e Yy .
KW= 2| Lo -y Yo1a)/ Moz Y22a) ' 1.2)
‘ : Vil 127 .

showing that tl‘ NIC controls the zeros as well. as the poles .

of the transfer function Kv(s). Knowing that Y and Y

22a 21a .
cannot be~synthes1zed separately, Yanagisawa proposed the '
use of idnverted L sections fopr networks N and Nb’ as shown

n Fig. 1.3. For this circult we have ) SR

’ ° )
» N ) . N
@ X -
-~ . . 3 "
>
. . v, .
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‘Fig. 1.3 Yanagisawa's filter with inyerted L-sections




L e e
_ i , ] ’ ' - , . L ‘ , . ) ' e '
- B 4
‘ h g
2 I P S ¢ A )
W T I=0 L (YY)t (YY) ‘
Writing K (s) as
K (s)=_Ns) = N(s) - - _(1.4)
D(s) N(s)+D(s)-N(s) ' cy
. and\dividing the numeratoi of equation (1:4) by é polynomial
*"§ P(s) with m-l distinct negatlve'real roots N R D YRR RNl
" where m ds the order of D(s), that is: ' e
pg - :
R(s)= | (s+as) " (1.5)
L=l ‘ .
we obtain ) : ’ ’ <. .
\ . © E. 2 . : , K}
b - ¥,.-Y,. N(s) =ks +k_+ kss/s+as - (1.6)
la. lb—ﬂs—) ~ o] =1 ‘1 1l N .
-t
’ U [] , - .
B YZa—YZB—Bigéigéglrﬁf +,k3’*%§;-kls/s+al (1.7)

_an? o
a

j“__’ .
where the partial fractlon térms with p051t1ve re51dues and

negative. residued are reallzed by Y 2 and Ylb'YZb

/

.'rgspecfively. It‘should be nbtedAth%F the structure of Fig.l1l.3 .
) cdn accomodate any required physical load simply by adding .
-its admittance to both Y, and‘Y2b leaving the comﬁlete

1 response unchanged. To realiz#Athe all-pass transfer function

3 . : . = \
|

‘ . of equation (1.1) we choose ) L _—

o  Ps)=s+w . ° : / . (1.8)

&

fzi‘~”5nd using equations €1:6) and (1.7) we obtain
. f ! . :
2 .

= r2_5%4.
. Yi.7Yyy, = 8 2dwn5+wn (1.9)
. h s+ ‘ J ~ . - ‘
. . ‘ : S o . '
¥aa¥op =4S . o — T 1.10)
. s4w_ . e :
-n — . .
b which gives - ' . . . 4
.\-\ = . . i ! »‘ ' , L ,‘l N \ ‘ . ;
¥, 4dwns[s+wn ’ . . . _ f}.}%)




Y, =0 - N (1.12) .

2b t ] .
S ; v

¥14.= 4w N . . ' «(1.13)

~ I/

Ylbia 2w (1+d)s/s+w ) . . '(1;}4).

7

Equations (1.11) to (1.14) yield the realization shown in

9

Fig, 1.4 with: : o

)
]

l/wn ' ( ‘

1

0
if

N
"

1/2w_(1+d) ‘

N
{1

2 (1+d) : 4,

4

1.3 Realization Using -Two Operational ‘Amplifiers
7 - 0

Let's consider the structure bxoposed by Ldveflng(s)
shown in Flg. 1.5. Suﬂglng the currents at the amplifiers .

ty

inputs we obtaln-' <. ‘ : - _
11+YV +Y4V2=A‘0 . _ S ,.(115)
2 1 + YSV + stz = 0 - - ' - '» (1 16)
and ch0051ng Y3=Y5 and ellminatlng V we qet -
K (s)= VoY1 - Y5 - g (1.17) -
V:L RIARRD

Lettlng Kv(s)—N(s)/D(s) and dividing the numerator and .
denom1nator by the auxlliary polynomial P(s) .having m—l
real roots -a 1, az,..., ~an-1
s grea?%r, we can then identify

or D(s), whlcheve

. 1 . -
s - . -
. .

' where m is the order of N(s)'

= N(s1/P(s) = ks + k, + ZJ kis/s’fai '(1.18)

Y - Yy - D(S)/P(s) - k s + K + 2‘ K s/s+a1 (x.19) -
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. Fig. 1.5 Léveriﬁé second order all-pass realization




/ . / i 7
Here, as ‘with Yanagisawa' s RC~NIC synthe31s procedure, the
partlal fraction terms with pOSltive re81dues and negatlve
re81dues are reallzed by Yl, Y6 and Y2, Yh respectlvely. To
\ . )
reallze the all-pass transfer functlon 6f equation (l L) '”_
with d(l, we choose .o ‘ ”“ . '
"P(8) =‘ s + wn o R -' | (i_zo)_. .
- . obtaining ' ",i , .
- Y-y, =[s+w ]-zw' ,s..(1+d)‘/s'+v}\ AR ¢ 3¢ 38
) — . S .
Y - Y, =[s+w ] -2w s(l d)/s+w L © o (1.22).
Y =% = 1’
1 6 84w, R | (1.23) s
, JUP ) - L 5
¥§) = 2wns(1+d)/s+wn~ . CeL {1.24) .
Y, = 2w s (1-d)/s+w_ - . ‘ ‘  0 (.25)
. Thqse values result in-the .circuit of Fig. 1.6,:where: o 3'023 : ‘
Ry -=Rg = 1wy, . ’ e e
iz ‘91 :'= 06 = % = R5= l" JANE ’ . ‘ ) R ‘. | ‘ .. 9“'
( . i . . . ’ ) -
B . C’?f,' 2(l+d) oo ‘ ‘ - . ) ‘
a ‘ - ~ * ’
‘R, = l/2w (1+d) R N ' , |
\ . " :‘ L4 i s ! i’ . ’ e . ‘ |
, Cy = 2(1-d4) — L -
(3 R . R T, ) e * |
Ry =al/2w 1-d) - L A . N
- 1.4 Bobrov Realiiation(g)Using,TwB'Operational Amg;ifiersY R
- Let's con51der ﬁhe structure shown in Flg. 1.7. The B A
trad%fer functlon of @hls clrcult is: : - .
. =N(s)/Q(s) = (y _ ot y
K (S) W (¥3 }"Yu)/t(_Yl+Y3+Yu[?‘ 1],Y2) , 4(1.25)_ . ¢
_ B ‘; i L s . . . . . . . . [} : . ,
‘ v | . o s - ;
. . T ‘ ’ '
S » ; (‘(

-
’
’
-
*/.' N
¢
[
TR
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we ghoole\Q(s)=s+w yielding - ' _f/ T

To reaﬂiée the all-pass transfer function of'equation_(l.l)

\

s+w —[2w (1+d)s]/s+w " (1.27)

Ky(s) = ‘s+wn Tantl-d7§]T+wn

Making #=1 and «=2 and comparing expressions (1.26) and .

»

'(1,27Y we obtain '~

I A wag - (1.'289)
. YP é‘%znfl+d)s/s+wn . ) . | ‘»;, | (1.3?) "

,f =0 o ‘ o 1.30)

Y, = 4w s/s+w_ T . - . (1.31)

To énable comp&nsation for input and load 1mpedances, Yl -

can be chosen fg a constant which is then added to ¥,. In thl§ o

A

structure, the p >les and zeros can be controlled 1ndependent1y

by changing . the galns of the. ampllflers, and the structures

. can be cascaded w1thout buffer stages if a . non lnvertlng

:, voltage amplifier with very low output impedance is available.

1.5 Synthesis Using{Differential Input Aé%lifiers'
% - '

ConSLaer the active RC conflguratlon of Flg. 1. 8(10)' . ’

The transfer func¢tion of thls cmrcult is: -
o= o T
v 1 Tp{igt¥ctiy Yp(Ig+ip+ip ‘ '

Choosing ' YE.. D._O ' : (1;33%\
' 4
YI:':: B, . - ’ ’ (1.34) '

.

equation (1 32) reduces to the all-pass transfer function:

) K, (8)_ Ya¥p - Yp¥c _ Yp(¥y-¥)
: Y*YF + Y%Yc !FZYA+Y07'

(1.35) .
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: Equation (1. 35)'resﬁfts'in the strdcture shown in Fié. 1.9.

—

Much more 1iterature is availablenfor the:realization of.
active all-pass networks, most of which deals. with real}-
zations using twé or .more operational amplifiers. ’“Q

2

In the following chapter, the one operational amplifiérJ/

circuits shown in Fig: 1. 9 will be" analyzed more extensively SRV

L

because of thelr simplicity and»minimum numngz\gf componen€s, -
thus making 1t more attractiVe for low quantity preductiom-.

L]

using ‘discrete components For _very large quantities, reall-

Q

zations through integrated circuits would probably be preferred»

-thus ‘maklng more fEasible the use of more than one operatipnal~

1

amplifier.to reallze each second-order all—ﬁass section.
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' SINGLE OPERATIONAL AMPLIFIER ALL-PASS STRUCTURES

. ° P

N ’ i.l ‘Intxroduction ..

It is 'well k"r'xo at for a symmetrlcal lattice, as

shown in Fa.g 2.1, assuming the load resistance is large

/

enough so that the loading is. /negligible, - we have:

Iy = Ty =172 (Zy42p) = Ey/Ty | (2-1a)
. "1 % _ \ . " b} |
f12 = 1721 Zpnlhy 1 = Ep/T . J(2.1b)
ths S - R
. C(Zgr) /(2420 - 2.1e

N%JW&Q;LLAL&QH&H}EMMS tant

" registance “R" ~we thén get: .

l}. (R-ZA) . (1- (ZA/R)) . .
L N e v 22
' ’ 2 ™ o I

and ZAZB = R - C \ (2.3)

C - Under these cdonditions the input 1mpedance of the

) cascade connection of any number of lattices is always "R",
-\ '

- and if:

ziz(jw)|=R for all valuef of/ "w", then the network

has an all-pass behavior. e

- ———

2.2 One bperatiqnal' Amplifier All-Pass éti'ucture

\vl N t
s 6)

‘It has been shown

that a phase splltter 01rcu1t,

'Fig.2.2, with a ‘Thevenin equlvalent as shown in Fig.2.3, wi@\b

have the_trénsfq .»f\unction of equation (2.2) under cei:ta_in '

ig . ' conditions. In Fig.2.3, T, and r, represent the sources

inmpedances and x accounts for differences in the amplifications

’ M N -, . .. . - .
. ¢ ~ - * ‘ v -
P - : oy '
. A . . - L
. . .
N [ - y -
‘ ‘ ! . * . . i R .

[}
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(// , Fig., 2.1 Symmetrical lattice. - S

.
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’ Fig. 2.2 Transistor phase splitter. ' o .
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T2 .
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Fig. 2.3 Equivalent circuit of phase splitter,
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W

of the two loops. The,tranéfér flunction is glven by:

. -
N *

which 18 similar to the previous equations (2 2) Qnd (2 7); .

“
Y

| . - )
K, = ;?. = ::L;RT (:R R,;z), 22 : C T (2.4)
1 At Tot R 44 N
. 1
3 +RLf
o wh?re- R'= rl+z1 e{/ / g
>~ Comparing the abov uation to equation(2.2), we see that
to make the two Lden ical we must have.: - .
N : R'RL ' . o
| S, = ... S ' 1y
(x R. r2) r2 'R'+R'L < ‘ 4
’ ' oo
thus: x = 2r2_+ RL = 1+-2r2 - R R (2.5)
RTVRTER, U o ‘
. ) R'RL . ‘ ..
~and "R =1, + -R—r_-'_—ﬁ;—— o (2.6)
| Subétituting equatigns -(2.5) and (2.6) into equation (2.4),
we “fimally obtatnT >
-z, -Z,/R o '
k=R RZ _ Ry 2 @, (2.7)

,RL+RT'* R+Z2 RL+§' 1+227R . ‘\"
Replacing the,transistor;in Fig.2.2 by én,Operatioﬁal i
amplifier we obtain the'all—pasé circuit shown in Fig.2.4.

For thls 01rcu1t assumlng infinite 1hput 1mpedance, zero
output 1mpedance, and very high operatlonal ampllfler galn, :
\ ¢
the admittance ?\atrlx is: ~ . .
- N C Z S .
) = E o . (2.8) ?
' - . ‘ s . ’ 5
! .KYQ-Y]_ Y1+Y2 - . ¥ \
and the transfer function is: 3 v \
\'A -KY 1-XY fY - - p .
v = 2 | . @9
1 Y1+ Y2 “IF Y /Y1 ° : L : ,




\ . PR
' ! (4,11)
B, B Bhattacharyya and M N.S. Swamy

' s n’ ' .
all-pass circuit of Fig.2.4 was equlvalent .to Genin's cirecuit

showed that the

(3)

shown-in Fig.2.5 and having _the’ transfer ‘function: T

»
v, 1 ~K2Z, /z . o L (2.10) °

2 _
1 1 +.% 722 . : ‘
Now, if in Fig.2.l1 we asSume that Zp and, ZB are lossless(LC-

V']

network with infinite quality factors), then wefbave.

ZA = RA+JXA = JXA . . . ."""'

Zg a&RB¥JXB‘ =Xy - o T

E, I 1 R-JX, Jx <R ~(2.11)
y E,5T;C o8+Jb SRHIX, T | ‘ ’
The attenuation and envelope delay o? equatlon-(Z 11) are

resPectlvely gmven by-

»

a-= U

db - 2R . dXA o 2R- ,HXB .

= aw - 2 2 . o~ 5 5" — ¢ - (2.12)
R +X dw R%+X dw

1n practlce, becguse of element losses, the real parts RA

and RB of Zk and are not zero, resultlng in a flnlte

attenuatlon valuel a’ varylng ‘with frequency. -

=

" - A ‘
2.3 DESIGN OF an ORDER ALL-PASS NETWORK USING GENIN'S

CIRCUIX

A second order all-pass lqptice was first designed as
''shown in Flg 2.6, where: R

YL e1mec =mR o, - "t (2.13)

ra -

-3

m = Steepness factbr = 0.2; -Fr= 1000 Hz,

a r-a ~ - i o - .
= s, . . ) -
wly = 1wCy = IR | \m)»/ .

-

A T
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h "Bhattacharyya configuration”
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e Fig. 2@5 Al;yﬁgis network using operatlonal ampllf{ers\
' ‘ *"Genln s configuration®
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/ .
This.circuit (for m¢l) was next reduced to its unbalanced

, ,form, Fig. 2.7, with values:
L,= 19.0985 mH | '
L, 477.4648 §H - VL ] e
C,="1.32629 MF yauls

C

i)

b .05305 MF’

Fo= 1000 Hz; m=0.2; R; =R .= 600 1 _— .

and its amplltude 4and delay responses wvere obtalned using - -
the computer library program fMesh,Del", available at i
. Northern Electric. '
,i“~ "The all—pass ective circuit shown in Fiq. 2.5, with';‘ﬁ
Ksl,éna psi;g Fairchild operational amplifierlMA541C, was
next mounted and its:response, measured using the instruﬁents
listed in‘fable 2.1 , is shown in Fig. 2.8 as compared to-the
R i‘ passxve all-pass 1attice results ‘The parallel LC-conflgura-
tion was used for Z2, although the series configuration’ ‘
could haye equally een used The: graph shows that the delay R
xesponses of the tWO networks wereﬁpomplete1yﬂ1dent1ca1 while N

the amplltude<rgsponses were closely matched and shifted by

approximately 0.4 do. Note that no atfempt was made .to compen-

\\ sate for the inductor dissipation factor as our present
’ ) ' 4

‘ o ' [ .b

exercise was to simulate the response of the passive circuit

.

/

.as close as p0881b1e. _ L .

Having proven the equallty of the passxve and active ) -

Y

circuits, we ‘tried to improve the amplitude response.-From‘

equation (2,10) we have: a ) . ;
Vo  1-KZy /fa 1o (KR /(RyJX5)) - (2.a8)

—
——

’ \j ' 3 -‘
v 1+ zllz 1+ CRy/(RpbiXp)) T

- N -
. .
. - N - ] t
. .
) "

5]
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TABLE 2.1

TESTING AND ADJUSTING EQUIPMENT

. | ] \\' -

4. VTVM

[

- B

@ —
-

R § . £ L,
1. Delay .and Attenuatio
Eand;Goltermaﬁh;ModelrLDS—Z & LDE-2.

2. Frequency Counter H.P., Model 5321B.

3.h Power Supply, Harrlson, Model 62063 (2 requlred)

v

‘H. P., Model 400EL (2 rqulred)

-

o

Meaguring SeE,Wandel

.

‘v

5. Signal Gene;aiyr; H.P., Model 200CP ‘(600.2)

«

-

'
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A - “
s Rl .
~- ) )
\\w ~ Looking e{iequatioh (2.15) we see‘that-to keep the
amplitude constant we should have: . < ' )
| (1-(KRy /R5))/ (U(B{/R))) = =1 . - . "7 (2,16)
wher.je: ‘,R'1 = .7, n
'ﬁz = Real part of,Z, =.Inductor effective

, resistance .
L

and this could be achieved by increasing the gain. of our
. operational amplifier "K". |

ef=111)
"were used in our next experiment. Two secondéorder"all~pass

. ', To prove our point, NE-QHP85 inductors (Q,=23,R
. ) &

_\_///’ ’ networks were.cascaded ‘together with center frequencies

<

at 900 Hz. and 1Q00. Hz.- . .

With Rl 410.n. , from equatlon (2. 16) we obtalned.
(1- 410K/117)/ (1+ "410/117) = -1 . @an
thus: K.= 1.57. . | |
Two'aetiﬁe circuits were next mounted 4K=1.7j, and.' -
. ‘ their response Were measured individually d in cascade,’
"as shown in Flg. 2.9. The.computed and measured delay
responses agreed very closely, and mosF.importan;, the
compensation allowedhin.our operational ampIifier to offset
the inductor dissiéation'made the amplitude response of the
active qircuitaExtremely §latlas cempared to its.passiye
counterpart which had a 6.5 db. amplitude diségrtion at the
center'freguency.Here\gt\should also be poﬂed that no extra

) .
operational amplifiers were used in .cascading. the two second Nl

? . ¢
order sections together.
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rations

CFJ‘.'g‘. ?...10, was finally chosen. In this CerUlt:

2.4 INDUCTORS SIMULATION WITH GYRATORS ; o

- 3R
\ c T . . o,

Our next step-was ;directed/towar.ds ‘repl_acini;‘ the

Inductors by the use of gyrators. Three main circuit configu-—l

(12,13,14) were investigated and .Antpniou's 01rcu1’t (12)

-

a) Ré/Ru sets the .gain
b)l For fixed values.of “C", the ‘simulated inductance
can be varied by changing .'!Rl ". -

o

The componehts used in our two gyrator circuitswere:

[ 4
-

Rp=R3=R;= 10 KAt 10% -
" [c11=[c"1';= '.o 7,1&.' ‘ -
"[Ry) )= 2004%5%
[R1] = 210415%
IRA] —[RAI =04
Amplifiers were Falrch:le ,aA741C
.VDC= 8.5 Volts
The results: obtamed from the two cascaded circuits,
Kl e 0. 935, are shown in Fig. 2.11. Agam the delay reSponse

matches the computed response very closely while the ampl:.-

~ tude response ls still very flat. Also, as seen from the graph,

. the delay ‘response 1is a.bsoiutely stable over the temperature

range 0°c to 50°c, while th¢ amplitude response varieés by.a

“tolerable amount, although the temperature coefficients of o
. . o, ~

\

the passive elements’were not matched as ordinary carbon

-resistors and NE-535GS capacitors were used.

¥ ‘ .




Gyrator terminated by capacitor "C"..

o ety

* by 50
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ond ORDER ALL-PASS NETWORK gksmo

2.5 DESIGN OF 2

BHATTACHARYYA CONFIGURATION. \ '

ﬁollowiné the sameé procedure as explalned in the pre-P
ceeding seotiona an all-pass structure was realized'using
Bhattacharyya configuration(?) shown in Fig. 2.4. The results
were exactly‘fdentical to the ones obtained from Genin's
" structure, Fig. 2.8. '

When two'snch sectlons were cascsaed without 1solation

~.»: at both ends, errors of approximately 5% and 10% resulted.in

the overall delay and amplitude responses respectively. 'This
inconvenience was easlly elimilnated by introducing an‘isola- -
tion amplifier(voltage follower) between the two sections.

-~

'The transfer function of the voltage follower, Plg. 2. 12

-~

"is given by: -
E ' e t ‘ ' : ’ l
out = 1/(1+1/A) - (2.18)
B, x )
” n ) i ' : ’
S (1f A o) '

The results were again simllar to the previous circult

as shown in Fig. 2.9. Also, as in most practical applications

2

- an-overall gain 1s required in the amplitude response so as to

d'jcompensate for losses present in other system sections, the

:voltage follower is ugzally replaced by a non-inverting
amplifier, Fig. 2 13, having an overall galn greater than one.
The transfer function of thls cilrcult 1s given by:

Gain = E . /E, = (R; ¢+ Ry )/R, J ‘ (2).19)

-
ey T ,q“vc
g™
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2.6 ALL-PASS REAI;IZAT];QN WITH MINIMUM SENSITIVI’I"Y‘DESIGN.

{15)

In a recent paper ' Bhat&acharyya\and 5wamy J.nvesti-!

gated the realization of the all-pass transfer functg.on.
T T(s) = 82 — (atb)s + ab

. gz + (atb)s + ab.

using RC—elements .while mlnlmlzlng the sensxtlvzl.t.y of the .

a>by0- ‘ (2<20)

.

-network funétion with respect to the amplifier gain"K"_, Fig.2.14.

o . Using Horowitz decomp051tlon(16),, giving minimum sensi- -
O . tivity wn.th respect to Kfor the numerator of equatlon (2 20),

the a.uthors obta:.ned\_\) . .

- D@L =\ (s+VEBI - s (W +v5)2 ; Kel (221" -
‘y ' s+ + g - . o N . ! ' . .
- Equation (2/.21) reduces to: -
] ° . " Yl + KY2 AN \ ' . '
. )= Py | o (2.22)
Yl + 2 . ’\\
’ . ‘-—— . ' ‘ ,- . i \\
f‘hy\letting- RN T, T §
: = G, + SC, =.1 (Vab + s) . (2.23a)
1 1 s R TR . ‘
{ - Cor . . ~ ' |
‘ Yy (Ry+ 1§ =((VEAVE (1+4¥8B )] (2.:23b)
. ) sC, & ~Vb)*F - Y
. " [ |3 . |
S ‘ {[(V" +VEB)/ (V& -VS)J} \ (2.23¢) , -
o . . ) Rlcl = R 02 = l/vas , o I‘ i (2. 23d)
Y-t ' A balanced second-order Rc—latta.ce as ahmm in. Fig.2.15
1. - ,
and having the transfer function', . _’
9 .

R C o 1= (EF) 2. mvEETs 1 (2.24)

> s Where g is norma]dzed
(Vas ) + mVas' +' 1

" with respect to 1/#«1.
. - - was next designed with: : - -

£,°1000 Hz. . o o




R2= Rf@ m
Caz m C/v&.

Fig. 2715 " RC -~ SECONP ORDER LATTICE. - BALANCED- FORM. -
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.
A

-

& =

m

C = 1/2mE R = 5032.921210 P£. _ |
w<‘CR¥1 A ‘ R

Using R and C'we " 6btain. :

R, =
v C' =
R2=

K

Y \/'Using " the

& N - - - *
. ’ ~

0.7 L : < 4
*. .+ R=VT0 *;‘104 = 31622,77 A

'Cp = mC/V& = 3523.04484 Pf. ' C

~

mR/@ 22135 9436._,\,
C/¥am = 7189.88744 Pf. :
R/YE m = 45175.39514 .4 - L ,

valués : R=31625.7

' €=5032.9212 Pf.
v . 1/cR= 27w*10° '

LN

<

®

in. the transfer (fupct:.on- .

- j—

|i

&

T(s) - 2K) = 3K [RCw- (Rcw)” § o (2.25) ¢

or T(s)'—'K[s 2,8 (1 /t2) (cR] +(cn)

. wWwe obtaf¥n:

 T(s)KIs2~6 17 *10

-

Compariny equations (2.26) and (2.20')'\we see that:
“atb = 63T *10%

~

Solving these equat;mns for a and b we get~

b= 2;3929632”29 w103 N R

3 +] [RCw—TRCw)"] »

“2;  ; R=-0.2 - (2.26)

ab. ’=

a= 1.644953269 ac® T

5%+ 3 (CR) =L 4 er)T " BN ' )
Y : B . -

{

\

35 + 2mr*10312 (2.2%7
T3

0

87461 *10°s + (211‘*103)7]

3

(21r*10) . ,'_‘W

o
=

i~




> |
Feeding_thesé.vaiues:inio,equstions (2.23a2) and (2.23b) we R
obtain: '

Yi 35.44905914 + .005641895835 s

Y, = (2.236071624 + 1.404962675 * 10")? -
' o 8 :

The values obtained to realize Y1 and Y2 are thus:

L: R = .028209ll3llo.n. e SN
| G = .005641895835 Farad | L
- Y,: R, 2 2.2360716241- .
€, = 7.117626806 * 107> Faad T
As the abovefvalues were not easily:obtainaole;athe&‘were o -
s scaled by a factor of 103 resulting iﬁ: a \\\~;~;'~
" Ry=28.2094. | -
. Cq=.5.6819 WF. | )y

" R,z 2236.0716
" © €,z T1.1763 NF.
'~ The results obtained from the two above reaiizations,

with Bhattacharyya configuration, Fig. 2.14, are shoewn in

Table 2 2, These results show .,no apparent differences in the
delay response of the two circuits and a more stable response
for ‘the “Minihum Sensitivity Circuit" over the temperature

range 0° ¢ to 550 C. The two circults required a long time to

adJust and, although resistors with .1% tolerances were used,

shunt variable resistors had to be placed across, "R" to opti—,,

mize the responses.
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f
. PRACPICAL CONQ&DERATIONS IN REALIZING ACTIVE DELAY EQUALiZERS.

Letting:
equation (3. 1) becomes:

A~
interchanged).

. CHAPTER 3

3.1) Introduction ‘ .
In this chapter we will cohsider the limitétions present
in certain all-pass networks when only‘RC-eiements are used,

and the effects introduced in the response/of these all-pass

I

- networks by: a) Source impedance.

o b) Dissipation present in passive elements. :
« ¢) Opér. Amplifiers finite gain-bandwidth product. -~ -

3.2 Limitations of some actlve all-pass networks realized

uslng RC elements. .

=

Although it was shown that- both 3hattacharyya and/Gentn

6ohf1gugations{ Fig. 2.& and 2.5, can reallze second order all-

. y 4 '
- pass transfer functions using strictly RC elements, the poles

and zeros are restrictéd tohreal values for finite positive gain '

values. This 1s easlly seen from their transfer function:
v l—K(Y /Yy) l—K(Z /12,)

TF2 B .1
1 ZY27Y15 1+ (lez ) ‘»(3 )

TR = R+ 1/8C = R + (sC)™%

1 = 1/R+&eC’ - R,

t

V 2 l : .
= (RCs)” + 2RCS - KRCs + 1 . « .
VI. (RCs ¥ + 3RCs + 1 . (3.2)

which is all-pass when K = 5. ( K = -1/5 if Z1 and 22 are .




. The term under the square root sign of equation (3.4) is

- <. . - .,. .
'On the contrary, if RLC elements are used, choosing:

Lo~

< .

Equation (3.29 then becomes: -

s V2 = (res)?-3mrcs+l = s%? 318 +1 (3.3)

1 (HCs) 2+3RCs+1 . s°T? +3Ts + 1

where: T = RC e ' , y

" The roots of the numerator of equation (3.3) are:

2, , = 3Tt (9?’-41‘)” -
’ f
: 21?

(3.4)

always positive, thus the roots are restricted to.rgal values.

ZléLs/l+LCsz' ' : L

Z=R : .
equation (3.1) becomes:
V5 - perrcg?-rLs - - (3.5)

1l R+RLCsz+ Ls Y, ‘ T . . 4 e

which is all-pass when'K=1,'giving:

v 2 T o L=
g2 ~RICs LetR S (3.6)
1 RICS“+Ls+R .- .

The roots of -the numerator of equation’ (3.6) are:

Yh» i

= +L+(L -4r’1C (3.7)

zll2 n,
2RLC ’ (Y , . o,

Here the term under the square root can bzcome negative, thus’

L] y L ] [}

real and complex roots can be achieved. In practical realiza-

tions, this is often required, thus must active all-pass ne;Works
are realized using RLC elements, unless the inductdr is simula-

ted through a gyrator and a capacitor as was' shown in cﬁapter'z.




£

resistance Rs does not affect. the overall respoﬂgﬁ/9{ the

14

3.3 Effect of Source Impedance on the Response of an

. All-Pass Network.

Let's consider the effects of the addition of a finite
impedance in serles with the  source-as shown in Fig. 3.1,
The ¢ransfer function of this circult is:

;gz_ Re - 23 - RyRp7Re (3.8)
1 ~R1+ Rs Zl + Riz 2+R 572 s . .
which 1s an all-pass function when o ;3
R,R, o ' ‘ ,
R = R (R + R )/(Ri-l'R ) - r
N r ,
il.e., o .
‘ Rp = Ry(Ry#R,)/ (Ry#Ry) L - (3.9)

Letting Ri‘RZ’ equations (3. 8) and (3.9). become.

R

] 2 - - Rg n-n(n/nf)

5

22 = - © . 3.10)
‘ Rf: 32 - Ri . ) o Q « ' (3.11)

Thus, as. 1t can be seen’ from equation (3.10), the source -

all-pass nétwork,'except for 1ts'effect on the gain of the

. ' . ,
. - .
£y _
A - . . -
.
.

amplifier.
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. ™

‘the value of R£.|

3.5 Practical Realization of an Active RLC Delay

- Pig. 3.} was used yith: 22=gf/ 14R,Co8’

38 -

3.4 Compensation of Dissipation Present in Tuned"LC-Circuit" Zl. »

Replacing the impedance Zl— by Z;+r where r represents

the, dissipatiod mainly present in the inductor L equétion‘

s \
(3.9) becomes:

RiR, . = RI(R#R.) . :
12 ... 172 s +F=R_ +r
Re - (Ry+R,) .
e |
i.e., ‘
1 - Ra1Rg + 2r (3.12)
R, Ry (Rj#R)) Ri+R, | \

Letting R2=Ri, we obtain:

1 .1 +2r _ 1 +o2r ‘ (3.13)

Re Ry Ry TRy TR

= R.4r °
Ro Rl : 2

and equation (3.10) becomes:

\4 . Re . Z,-R -
Vo _ B : .
v, T ReE, e e B

thus dissipation compensation can be aphieved by'ﬁarying

¥

.Equalizer of 8t order,

For this particular realization the circuit shown in

. . ‘2 ’
Z 1=L18/ 1+L]:C18

R8=0




The single resistor R, was here replaced by geparallel
t’ ‘combination of " Ry, Cy " to minimize'amplithde deviat{ons
above.or,belpw the adjusting fréquency, thus offgetting the
"amplifier gain roll-off. ‘Similarly res;i'stqrs'Rf andmRi wefe
parallgléd by an extra resistor depending on whether there
was res?ectively gain or loss at the adjusting frequéhcy.’
The compornent values used and the measugfd results are sﬁqwn‘
) in Tables -3.1 and 3.2-respectively.lThe individual sectionsl
F,Wére,iﬁitially adjuste d recordéd.lSubsequently they
were directly cascadéd and the overall response was measured.
The beasurements were taken ﬁsing the instruments listed

in Table 2.1, while the two power supplies were replaced

~ - by a single,power supply used in.copjunction w{th the .
"Voltage Divider" shown in Fig. 3;2.’Isolation buffer
amplifiers were placed at ;he~input and output of the delay

eqhgﬂizer as shown in Fig. 3.3.

3.6 Realization of an Active Rd All-Pass Network Applicable

-

to Real“pr Complex Pole/Zero's Using‘One”Oéerational

Amplifielm

-

17

" Recently G.E.Roberts investigated an interesting circuit,

Fig. 3.4, realizing a second order all-pass éransfer function
with real or complexfpoies and zeros by using ; second order
:"“:BahabasgAreSOnator'and a sﬁmming amplifier, pointing a way of

« 'adjustapg itsvdelay responsé in the Absencglof a "Delay .

\ -

Measuring Set-Up". As recent communication\gggipment call for
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. % . ' e
very tight deday equalization(%f .05 msec.), making delay-
measurement practlcally compulsory, we will modify the circuit

so as to realizeAa'second'order}all-oass,function with real

(S

orecomplex'poles and(zeros using one opeﬁetional amplifier
with the assumptxgzei:atas delsy measdsing set-up 18 availa-
t

. - ble. Analysis of econd order bandpass section of Rig. 3.4,

-

with R3 removed and with the -assumption that the gain of the o

‘operatiohal amplifier "AF1/4" 1s taken as "Ax/s+x" where° © L

A= Open loop—gain at s=0 (dc gain) N

X= Unity galn crossover frequency with the open—loop

response of the operational amplifier havipg a ‘ ‘ “

J L -6 dp-,Petioctave(e2D<db. per decade) roll off rate,

| gives- =~ . ." : I R _ . g

- ‘ ..v (l+d)—i : coe L (3.15)

x‘ | f& ! . - a

! . . h . . . ' ",& "., ]

T - ': 50 (Y (I+d)(R ) o 7 (3.16) .

A ; G R; 256 . oo e
. -7 ' b - . ] !

oo =dV=V_(1+4d) 2°_ + (1 + 1, )R1+\Gl
c 3 sC1 % % :

EE * =dVaV_(1+d)1 '+[sC R {v (144) (R4 L )} ﬁ_(ud)]wl'
3 R 8 2R 5C-) Rp ¢ f
| N - ) (3.17)
Thus : ' ’ _ ‘ o
- \8C,R,4+1 R R
< V= -V[d+ 14d + sC R& (14d) 1 '(1+d“)]
b . 80 R . °1R2 5 - /
' ., | . “ ' “ L: - ’ SClR2 " ! ) w
== B %6 g R R, (14d)s (CgR
i. - | | 1CoRq R, (1+dJ4s (C R, d+C,, 1+C2Rld+ClRl+Rlcld)+1+d
’ . o= -1 , sclaz (3.18)
1 / . 1+d . 0102R1R2+s (C,Rya +R1cl+c2R L >
; - S - TI¥d
| . [, - N , L

Ta



a Agsuming ~ 1/1+d=1, we get: SR
L % ! .

= S ¥ aT(s)s - COBCR, |

N . Y sC R‘r —~

- [ . =t - - l : ' | (3‘19)

- - (9-),2 [ 1724 (¢,+C, )3 ,EJ-H»* o' o
: Y
R R (C)CoR Rp AL CoR R)) SR
reo & 'where. 1./0 02R1R2 " . | . , :
g o B(s)= - SCR, - - e L
oo ey RJE  C;+C, | CoR; R .

S T

o R M R '
. - i R i,
\ . o lettingr. % (0132 .) and , K = (814650705,
;‘ o - . 4 " - ‘ . Cl“'Ci 2R1 'n- . ] - ‘:‘ ‘?

2 ! we Eet' J ) . . \ oo o P

i , . - .
. o ST . sC R , " : e >
‘ « * - T 8 - o ‘ 1 2 ‘ ‘ - -
‘\LK“ ' ( ) ! R /“

. 1' (sh0+(s/w)(Qxd+1 5+1 L . : (3.20)

AN

<

" . L . e
v

L + _ Also; from Fig..3 5. We obtain°

z'd S V-V, = V- | g e _1‘f.. |

Rﬁﬁ
co ' TR, o) - 2 oy
I T o é ﬂ‘ +a=\1_A : (3*21) ’
}‘ . pu "Rat s R,w 8 [ . ] . -

. where. B/R A+ R <| ,) , ‘ | . ,
% ' ’ . ) ’ ’
e : Inserting equatig'n (3.20) into equation (3.21) we obtain: Y .

{ o, \,] ™

f"\ k !
B N
| b 'V

A
R (5Fw)%-(s/w) ((QKd»%) $1

M

l oo ' J:‘ ' J(s/w) +(s/w)(QKd+l - C RyRy /R \fC R Rz) )+1 _\ {L e
1 . . a . . \.' 1

! :« "' ,(s(,w).;t(s/w) Kd-%)g-l s

S o ysf+s [aras1-\CBE .Co GisCa TatiBTRB £ L
| J'- ) ’ (w y . ‘Q CZRI Cl +C?_ CZ ) . RB ’ ) o

l . W~ = -2‘ ~ 2 = ™ 1 ‘ ;y
© . YL s\+ 5 - (QKd+1 ) + 1 ' .o : S
| ¢ s A ::‘v . ; I‘ . (g) n a w . '|‘ . . § . . > .,

8
‘¥ SV § .

[
[N B
.

A



»

( )‘+[ {QKd+1»+QK(a—1)“ "o T (3:23)
’ J a ) . ,” .,
1‘ "8\, 8 (QKA¥l )+l ‘ : .
, (;) +2. % | - P
where: d= s+'x = .8 + 1 h Y ' - ) o
Ax - A . E
o ( )1+ [Qx'sw + QK+ 1+ QK(a.—l')'] +1 ’
. AXW A. Q a (3.24)
v1. QKsw .+ QK + 1 ]+i . ' . '
: Axw A o]
) 1+wa) g‘[_l_ + QK[L + a—l)]+ 1 '
o w w_LQ A a
< ()(1+Kw+§ 1+QK|+1 , ‘
i w |LQ A
" Letting ' p=s/w, we obtain:
v . p2 14‘-wa) [1 + QK + Q (a-l)] ‘
2 _q Ax /] ' (3.25) -
v . - ° 72 ’ .
A T D (l+QKw+p(l+Q§)+ . L
B . Ax | - ’
‘-pQ,+p(1~ g__+QKa-1)1+1 . ' :
—a — q A - ® B° B2: & - (3.26)
o PoFDP(L4QK Y14l b )
‘ " " ‘ Q A B2 B2 - e ‘
DoR2 o . ) r A S
where:. B =1 + QKw . a %
R - S ‘
‘ Thus, our transfer function ;_2- can be split into two sub-
’ ’trar_zsfer functions'such as: . |
. ° & 4 } , .
Y_.’:‘_ '- a ¥ Delay Equal'izer # Minimum Phase Network : S
‘ V | i . . *
' ‘ N ,
jTel(B) hd T 48)
with - ' )
P+p(1+9__+QKa-1)__1_'+_;l_ L
A a 2 2 .
~ T1(~S) 2': - — B B (3-2753)
, ,p—p(1~ -QK +'QK a-1 ) 1 +_1 o
| WETTR G
.). ) - 1)
‘(3 [
e C o D
- ‘ . N \ .

.

K UL C e~




2
p-p(l+QK+QKa—1) +
. o] A

1 41
a . g7 g2
p2+p(l+QK)1 + 1 B

v

‘,' - | Q A-B_g? .- N

-

T,(8)=a (3.27b)

B _ . ) . Since the poles -and zeros dr the minimum phase network

‘ are very close to each other, its effect on'theaamplitude and
delay_ responses of the all—pass section 1s veny slight, Fig. 3.6.
Comparing the results obtained with finite .and infinite
operational amplifier gain, we,obtain: ' .

W = W C o=

. new = TGRKIZGE[EF - 3-20)
- ' Qnew‘= Q[l +.(wQK)ﬂhx)Tp ‘ ) L \.'i (3.?9)
= where: ‘ . . . - — |
| Qey 172 v ¢
QK (1 K
.A‘ .
(. . F = Frequency correction factor. , j' :

3.7 Practical Exampfe of an Actilve RC All-Pass Network

-~ ' '. .‘a Yo ‘ E _ 2
e of Bth Order. - "

' Lo Thj results obrained in section 3. 6 were applied to’ _ o

realize the 8 order delay equalizer described in section

s f

3.5 where " Q = wCyR, ". The operational amplifier finite

gain:uas chosen as A = 106, C, was made equal to Cz, and
’RB = 5 KJL. The element yalues and the newiQ and w values

are shown in Table 3. 3 The delay and amplitude reéponses of
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$ P-Plane’ 4 ’ t
o .
LR |
Ry W B . 5
,
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B
: /
' Delay Equalilzer Minimum Phase Network.
Fig. 3;6 Pole-Zero Paﬁterp,df "Bridgman & Brénnan” Modifiea
_Al1-Pass Structure. ~.
I 1]
; 4 b .
.l )
* Z, . - :
’ ' Y } .
, ]
Co: . p 4 -
i o ?0‘ T(s)‘ 1;"' -0
: , n _ \?\\/i;k
) ‘ | h o ) | .
_ All-Pass Network, "Bhattacharyya Configuration".

Fig. .3.7
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. " the individual sections using RC-elements compared very closely

S

to the ones obtained when RLC-elements were used, Table 3.2,

with the exeption that with the RC;varsion amplitude losses

| of .397 db., .33 db., .27 @b,, and .23 db., w'ere/introduced'
_1n the four 1nd1v1dua1 sectlons respectlvnly, as expected from
St . ‘the term 20 log(l/a).
An error of approximately 5% was introduced when casca; ,'
ding the 1nd1v1d+al sectlonstogether, subsequently eliminated
;by the addition of three buffer ampliflers having an ogverall
gain of app;oxlmately 1.23 db.,  thus offsetting.the- loss
, introduced by the four individual séétions..Although the‘
~ addition of these extra buffer stages appears as a dra&baék,
o ‘this is greatly nullified by thaﬂfaquthat signals with ..
| | - ’prgscribed loss or gain levels are normally required in _
-practice,'thus.introducing the need far sqff;extra amplifying
%

stages, ' ' ~ .
/ . "% fThe tuning of the circuit was rather stnaight forward

and‘ﬁainly necessary for the adjustment of the amplitude
N . .responses. The calculated values of R2 required sligﬂt changés
‘ (< 1% ). This circuit, although requirlng a slight longer
4 time to adjust, appears to’” have deflﬁitely practlcal
~ . applications and posalbly adyantages over its LC-equivalent
'y - because of cost advantagaé introduced by the elimination
of costly inductors and hermetical saalingh Note that to
offset the erroy introduced by the amplifigrs finite gains,
~‘;“.the individual sectlons were tuned to higher frequencies F new?
as compared to the ideal values’ Fo' Table 3 3 o

\\
.

» _ .

\
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3.8 Effects of Finite Gain-Bandwidth Product: of Operational

Amplifiers. \,

1// ' " In practiéal applications the gain—bandwidtﬁ}product.‘
‘ l of operational amplifilers 15 finite,‘thué limiting the per-
formance of active(allfphss networks. In this section we will
ana}ize Genin‘g and Bhattaéharyya's"ﬁlépass structures: |
aggpming the gain of the operational amplifier_can be

represented by " Ax/s+x ", as used 1n section 3.7.

- ' 3.8.1 Genin's All-Pass Configuration.®

Referr;ng to Fig. 2.5, we assume that no current flows
into ghe 1pverting and non—invefting terminalé. Also, 1 we
take the yoltage at the nén—invert;ng terminal as being LATALN

jthgn the pétential at the inverting terminal is " vazd ",

Y

. -+ ewhere: d = 1/A, and Ay = Ax/s+x

- For this circuit we have:
vl.-“=f(V/za)z1 +V=VQa+ ;i‘). . \’ : | p -§3.30)‘
V1 = (V== Vod - V3 5 Ry/Re +V -Va -, . "(3.51)‘
From equations (3.30) and (3.31) we obfﬁ}n: —h
v, ='v1._z__f_§__(1+ E_i) -‘va [_n_1+ a(1 +_1'11_')], | .
C 1¥%2 £ ’Rf : Rf, '
v, =V Z, (1+4B)-V, [B + d(1+__B)] g

1t2o

N )
hhereg B = RilRf

v \

Réﬁbpanging; Wwe get:

-~ oy, [B ' d(1+B)] = v, ZB% | L (3.32)
T ' . Zy 424 . Wy o

>
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Thys: -V 1 - Z2B-2 \ (3.33) -
, B . \ﬂ" B +“r__')'d 1+B E—Tz : ) : 3 .3 ,

SPECIAL CASES

(1) Infinite Operational Amplifier Gain: d—0

Re=Ry 5B=1 R . o :
Vo = Zp-% - o y (3.34)

(2) a0 - | - _ \

Vie B Z2+%
(3) B 21 and d=1/A; = s+x/Ax
. - . *
V2 = 2221 1 _ Z2=71. '
\' IR I+§d Zy+2)  1+2(s+x) Zo+Z1
Ax

. = Ax Z2-Z1-.AX  _1-Z1¥3
, 28 +Ax+2x 2947 - 284AX 1+Z, 2

vz AX/2 __ 1-Z1¥2= B _1-ZiYz (3.35)
8+AX/2 "1+2,¥9 S+B 13Z,%g : - . ;

_ If we now take:

g Y,= 1 _  +sC ‘and (2 =R ’fﬁén—"
. 2 gﬁ;’ 2 1? o :
| \{fg_; - B__ 8°-(s/CsR, )+(1/ch¢) . (3.36)
e b B 87-&(310)23' )+(1/L202) - :
o --'-”" - _ T (s) » T2 <S) -

+

where. . ‘
Ti(s) is the transfer function of a "Minimum ‘Phase’ Network"

T (s) is the 1deal transfer function of a delay equalizer section.
For the "™Minimum Phase Network" we have: '

T, (s) =| B .|s| B _[-tan”} (wB) L Gan
Is=Jw IJW-B (B2+w : ‘ :

-
L



negligeable. As the frequency range is raised, t'he phase and

shown. in Fig. 3.7, we obtain: S

VorVy TV Vo | T2, T( Zy )+ a -
I ,21"221 2+, ‘ o
V2 = (T Z, -l‘-l)a ; where a= 22 - (3.38)
v 72 . Ty Iz | -
" The transfer function T(s) can be obtailned frem equation
© (3.33), -letting 2, =, Z, = 0, thus: ' ,
CT(s) = - __1 - . - (3.39)

Over the voice frequency range, £<¢ IJKHz, B»w, we obtain~
IT (s)l l[—w/BI since tan~ (w/B)~w/B
Also, for wi 1, the phase of Tl(s) :4), where/: ” _ ]

/
tb = - W = linear phase,

B
and the delay T is 'given by:

T= “’ 1 s thus we see that the'delay response is a co,nsta&nt,'

while the amplitude response is given by \Tl (s)lal

This s}(ows that the response of the "Minimum Phase Network"
does not affect the relative value of the overall delay f
response. Also, the amplitude response remains practipally

constant.over this frequency range, the loss beilng practically

delay fespbnses become non-linear while the insertion .loss - «
incr_eases slightly. o T \-'”\
3.8.2 - Bhattacharyya All-Pass Configuration. N

Referring to Fig. 2.4, and breaking the circult as T

B+d(1+B) ‘

where: = - S

d = .1/A1, A, = Ax/s+x, B = Rimf o ) e



. J o o
The “overall transfer functlon thus becomes: L (i.
V2 = (T Zy + 1) a T i
a WO % o

-

v ’
(— 1- Z, + 1)'&
- B¥d{31¥B) Z2

H

, 7 L _
= (-Z|+BZ2+ng(1+B;) a = (§Zg-Z|£ + 24272 )a , *
, 2+d22 (1+B : 2 + 2 ~|8=1 4
. W= szz-z,) $ 27 /A Ax.  — (3.40)
/i 22+42,). T Ax42s+42x | o oo
- o, ’ . ’ - ) . li
4 Thus', taking 1/Z 2=SCE+ 1 and Z .=R1.,‘ we see that the same |

‘ | by L & -
‘conclusions as eiplained for Genin circuit apply to Bhattacharyya ’

v all-pass configuration as the term "ggl" approaches zero.

If this was not true, the poles and zeros of our t;énsfer

functiog would have'slight different}Q’s and‘;ould_lie on

circles.of different r;dii thus destroyiné the éll-pass

function requirement for zeros and poles being mirror 1mages

of. each other, resulting in a distorteﬂ all—pass function

A

for frequencies near "w"
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3.9 Comparison Figures For Second Order All-Pass Networks.

& summary of the all-pass structures investlgated in

' fhis major technical report 1s shown in Table 3.4. The first
threg doqfigunations(Nol 1,2,3), wﬁ;ch were not fully inve-
stiga@ed in this-'report, are slightly'more complex'than the
last threq(Na.,4)5,6).mBoth Yahégisgwa arid Bobrov realiza-
'ti9ns‘exhibit'éontfol pf the poles and zeros by §aryihg '
”the "NIC" and amplifiers'gains respectively, wﬁile g:i?iing

compensation for input and load impedances. °

Ne

ot

In this rebort, the one opefafional amplifier circui?s
(Coﬁfigurations\No. 4,5,6) h?ve been analyzed more extensi~ - *”.
vely beqause of-;heir'simplic;py and minimum numbér oftcdm- -
ponenﬁg, thus making them mére attractive for low guéhtity
production using’ discrete components. Both Genin -and -
Bhaﬁﬁacharyya configura?ions weére shown to’be équivalent,_ ol
Genin'é#circuit having a slight higheg-input'impedaTée ‘

"z 24+ Z2“(R-»oo1n PFig. 2.4 qﬁd'Fig.,a.S) as compargd

11--
to Bhattacharyya circult having an iﬁbuq impedancg{éf -
'le; - 5/6(Z1+ Z,)", thus 1ntrodgcing slight smaller
errors in the overall delay and amplitudé responses of
cascaded gécona order éll-pass sectiéns, Occasioﬁally,

o isolation amgiifiers are introduced between sections to .

eliminate any possibiligy of error while introducing a spe-

cified gain in the overall networkfresponse. Both«ﬁhese

>

circults were }1mited to regl'poles.and zéroé rédlizéﬁions,

when used strictly with RC elements, Configuration No.s.

[ 4

. \ ' : \




: 4
The all-pass nature of both circuits remained unchanged-

when the responses were. analyzed with finite operational
amplifier gailns, the overall network )esponses being' ‘s
equivaieﬁt'to the responses‘ofian 1deal all-pess section’.
cascaded with a minimumfphase sectilon. |
Configuration No. 6 shogs the reallzation of a eecond
order all-pass network with real or‘cémblexqu}es and zeros
using one operational amp;Lfier and"str}cel\jﬁg elemeqts.ll
This cirpuit, when analyzed with finite operational agpli4
fier gaih, behaved similarly to Genin and:Bhattacharyya !
circuits, the errors introduced in the "w" and "Q" values
B\eing negligeable 1f " wQK/Ax <C'1". Also, although this
- eircult jj\qjore difficult to adjust than Configuration No 5
(using RLC elements), 1t appears tokhave definitely practical
applications and possibly advantages over 1ts RLC equivalent

because of cost advantages 1ntroduced by the elimination

,of costly inductors and hermetical sea;ins,
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pass networks wilth fh_e required de;l*ay, phase, and ampli-.

‘pass transfer func on., Although the- operatlona%/amplifiers

large 3-db. bandwidth (%‘S,O ‘KHZ.), and freedqm from latch-up

o , | CONCLUSION

In this report:we have shown ‘that active all-

-

. tude characteristics can be easily achieved, as it is c].egrly

indicated by their use in recently designed telephone '

. “ . T . ..
communication equipment.‘" These networks find their greatest
appllcatlons at relatively low frequenCJ.es where the;l.r much

smaller 51zes and costs p aq,d better re8ponse characterlstlcs

than theJ.r pass:.ve equlvalents make their use very attractnre.‘

2\

In one appllcatlon, gyrato::s were used for the 51mu1at10n

of 1nductors requlred for the realization .of a 4 h order all

used to realize th gyrators' were internally compensated,

externdl compensatj n is preferable so as to optimize the .

~gyrator bandwidth. For optimun gyrator reali'zations, opera-

tional amplifiers with high "low. frequency ‘gain™ (260 db.),

are _requiﬁ:ed, ‘and as they are not easilir obtainable,connner-

cially, most applications require special custom-made

. realizations for frequencies in the range of 25 KHz. and up.

A3

We have also seen.that all-pass transfer functions
‘ L

with e,ithér real or complex poles and zeros can be equally

realized using single ope}.jational amplifiers and either
RLC or RC elements. Designs using “"minimum°sensitivity" with'
respect to the operat;:.onal amplifle'r gain showed _amplltude'

response improvement, espec:.ally over temperature var:.ations

from 0°c to 50°.
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. 'I'he main disadvantages of active all-pass networfc’é are
. ’ A"

;
the need far e.;ternal po‘wen sourcer\ and the limitations to .-

AN
f’requencies below a few pundred kilocycles. Nevertheless, .0
‘as ti% oes on, these limita‘tions will be overcomed by thew
¥ ¥

developme t of differential input operat\ional ampliflers with

" high common mode re:jectibn uratios, improyed gaim-bandwi‘.dth
v - @

'products,, and lower power consumbtion.

\
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‘L C A‘ithaugh this’ investigation was mainly restg%c'ted_ to .
: realizations with: discrete RLE elements and s'ing operational

&

\g.mplifiers, other very stabie versions of akk-gaass structures -

‘can be realized using ‘a lar‘g\g,r numbex; of. operational

(18,19) ¢ and takina advantage of new technology 3
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