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’ ‘ SUMMARY

In this research an investigation is made into the feasibility of
‘the use of the generalized positive impedance converter (GPIC) in the
'synthesis of the open-circuit voltage transfer functlon, the driﬁing—
point admittance function, the mﬁlti—port open-circuit voltage transfef
matrix, and the short-circuit admittance matrix.

The active dévice,.ﬁhe_GPIC, is defined_in terms of its chain
matrix. Severai electronic éircuits, tws-of which are thought to be
novel, are presented. The circuits have as components differential-
“input operational aﬁplifiers, resistors, and capacitorsf

The approach used in developing the open-circuit voltage transfer
function, T(s), synthesis procedure is similar to tﬁe one developed by
Antoniou5 in his T(s)} synthesis procedure using the general immittance
converter. The approach is to find a network whose short-circuit admit-

tance parameters, and Ypos CaD be equated respectively to the

Va1
numerator and denominator polynomials of a real rational T(s) function.
Such a netwerk is found and a synthgsis procedure is developed. No
factorization of the voltage transfer function is needed, and thé net-
work elements are related simply to the transfer function coefficients,
Each numerator coefficient of the ﬁoltage transfer function is propor-
tional to a distinct network element and each denominator coefficient is
proportional to the sum of two distinct network elements. The synthesis

procedure will realize any arbitrary T(s) which is a real rational func-

tionh in the complex varizble s,
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The apﬁroach used in devéloping the driving-point admittance
function, Y(s), synthesié procedure is similar to the approach used by
Hilberman and Joseph7 for realizing Y(s) with a circuit thaf contained
two.unity-gain ahplifiers and a network with an opeﬁ—circﬂit voltage
transfer function, T(s). The ideal unity~gain amplifiers used by
Hilberman and Joseph are replaced by two.special GPIC'S. Use of these
two GPIC's allews the synthesis of fhe desired Y(s) to be transferred
to the synthesis of a partiéular T(s). This T(s) function can be syn-
thesized according te¢ the Open—pircuit voltage transfer'functipn pro-
cedure. _This procedﬁ_re will realize any Y{(s) which is a real ratiOnél
function in the complex variable s.

The synthesized networks for the T(s) and f(s) synthesis proce-
dures use only GPIC's and resistors and are grounded. These realizations
are producible by integrated-cifcuit fabrication techniqhes. The number

of capacitors used in any synthesized network is equal to the order of

T(s) or st). Hence the synthesis procedures use fhe'minimum number of
capacitors. The capacitors are incorporated as internal €lements in the
GPIC devices.

Sensitivity is defined and discussed. A sensitivity investigation
of the resulting realizations of the T(s) and f(s) synthesis proéedures
is made.

.For the network that realizés the unconditionally Sfable-T(s),
the ccoefficient sensitivity terms can always be made less than or equal
to one in absolute value. In the case of the absolutely stable, second-

order T(s) network, the selectivity and. undamped natural frequency




sensitivity terms can alwajs be made leéss than or eqﬁal to cone in abso-
lute value. It is concluded that the. T(#) ‘synthesis realizations
exhibit coefficient, selectivity, and undamped natural frequenCy sensi-
tivities of the_same order of magnitude as the realizations of Antoniot;l,5
which are claimed tc have low sensiti?ity. The T(s) realizations offer
a definite improvement in selectivity sensitivity over a particular
negative lmpedance converter circuit reported by Newcomb.l -It is demon-
strated that coefficient sensitivity terms of the resulting realizations
of the Y(s) procedu;e can always be made leas'fhan or equal to one in
absolute value, approximately.

The fact that each GPIC used in the T(é) and Y(s) éynthesis pro-
cedures has two degrees of freedom,"namely the specification of the
active gain constants kl and kQ, can be used in.the control of component
values external to the GPIC devices. The unrestricted éssignment of
GPIC gain constants allows the network realizations of the T(s) and Y(s)
synthesis procedures to be completed with component values’ external to
the GPIC devices that fall into a prescribed fange.

For completeness, a synthesis procedure is developed for realiz-
ing any multi-port open-circuit voltage transfer matrix whose elements
are real ratiomal functions in the complex variable s. The apprdach
used to realize the matrix is to realize the matrix one row at a time.
The netwofﬁ realization for each rdw is very similar to the network used
to realize T(s).. Again no factorization of the row elements is needed,
and the network_éléments are simply related to the coefficients of each

of the row elements of the transfer matrix. Each numerator coefficieﬁt
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of each row element is proportional tc a distinct network element and

each denominator coefficient of each row is proportional to the sum of
{ntl) distinect network elements, where n is equal to the number of row
elements in the multi-port open-circuit veoltage transfer matrix., The

network realization is grounded.

A synthesis procedure is developed for realizing-any short-
circuit admittance matrix whose eléments are real rational functions in
the complex variable s. The approach used in this development is simi-
lar to the work done by Hilberman and J_oseph.7 The ideal unify—gain
amﬁlifiers uzed by Hilberman and Joseph are feplaced with special GPIC's.
Use of these GPIC's allows the synthesis of tﬁe desired shor't—cir'cui‘t.
admittance'matrix to be transferred to the synthesis of a mﬁlti—port
open-circuit ;oltagg transfer matrix. Aéain, the network realization is
grounded. |

Numerical examples are included to illustrate each of the four
synthesis procedures. The practicaiity of the T(s) and Y(s) synthesis
procedures is demonstrated by experimental results. The results of the
experimental realization through the use of the GPIC of the negati*e

resistance and the inductance are presented.




CHAFTER I
INTRORDUCTION

The rapid development of the transistor has generated consider-
able interest in active network theory. Low-cost active elements have
made it possible for the network synfheéist to replace the expensive,
bulky inductor and to extend the raﬁge of realizable functions far
'befoﬁd'that possible with RLC networks.

The equally rapid development of-thin—film and mOnol%thic inte-
grated circuitg haé encouraged the network synthesist to go one step
forward--to eliminate the capacitor fo the extent possible. Once a
circuit confipuration for an integrated or thin-film circuit is obtained,
the éapacitance of the circuit is determined by capacitor area. Conse-
quently, it is desirable :o minimize the total capdcitance in the design
of a circuit. Generally, this means a minimization in the number of
capacitors; however, there may be special cases where this minimization
in number. may not yield the minimum total capacitance.l

It has been pointed out that processing'and biaging for mono-

lithic capacitors almost always make the choice of minimum number of |
: . s . . 1 s
capacitors over minimum capacitance the desirable one. Also, it is

often desirable to have all capacitors with a common plate (terminal).




Bdth the monolithiec and thin-film integrated-circuit fabrication
technologies require'that resistor values and capacitor values be within
a certain range. Thus it becomes desirable to be able to control the
range qf the passive element values in order to make the network pro;
ducible with the new technologies.. .

In all active circuits, groundedness and low sensitivity with
respect to both active and passive parameters are of much importance.

Rerwin; Huelsman, and'Newcomb2 addreésed themselves to the
integrated-circuit cdmpatibility with an open-circult voltage franSfer
furic‘tic'm synthesis procedure based on the state-variable approach. The
procedure renders a network that is grounded, contains the minimum num-
ber of capaéitors, and uses'only integrated-circuit operaticnal ampli—'
fiers, i‘ésistor‘s, and grounded capacitors. The synthesis technique has
low sensiti?ity but appears to have no controllbver the range of passive
element values.

Goldman, and Ghausi3 have developed a procedure for the synthesis‘
of grounded active RC N-ports with a prescribed range of element values.
The procedure uses resistors, operational amplifiers, voltage amplifiers,
and more than the minimum nﬁmber_of_capacitors.

The generalized posifiva impedance converter (GPIC) can'bé char-

acterized by the chain matrix

0 1k2f(s)




where the algebraic sigﬁs associated with kl and k2 are the same and
f(s) is a rational.function of s, The GPIC has been used in synthesis
procedures by Gorski;Popielq and Antonj'.ou5 to realize the ocpen-circuit
voltage transfer function. _GorskinPOPiei used the GPIC to realize the
inductance in an L-C synthesis. Antoniou used it directly to realize
the open-circuit voltage transfer function in terms of the short-
circult admittance parameters, Y51 and Yoo Neither Antoniou nor

Gorski-Popiel has attempted tc minimize the nunber of capacitors in his

synthesis procedure.

The purpose of this research is to investigate the feasibility
and possible‘advantages-of using the GPIC in the.synthesis of the open-
circuit voltage transfer function, the driving-point admittance fﬁnc—
tion; the multi-port oﬁen-cipcuit voltage transfer matrix, and the
short-circuit admittance matrix. In this thesis, open-circuit voitage'
transfer function and driving-point admittance function synthesis pro-
cedures will be developed, which realize arbitrary real rational func-
tions in the.complex variable s and have the following desirable char-
acteristics:

1. The procedures require the minimum number of capacitors
necessary for the synthesis.

2. The procedures are compatible with integrated-circuit fabri-
cation technology.

3. The procedures have low sensitivity factors with respect to
bdth ;ctive and passive parameters of certain functions of interest.

4, The procedures can exercise control over the range of element

values external te the GPIC's,

B i heh ok bl s it e’ ik B ik ik



5. The network realizations are groﬁnded.

Thelopen—circq}t voltage transfer function synthesis procedure
will be extended to a synthesis procedure that will realize an open-
circuit voltage transfer matrix whose elements are real rational func-
tions in the cbmplex variable s. The driving-point admittance function
synthesis proéedure will be extended to a synthesis procedure tﬁaf will
realize a short-circuit admittance.matrix whose elements are real ra-
tional functions in the complex variable s. The network realizations
for these two synthesis pfocedures Wwill be_groundéd.

The approach used in developing each of the synthes'is procedures
is similar. In the case of thE'open—circdit voltage transfer function
synthesis, a network is found whose short-circuit admittance parameters,
Vo1 and Ypos CED be equated respectively to the numerator and denomi-

nator polynomials of a rational open-circuit voltage transfer function.




CHAPTER II
THE GENERALIZED POSITIVE IMPEDANCE CONVERTER

The generalized positive impedénce converter (GPIC) can be char-

acterized by the chain matrix

(1)
0 tk,£(s)

where the algebraic signs assoclated with kl and k2 are the same and
f(s) is a rational function of s. If port 2 of the device is terminated

in ZL’ then the impedance looking into port 1 is

“in * K,E(8) 2

If £f(s) = 1, a special case of the GPIC known as the positive impedance
converter (PIC) results.
Anténiou5 has described a simple device (Figure 1) with the chain

matrix

-
o

(3)




o ¥
Zl '
Z2 . Z3
1y _ Z,
+ . —)
(2)
O O

Figure 1. General Immittance Converter of Antoniou

He refers to this device as the general immittance converter (GIC). The
GIC is also a special case of the GPIC. In order to obtain the results
of (é), it is assumed that the operational amplifiers are ideal. Name-
1y, the input impedance is infinite, the cutput impedance is zero, and
the bandwidth is infinite. These same assumptions are made throughout
the completion of this chaéter in the analysis of any circuit which con-
tains an operational amplifier.

The circuit ofIFigure 1 can be modified to yield a more versatile

device with a chain matrix

1




7 +2

B

. ZQZQ
B %3

(W)

The modified circuit is shown in Figure 2. The development or deriva-

tion of this novel circuit is given in detail in Appendix II.

© | _(*>—
21
Zoy 23
\ . Z,
(1)
O

- |
6 Zo | @

o— o
. 226
7 Z3+Z5

Figure 2. Generalized Positive Impedance Converter
- with the Chain Matrix of (4)




In Figure 3 there is shown a novel positivé impedance converter

(PIC) circuit with the chain matrix

R
- 0
2
Rs (5)
° - r
- 4
Re
v \VAAL
Ry
e AAA— ™
+
- R
Ry §3
VWV A+
: Rl R3
O——M AN O .

(1) ey R (2)

Ry = Rl t Ryt 2(R2+R4)

Figure 3, Positive Impedance Converter
with the Chain Matrix of (5)




For a detailed analysis of this circuit, see Appendix III,

r Cox, Su, and Woodwaf-d5 have developed a circuit which they have
named the universal impedance converter (UIC). It can serve as both
a PIC ana a negative impedance converter (NIC).. Now the UIC can be
modified to yield the most general GPIC with the chain matrix of (1).

Figure U4 shows the UIC so modified. With S open, S

1 closed, the cir-

2

cuit has the chain matrix

RlORlQ 0
RoRy1
(6)
2R R
0 F T E Z2(s)
h— 4 el
With Sl closed, 82 open, it has the chain matrix
P f —
Rig
- = 0
o ,
(7)
0 226k Z(s)
B aRHRSRBR _

Matrices (6) and (7) result provided Ry is much larger than any loading
impedance at port 1 of Figure &,
If £(s) in (1) is made equal to §3 then it will be possible to

use the GPIC's developed in this chapter in open-circuit voltage trans-

fer function and driving-point admittance function synthesis procedures




(1)

10

FPigure 4.

N SN | I
Ran Ry Roy
R2 = .R—J; = a

RatRy Ry
Rg B33 ZLJ.

Generalized Positive Impedance
Converter Based on the UIC
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that use the minimum number of capacitors necessary for the synthesis.

With this cheoice of f(s), (1) becomes

ikl 0 .
O x (8)
0 s 2
8

It is obvious that the chain matfix of (8} can be realized by the
modified UIC of Figure 4 if Z(s) is made the réactance of a cépacitance.
Note that this capacitor is groundad; an often desirable feature in
hybrid integrated circuits.

Now somewhat less complex realizations of the chain matrix of (8)

can be obtained from the pre#iously discussed circuits of FPigures 1, 2,

1

andl3. If Zl = Rl’ 22 il Z3 = R3, and Zu = Rq in Figure 1, the chain
matrix of (3) becomes
1 0 1 0
' = | (9)
0 “ 0 _}fg_l_ '
sR.R_C s
| 173 a n
_ 1 ' ' R, Re ‘
: = = — = = L= = D — i
If 2, = Ry, Z, = 2> L4 = Ry %y, = R, Zg = R, Zg = R, and 2, R TR ]

in'Figure 2, the chain matrix of (L) becomes _ ;




- 12

R. + R
5 6
0 k 0
R6 12 _
' = | (10}
o Ru- o k22
B SRlRSC_I N s_
Now the chain matrix of the circuit of Figure 3 is
[ &
-1
- = Q -k 0
R, 13
= (11)
R .
3
0 - = ¢ -k
_ WL ]

The desired chain matrix of (8), when the positive algebraic
signs and kl > 1 (the modification in Figure 2 necessary to set a kl < 1
is discusséd in Appendix II) are required by the synthesis procedure,
can be realized with the circuit of Figure 2. The chain wmatrix of (8)

with associated negative signs can be realized by a cascade arrangement

i

of the circuits of Figures 1 and 3. Such a cascaded circuit is shown in '

Figure 5., The chain matrix is given by

Ry . [, .
Rg 15
= ' {12)
. ARy ) _Xas|
sR.R.R_C g -
| 17275 | _

et R e T T T
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(1)

Ry = R, + R, + 2(RS+-R6‘)

Figure 5. Genéralized Positive Impedance Converter
with Negative Chain Matrix Terms

The circuits of Figures 2 and 5 contain one capacitor each; however, the
capacitor is not grounded.
One degenerate case of the GPIC is of interest in the driving-

point synthesis procedure. It can be described by the chain matrix
(13)

If kl = 1, then the matrix of (13) can be fealized with the circuit of

Figure 1 with Zl =R,,2,=R.,, 2, =R_, Z, = 0., Figure 1 so medified

1* 72 2* 73 3% Ty

" is shown in Figure 6,
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o— O

<"1
R, R,
W _W—
(1) .
— L o
(2)
O O

=+

Figure 6. Degenerate GPIC with ky = 1

If k, # 1, the matrix of (13) can be realized with the circuit

1
of Figure IZ;';lth z, = Rys 2y =0, 25 Rys 2, = Ry Zg = Rgs 2 = Res

46
and 2, = =———=—- Then

"7 7 Ryt Rg
R. + R
- 9 e )
k) = R (1)

Figure 2 so modified is shown in Figure 7. Note that this circuit gives
a kl greater than one. To get a kl less than one, interchange'pérts 1
and 2 in Figure 7. Then kl of (13) in terms of the elements of Figure 7

beccmes

ko=t - (15)

A 2 e
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O
(1)
) Ru
O
Ry (2)
0 —0
R R
Ry = T3
5*Rg

Figure 7. Degenerate GPIC with k, =1

Note that each circuit that has been discussed for the possible
realization of the GPIC devices contains oﬁly operational amplifiers,
resistors, and capacitors. Thus each realizatign has the potential of
being faﬁricatéd by the monolithic and/or thin-film integrated-circuit

processes.,
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CHAPTER III

SYNTHESIS OF THE OPEN-CIRCUIT

VOLTAGE TRANSFER FUNCTION

The approach used in developing fhe open-circuit voltage transfer
function, T(s), synthesis procedure is similar to the one developed by
_Antoniou5 in his T(s) synthesis procedure using the general immittance
converter, The approach is to find a network whose short-circuit admit-

tance parameters, and Yyps CaN be equated respeétivaly to the

Y2
numerator and denominator polynomials of a real rational T(s) function.
Such a network islfound and a synthesis procedure is developed. No
factorization of the voltage transfer functioh is needed, and the net-
work elements are related simply to the transfer function coefficients,
Each numerator coefficient of the voltage transfer function is propor-
tional to a distinct network element and each denominator coefficient is
proportional to the sum of two distinct network elements., The synthesis
procedure will realize any arbitrary T{s) which is a real rational func- *

tion in the complex variable s.

Consider first the open-circuit voltage transfer function

§ i
a.s
E 1
| , it
T(s) = z= = 122 (16)
1 : E b.sJ
j=o -
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From two-port network theory,

T(g) = —— {17}
Y22 '

where Y91 and y2é are the network short-circuit admittance parameters.
It is apparent that any T(s) can'be_réalized for a particular two-port

network if,

and | | o ' (18)

]
I 1
o
[
7]
—

Yoo =

If the numerator and denominator of T(s) are divided by s where q is

the order of the transfer function [g=max(m,n)], then T(s) is realized

if,
n i-q
Yoy 7 iz a;s (19)
and
‘ - %1 i-q '
Yoo = ) b.s (20)
22 §=0 |

‘Now consider the circuit of Figure 8 which employs a GPIC

- described by the matrix equation
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1 "_ — ] '_
Vl klr 0 V2
= ' . (21)
. k.
1 2r
) IL _0 S ~I%

where kir and k2r can be positive or negative constants but must have
the same algebraic sign. The arrow in the GPIC block of Figure 8 and
subsequent figures is directed from port 1 to port 2 of each individual

GPIC. This will enable each GPIC to be described by its chain matrix.

]
Il Ysr ‘ 12 It = I
O—>—"\ NN\~ > 1e?
€ .
1t N N A .
E ' t .
1 . Ypr V2 GPICr Vl_ E2
O O
Figure 8, Basic Network for Generating T(s)
Analysis of the circuit of Figure 8 yields
k
_ 2r | _ .
Yo1 ~© s Tsp . (22)

and
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. _ 2r :
Yoo © sk, (Ysr+Ypr) (23)

Consider next the (q+l) cascaded GPIC's in the grounded network
of Figure 9 which is to be used to realize the open-circuit.voltage-
transfer function of order q. The GPIC's of Figure 9 are characterized

as follows by their chain matrices:

kl0 0 }
GPICO :
K Ko
and ) ' : ' ) (24)
klr 0
GPIC
k
0 2r
s

where r=1,2,...,9. Analysis for the network of Figure 9 reveals that.

oy st Faaoer  FarfperMogfsq
Y21 7 7 %20"s0 s z )
S s
and
ok X
20 21 |
Yor = —= (Y Y )} + =—— (Y__+Y ) (26)
22 \klO s0 "pO Skll sl pl
k. k Ko Koo ook
2122 v 4y y4 .+ -=2L22 29 (v 4 )
s, k.. S2PZ %ok 59 Pd
11512 K11%27 7 K1q
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sq
AN -
Y GPIC
€ pq q
. L )
®
. el L ]
. — ™
- b
§ sz.. GPIC,
Yy =
I
o1 ericy
YSU TE'
Ot A &
TEl Ypo GPICOI
O

Figure 9. Network for Realizing qth Order T(s)




21

Hence,
v o1 - K100 y R Ko1Kope Koy
20" s0 s sl 82 s2 " 'sq aq
T(s) = ' (27)
Egg-(Y FY) 4 Ezi—-(y ¥Y_ )+ a1k (Y +Y )+ on.
kig 80 pO sk;; 81 pl 2 82 "p2’° 77
o 5 1112
KoiKonsooky o
2222 29 (y 4y )
s x X 4 P4

11°12°"""1q

Now the admittance values of

terms of the coefficients of

the network realization can be cbtained in

the transfer function and gain constants

k's of the GPIC's by equating term by term the equations of (25) and

(19) and the equations.of (26

sQ

p0

sl

52

pl ~

) and (20). Whence we have:

a
= 4 . (28)

1°¢-1 %1
21 21

= 9-c -2
21722

e P e

.

O e T T P T gy v
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v = K11K12P -2 %99
p2 Ko1kon kKa1K22
a
Y = 4-r
sr k21k22...k211
v - kllle"'klrbq--r _ aq—r
pr k21k22...k2r k2lk22"'k2r

where r=1,2,...,q.
From (28), it is apparent that.a negative coeffiﬁient in the

numerator of T(s), i.e., aq-r’ is accommodated by appropriately choosing

the algebraic sign of k

and consequently k.  in order to aveid a nega-

2r 1r

tive Y _. Another point is revealed in (28). If b > 0, and k,_ can
spr q-r 1r
take on ény value, then Ypr can always be made positive and real for
r=0,1,2,...,q. However, the range on klr may be limifed such that Ypr
may need to be a negative admittance. Also, if bq-r £ 0, then Ypr may
need to be negative. Negative Ypr's will require realizations by Kim's

method (see Appendix I) which is grounded and employs a resistance and

a GPIC with the chain matrix

(29)
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Several observaticns can be made regarding the open-circuit
voltage transfer function synthesis. By virtue of the synthesis tech-
nique, it is obviously grounded. The only GPIC cireuits not shown in
Figure 9 that may be required in the synthesis are those used in real-
izing negative admittances. These GPIC's do not require capacitors.

Of the g+l GPIC's shown in Figure 9, q require one capacitor each and
can be realized by one of the configurations discussed in Chapter II.

It was pointed out in Chapter II that each of the configurations are
compatible with hybrid integrated-ciréuit fabrication technolpgies. The
fesistive network coupled to the GPIC's in Figure 9 is also easily
handled by the integrated-circuit technology. Thus it is concluded that
the overall network for the synthesis of the open-circuit voltage trans-
fer functioq is compatible with hybrid integrated—circuit technology.

The minimum number of reactive elements for the transfer function
has been discusséd by Newcomb.l He has pointed out that the minimum
nuqber of reactive elements needed to realize a rational transfer func-
tion of orde? q is q. The T(s) GPIC synthesis procedure realizes a qth
order transfer function with q capacitors--the minimum number required.

Since the minimum number of reactive elements is ﬁsed in the'syn-
thesis, all poles and zZeros in the synthesi;ed network. are accouﬁted
for. Hence the\problem of unobservable or uncontrollable modes of pos-
sible oscillation does not exist. .Therefdre, if T(s) has stable poles,
theﬁ the circuilt does also.

Sceme thought reveals that GPIC0 of Figure 9 is not always neces-

sary in the synthesis procedure. GPICO'S functions are
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(1) to eliminate the necessity for having to realize .a negative

admi ttance YpO for certain desired transfer functlons,

(2) to control the range of admittance values of Y, and YpO'

These two functions of GPIC0 may not be desired or needed in certain
applications.
Eliminatién of GPIC

0 is equivalent to letting

kig = kg =1 - (30}
- in (28). Elimination of GPIC0 results in a modification in Figure 9,
This modification is shown in Figure 10. Hence, to synthesize the
transfer function of (16) without-GPIC0 of Figure 9, the network of

- A

Figure 10 can be used. The element values of Figure 10 for the success-

ful synthesis are given by the following:

?50 f 3, | (31)
Y =b -a
po q q
a
Y_ | =
sy k2lk22"'k2r
vy = kllle'”klrbq—r' - aq-r
pr Ko1Koor - Kon KoyRoore Koy

for r=1,2,...,q.
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Y
sqg .
A -
Y GPIC
Pq q
® L
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. = L
y ) i
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é sz GPIC2
Ysl_ 1;'
b
Y | GPIC,
so T
O-LAAA- O
E Y _ E.

1 p0 2

Figure 10. Modified Network for Realizing qth Order T(s)
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An ExamEle

To illustrate the open-~circuit voltage transfer function synthe-
sis,

2
T(s) = E___T__g?__:_‘%

s  t 23+ 3
will be synthesized according to the theory of this chapter. Now the
order, q, of the transfer function iIs two. From (28) we obtain the

expressions for the necessary parameter values.

3

Y = = (33)
20 k20

y = k) 6Ps %

PO ko k20

Y = a_l..

r sl k2;

I s T

pL Ky kyy
Y = ...j.o_

52 k21k22

B S 1Y o I
P2 Ky Koy Kpikos

Comparing the T(s) to be synthesized with (16), it is apparent that

(32)

ag =2 e
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b, =
b, =

by

Let

K10 = Kop = K

Ky = Kpp =

1

Then the synthesis can be completed

in units of wmhos.
YsO
po
sl

Pl

s2

27

11 21
(35)

with the following parameter values

=] (35)

et ke e imi
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Now the negative admittance Ypl can be handled by the negative resist-

ance method discussed in Appendix I. If

klN = ]-(2N = _2 ) (37)

for the negative resistance generating generalized positive impedance
converter, GPICN, then the network shown in Figure 11 will realize the

desired T(s).




3

=~ AN~ N

¢ .
gpzcl

ol A

~AAN ¢

E; : GPIC,
O

Element values shown in mhos.

Figure 11. Network for Realizing the T(s) of (32)
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~ CHAPTER IV
DRIVING-POINT FUNCTION SYNTHESIS

In this chapter a synthesis procedure for realizing any arbitrary
driving-point admittance which is a real rational furiction in the com-
plex variable s is discussed. The procedure shifts the synthesis‘bf the
driving-point function to the synthesis of the open-circuit voltage
transfer function.

If the ideal unity-gain amplifiers in the network of Joseph -and
Hilberman7 for realizing the driving-point admittance Y(s) from a net-

work with an open-cilrcuit voltage transfer function T(s) are replaced

by GPIC's, the grounded circuit of Figure 12 is cbtained.

Y(s) = GPIC, E T(s) E, GPIC,
Network

Figure 12. Network for Realizing any Rational Y(s)
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If the chain matrices of GPICA and GPICB in Figure 12 are respectively

klA 0
0 0
and = (38)
Kig 0
0 0
then it_can be shown that
¥(s) = S [l - k. k. .T(s)] (39)
: 3 T1ATIBT

Now if the desired Y(s) is given by

P

o~

s)

Y(_s) = (40)

<
[17]
|

analysis will show that it is only necessary to synthesize the network
whose open-circuit voltage transfer function is

Q(s) - RP(s)

T(s) = klAleQ(s)

(41)

Suppose that the desired driving-point admittance Y(s) is given by
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(42) -

Then the open-circuit voltage transfer function to be synthesized is

given by
(d

- _ R q
O_RCO) + (dl Rcl)s + ..t (dq ch)s

T(s) = (43)

: 5 2
klAle(d0+dls+d2s +...+dqs )
where q is the order of Y(s).

Now T{s) can be synthesized by the procedure discussed in Chapter

ITTI and the network of Figure 9. The identification of paréﬁeter values

for the T(s) network of Figure 9 in terms of the coefficients of (42) is

as follows:

d —_Rc
YS0 = E“QE“Tfl" . (uy)
18%18%20
. Ky L d - Re
PO kyy @ kyuKigkog
d - Re .
y  =-341 Q-1 '
sl kygkygkoy
¢ -l g1 T R
pl k k., k. k

21 1A71BT 21
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d - Re

Y = q“2 q_2

52 kK ko ko
. k) kpod o ] 4, o ~ ke,

p2 ko1kon k) ak18K01K00

: d - Re

¥ = q-r gq-r

ST kyp 18¥01%000 Koy
v = kllle’”klr'dq-rl_ dq—r - Cq-r
pr Ka1Kaz" * Hop PIUI I I

where r=1,2,...,q.

GPICA and GPICB of Figure 12 can be.realized with a e¢ircuit such
as the one of Figure 7.

Nete that the order of thé open-circuit voltage transfer funection,
T(s); of (43) is equal to the order of the driving-point admittance
function, Y(s), of (42). The two additional GPIC's needed iﬁ the syn-

thesis of Y(s), GPIC, and GPICB of Figure 12, require no capacitors.

A
Hence to realize a Y(s) of order q, we must realize a T(s) of order q.
‘It was shown in Chapter III that this T(s) can be realized with g
capacitors. Newcomb8 has peinted ocut that the minimum number of reactive
elements needed to realize a real rational driving-point admittance of
order q is q. Therefore, the driving-point admittance synthesis proce-

dure of this chapter uses the minimum number of capacitors necessary

for the synthesis.
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The actual synthesis in the driving-point admittance procedure is
that of synthesiZing a network with a certain opgn-circuit voltage
transfer function. This transfer function network is connected to
another.network with two more GPIC's and a single resistor to form the
final network for the desired édmitta.nce function, 8ince the same types
of active deviceé and network elements appear here as in the voltage
tfanséer function synthesis, the same arguments for compatibility with

fabrication by an integrated-circuit technology hold here as was used

in Chapter III.

An Example

To illustrate the driving-point admittance function synthesis,

]

2
Y(s) = 2; +s5 + 2

s + 3 +1

(45)

will be synthesized according to the theory of this chapter. The order
of\Y(s), qQ, is equal to two. Comparing the Y(=) to be synthesized with-

(42), it is apparent that

¢y = 2 (u6)
cy =1
c, = 2
d0 =1
d, = 3
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d2 =1
Arbitrarily letting
R=1
(47)
Kia = kg = 2
the following admittance parameters are obtained from (u4),
1
‘ Y .= - o (u8)
s0 szo
M R
po 4k20
1
Y =
sl 2k21
. Bkll 1
pl 2k,
1
Y = e
s2 L}kzlk22
- vk jky, 1
p2 = k.. k

21722
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R

In order to make all.Ysr's positive and real, make‘k2 and k,, be

0 22
negative. Since k20 and k22 are negative and are GPIC parameters, klo
and kl2 must bé negative also. All other kij's must be positive. Arbi-

trarily make the absolute value of all kij's be one. In other words,

make

10~ F20 T t12 7 T2 T
(49)
kg mky =1

Then from (48) and (49), the following admittance values are obtained:

Y, = %. | (50)
YpO =‘%
Ysl - %;
Ypl % %
Ys? :'%
?p2 s %

The circuit of Figure 13 will realize the desired ¥(s).
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1
R
L
m
Y { |
$2 Q5 GPIC
¥ = 2
P2
) i
2
‘ AAA €
Ysl 1
v 5 GrIC,
pl ¢ 2
1 T
m
s0 -
¥(s)—= | opIc, Yo % GpIC, GPIC,
°© [

Element values shown in mhos.

Figure 13. Network for Realizing Driving-Peint

Admittance Function of (u5)

N — -




CHAPTER V
SENSITIVITY

In this chapter, sensitivity is defined and discussed. A sensi-
tivity analysis of the resulting network realizations of the open-
circuit voltage transfer function and driving-point admittance function

synthesis procedures is made,

Definition

Sensitivity cén be defined as the fractional change in perform-
aﬁce resulting from a given fractional change in an independent variable
of the system. Geffe9 has presented an enlightening view on the topic |
of network sensitivi‘ty. by coniparing macroscopic sensitivity and differ-
ential sensitivity.

Suppose that we are interested in the change in the performance
parameter T of a network with reséect to some fractional change in the

element value x. The macrosceopic sensitivity of T te X can be defined

by

AT
gl = T (51)
x T TAX

4

The macroscopic concept simply means that we intend to use realistic

magnitudes of %?u Realistic magnitudes may fall in the range of 1 to
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-

10 per'cent, i.e., lumped resistors., 'If §1 were cbtainable, we could

get to the final quantity of interest,

(52)

Unfortunately, §1 is mathematically intractable in most situations;
therefore, we are generaliy forced to abandon the idea of realistic mag-
nitudes of %%u If we let Ax be a differential quantity, then we can

define the differential sensitivity of T to x as

- =9l . X
8§ = = T | (53)

As Ax approaches zero, (51) and (53) become identical, In thé
discussion of sensitivity which follows, sensitivity will have the
meaning as defined by (53).

In the invesfigation of aétive circuits, it is of interes? to
check senéitivity factors with respect to passive elements. as well.as
thelactive parameters. It is desirable to have all sensitivity féctors
low. Higﬁ sensitivity with respect to passive elements is cause for
alarm. High sensitivity with prespect to active parameters, such.as
gain, may not be a severe defect in a network synthesis realization

since gain can often be ﬁery well stabilized with feedback.
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Coefficient Sensitivity of the
Open-Circuit Voltage Transfer Function

Consider first the coefficient sensitivity of the network ‘that

realizes the qth order open-circuit veltage transfer function

T(s) = —— : (54)

As discussed in Chapter III, the T(s) of (54) can be realized by the

network of Figure 9. The element values needed are given in terms of

the coefficients of the transfer function and the active gain constants
of the GPIC's by (28). The equations of (28) can be solved to obtain
the coefficients of the T(s) of (54) in terms of element values and GPIC

gain constants. Doing so we obtain

W

1
-~
=

q Fao¥so (55)

fa
1

=

et

8-2 = Ka1K00¥s2 i

8- = Ka1¥op r Koe¥er

_ k20(Y30+Yp0)

4 k10
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b - Koy (Ygat¥5p)
q-1 kll
oo ke Yea o)
Q-2 ] . kllk12
o KpaKope - Kpp (Y Y )

where r=1,2,...,q9.
. Using the definition of (53) for sensitivity, the following coef-

ficient sensitivities are obtained:

a —r.' a -r b -r b -r
skq = sYq = skq = - skq =1 (58)
2r sr 2r Sl
b Y
g aT sr
Y + Y
sr sr P
b - Y
5 q-r _ _PT
Y Y + Y
PY s pPT

for r=0,1,2,...,q9. All other coefficient sensitivities are equal to
zZero,

If all bq—r > 0, and k can take on any value, then Ypr' can

lr
always be made positive and real for r=0,1,2,...,q. (This point was
discussed in Chapter IV.) Hence, the absolute value of all the coeffi-

cient sensitivities of (56) will be less than or equal to one. These

coefficient sensitivities are as low as the factors reported by Antoniéu5
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in his RC-GIC realization for the open-circuit voltage transfer function

of (54) restricted as follows:

(57)

If we do not restrict the coefficients, bq_r's, and restrict the

range of k. 's, then it may be necessary to generate a negative Ypr'

1lr
Examination of the equations of (58) indicates that care must be taken
in this case to assure that (Ypr+Ysr) is as large in absolute value as
possible in order to assure minimum coefficient sensitivity.
Selectivity and Undamped Natural Frequency

Sensitivities of the Second-Order _
Open~-Circuit Voltage Transfer Function

The general open-circuit voltage transfer function defined by
(54) can be factored into first and second order poles and zeros. This
factored transfer functicn can be fealized by first and second order
network sections cascaded through isolation buffer amplifiers. These
first and second order sections can be realized by the GPIC synthesis
procedure for T(s) discussed previously. This decomposition of the T(s}
is often done and in some cases results in reduced sensitlivity. |

Since transfer functions of the first order can often be handled

by simple passive RC sections, the transfer function of the second order
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(58)

has received considerable special attention. When b0 > 0, it is cus-
tomary to write (58) in terms of the undamped natural frequency, @ s

and the damping factor; g, as follows.

_ a. + a.s + a.s
T(s) = g« L 2 (59)
2 8" + 208 + w
Tt
where
b
o = E'D' (60)
2
and
b
_ 1 '
g = 2b2 ; (61)

In terms of the selectivity, or Q, of the poles, (59) can be written as

a. + a,s + a.s

(s) = g i —2 (62)
2 w.
[
Q con
where
“n ;0b2 .
Q= 3o = 5 (63)
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If we consider the synthesis of the transfer function of (58) by
the previously discussed cpen-circuit voltage transfer function synthe-
gis techhiqUe, we can identify the coefficients of (58) with the network
elements of Figure 9 through the equations of (55). Using the results
of (55) for q equal to two and substituting into (60) and (61), the fol-

~ lowing is obtained,

Y + Y ..k, .k
P4 2 -
o = {?s___ﬁa_ ’Ez;k_z.z_k_;.q (68)
: s0  Tpo 11°12°20 |

I T e Ve T ‘]k11k22k20

Q (65)

g Y0 k12%2110
The selectivity and undamped natural frequency sensitivities of the
resulting network realizations are often used to judge the merits of a
particular synthesis procedure,

Again, using the differential sensitivity definition of (53), the

following sensitivities are cbtained.

w n w 1
skn =8 = skn =z (66)
10 21 22
i 1]
5. =8 =s" = "%
11 ©12 20
Swn 1. YS2
T2 Y T+ ¥




=

(ST) o

N -
+

L]

| =

LS o
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If all Y 's 2 0 as before (i.e., b, > 0 for j=0,1,2 and k,_.
pY ] J 1r
unrestricted in value for integef values of r between ¢ and 2), then
the absolute value of all @ and mn sensitivities will be less than or
equal to one. These sensitivity figures are almost the same as the low
factors reported by Antoni0u5 in his RC-GIC synthesis realizations.
Newcomb shows that for high Q circuits, the INIC realization

of Figure 7.2,2 with assigned values from Table 7.2.1 in his'bookl has

=1

s3] = 20* 7
Further examination reveals that
BENIER R | o (68)

Now k is the current gain constant of the INIC and r is a eircuit

resistor value. Therefore, the circuit is very sensitive to both active

and passive parameters.

It can be concluded that the resulting network fealiﬁafions of-
the GPIC open-circuit voltage transfer function synthesis exhibit sélec—
tivity and undamped natural.frequency sensitivity figures of the séme
order bf magnitude as Antonicu's realizations, which are claimed to have

low sensitivity. The GPIC realization offers a definite improvement in

e
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Q function sensitivity over a particular INIC circuit reported by

Newconb.

Sensitivity of the Absolute Value
of the Second-Order All-Pole
Open-Circuit Voltage Transfer Function

The second-order all-pole transfer function

4a
0 (59)

T(s) = 5
bO + bls + bgs

can be synthesized by the GPIC procedure described previcusly and

realized with the network of Figure 9. Assume that the transfer func-

tion is absolutely stable (i.,e., b., b

09 l’ b2 > 0) and that ra > 0« The

0
equations of (55) enable us to relate the coefficients of (69) tec the
network admittances and GPIC gain constants needed for the synthesis

with the network of Figure 9. Namely,

X_ k.Y
sy = 21%22% a2 i (70)
k2lk22(Ys2+ng) X ko (Y *Y)s . k0¥ 50t Yp0?8
k11K12 ki1 k10
Now
[%,5q | Koo | ¥
211 X0oltgn :
. L = 7
where
I 3
D(w) = Ja%(w) + B3(w) (72)

and




Kok, (Y

CA(w) =

2
21%22 Y52t p2) 90 Yot e!

and

Analysis will yield the

S|T(jw)| -

ki

S|T(jm)| -

k1o

S|T(jw)|

k2l

| S|T(jw)|

k22

S|T(jw)| -

klO

- S|T(jw)|

k20

S|T(ju1)| -

YSO

kllkl2 klO

21(Y81+Ypl)

kll

B(w) =

following sensitivities.

1 [?21k22(Y82+Yp2)

p%(w) k1Ko

=1

=1

1 [{2lk22(Ys2+Yp2)

D2 (w) k11512

. A(mi]

_ S]T(jw)|
ki1
r
- SlT(jm)l
k12
2 . kook11K12 V50100 g/ TGw)|
kpoka1k00 o Y00 Thyy
- S|T(jm)|'
%10
2. k20%11%12%50 L glTGw) |
kyoRorkoo(ent¥pod Ky

v Alw) + B%wﬂ-
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(73}

(74)

(75)
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k., k .k, .Y

glTGwd| _ 2, 72071171290 [T(jw)|
Yoo k1oka1R0oYent¥po) ¥pp
Y (Y__+Y ) uwk )2
8|T(jw)| . sl sl plith21
Y T 2
sl - [kllD(m)]
' Y (Y 4T ) ak, )2
S|T(jw)| __ _plisl pl 21
Y 2
pl [kllD(m)]
L3 Y »
S|T(]w)| =1 - s2 S|T(jm)|
Teo (Yot o) Tk
SrGwl e |G|
Y (Y .+Y_,) "k
P2 52 "p2 12

NQ general statement can be made regarding the relative magnitude
of the.previously calculated absolute magnitude of T(s) sensitivity
terms. That the network used to realize T(s) can be made to have iow
sensitivity terms can best be demonstpated through the following example.

_

An Exaggle

The following open-circuit voltage transfer function

T(s) =

1
52_+ 6—8 + 1

(76)

will be synthesized according to the procedure of Chapter II1 and the
sensitivity factors of (75) will be computed., For the example, the

undamped natural frequency, W s is 1. The selectivity of the function




is Q.

Arbitrarily, make all kij's

50

The T(s) synthesis procedure of Chapter III requires that

Y, =0 (77)
10
Y = —
pO k20
Ysl =0
v k)1
Pl Qle _ i
1
Y = e ——
52 k2lk22
v = kg — 1
p2 ky1K22
: 1
= 1. Then in units of mhos
Yo=0 (78)
Yo, =0
Y, =1
YPO =1
1
Y ==
pL Q
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p2

The quations of (75) indicated that certain sensitivity factors
are functions of the radian frequency w. Since it would be impossible
to check the sensitivity factors at every frequency, three frequencies
are usually used: w = 0, w = w = l, and w = =, Usiné the results of
(75) and substituting the ébbve network admittance values and GPIC éain

constants, Table 1 was obtained.

Table 1. Sensitivities of Second-Crder AllQ
Pole Transfer Function of (76)

|S|T(jw)]
Element Element
Element Value o ow=l wEl weEw
klO 1 o 0 1
kll 1 \ 1 1 0
k12 | 1 1 0 Q
k20 , 1 o 0 1
k21 1 0 0 1
\ k22 1l 0 1 1
Y 1 mho 0 0 1
po .
1 . .
Ypl a-mho; 0 1 0

Y- 1 mwho 0 1 1
s2 .
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Note that all sensitivity factors are less than or equal to one. Hence
for realizing the T(s) of (76), the synthesis procedure yields a netﬁork
whose transfer function magnitude is very insensitive to the passive
network elements and GPIC gain constants. It is significant to note
that the selectivity, Q, of the transfer function does not appear in any
of the sensitivity terms in Table 1.

The transfer function of (76) caﬁ be realized with the INIC
realization of Figure 7.2.2 in Newcqmb's bookl when the circuit is

assigned the values given in Table 7.2.,1 of the same book. Examination

of SLTijw)l of the transfer function of the INIC realization reveals
L] .
that for high Q ' ' : .
SITGD| 202
k
and ) ' (79)

2Q

SITUDY| £ 542
r

where k = current gain of the INIC and r = resistor value. The ne£w0rk
is therefore very sensitive to both active and passive parameters.

From a sensitivity standpoint, the INIC network examined above is
. described by Newcomb as being typical of NIC type circuits. Ver& defiQ
nitely; the GPIC network deseribed previously that will realize the |

transfer function of (76) has superior sensitivity characteristics.
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Coefficient Sensitivity of gth
Oprder Driving-Point Function

Consider the coefficient sensitivity of the realization for the

qth order driving-peint admittance function

c s. _ © (80)

As discussed in Chapter IV, {80) can be realized by the circuit of

Figure 12 which incorporates a network that must realize

- _ _ q
(do Rco) + (dl Rcl)s + ovu. t (dq ch)s

T(s) =

o 2. q
klAle(do + dls + d23 et dqs )

Now this T(s) can be realized by the network of Figure 9. The equations
of (44) can be solved tc obtain the coefficients of (80) in terms of the

network elements needed for the synthesis of Y(s). Solving these equa-

tions we obtain

k .
_ %ag.
®q T kR Hky gk akig) Y0 * Ypo! . (82)
k
20
d = —=— (Y +Y )
q klO s0 "po
(k k ek ) ’
2122 2r
ol = - - {(l-k, .k ~er .k, k. k.Y + Y }
q-r (kllklz"‘ker) 11712 1r 15 1B" "sr pr

(81)
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k k .I'k
Joareett e L

q-r kllle"'klr sr pr

d

for r=1,2,...,9. Applying the differéntial sensitivity formula of (53),

the following sensitivity factors are obtained.

C

skq =1 (83)

20

C @
qu = -1

ch - _ - (Y50+Yp0)

16 TTTk, ok kg g * Vo)

ch i} Yso(l'k;okiAle)

Yoo 1kgekiakipl¥ep + Ypo!

c Y

_ X

Yoo TRy aRyp)¥eg ¥ Ypo)

c
s = k1 o%1a%18%s0

14°%1B W=k gk gk g )Yt ¥ 0T

10 20

qu _ YSO

Yoo Yao t Yoo

d Y

Sq :-RQ-._..
YpO YsO ¥ YpO
Cq-f :

B Kerseeak, 1
21722 2r
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c—

SRq R |

e (Y +Y )
g AT - _ sSr _pr

k. .,k . o o{(1-k, .k, ...k, kK. k. _JY + Y

117127 1p 117127 ""1lr 1AT1B  Tsr pr}

Saor _ ¥ (1K g e vk Ky yk 0)

op (O I PR N LY A Ypr}
c . Y
8y = e ¥4 Y}
Yoo W kygkggee Rk pen * Yop
ch~r - . kllkl2"'klrklAleYsr
k1a°k18 Uik kg e el kg alp ¥ + Ypp)
dq_r dq_r
S = -5 = -1
k\ll"klz’.."klr k2l,k22,..c,k2r

d Y
g a4 r sr

Y _fy

sr sp pr

a X
g 4°r o __Pr

Y Y + Y

pr sr pr

for r=1,2,...,9.
In oﬁder to better judge the relative sensitivity values given
by (83), the results of (44) can be substituted into (83) by which is’

obtained

c
s 4 =3 . (84) q



k_.k_.jY

c 'd
S]{q = - j_

10 ch
c ( d .
s, = |- 2| e
Yeo | “q 1AF1B 10
c ' d '
s, = |1 - 1.9, > L
Yoo | *ua¥iskio) Req Kuakimkio
Cq d
S =1- 4
klA’le - ch
d
s, 4 = -skq = -1
10 20
Re
R vl L
so  M1a¥ip¥i0 a
qu Sy 1 ],+ ch
o0 kakagkio)  MaakipFi0dg
Cq_rl
- 8 . =1
Ko1wKagse s oKop
& -
R
¢ d
skq‘”k =
CFaRggreeoke Regly
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€ -r dg-r ' 1 ]
Syt 0= |1 ™ S
sr Tqer 1A"1B"11712° " lrJ
c . d .
sar [ 1 | Zg-x 1,
Yor kyakigRaa¥ios - ko] Req o kpakqgkykypee ik,
c d
S q-r =1 - _E_.
klﬂ’le Re
q-r
d 4
skq'rk _ = -g 177 = -1
11120000k Ky akopae ek,
d -r 1 Re -
e 7 v el LR ‘
sr 1A1B711% 127 "1 g-r
qu-r = 1 - 1 1 + ch_r .
Tor T T B T LY ERTL I A

for r=1,2,....,q.

It is not immediately evident from (84) that the coefficient
sensitfvities for the networks realizing the driving-point functions can
be made low. To demonstrate %hat they can be made low,

(1) choose R such that

o

0.1

(85)

:

0.1
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for r=1,2,....q.

(2) Choose klO’ klr in orde# that
Re :
k) gkygkyg) = 100 753- _ (86)
q
Re _p
Ik;Alekllklz...klrl = 100 E;%;'

for v=1,2,...,q. Examination of the sensitivity terms of (8&4) which are
not equal to one in absolute value with the restrictions of (85) and

(85) reveals that

[ .
Skq < 0.1 (87)
10| r
“a
S =1
Yso’klA’lelg
c
: IsYq < 0.11
p0
a
sYq z 0.0l
s0
4
-‘sYq [ o1
) ol
(o -
s 4 < 0.1

k

ki1oKpgo kg
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< 0.11

d 1.
’sYq Z0.01

51

H+

dq-r
5
pr

Hence, applying the restrictions of (85) and (86) to (84), it can be
_concluded that all coefficient sensitivity'terms are low and approxi-
~ mately less than or equal to one in absolute value. The following

example demonstrates the above conclusion.

An ExagEle-

Let it be desired to synthesize the following Y(s) according to
the proceduré of Chapter IV, Also, suppose that it is desired to have
all coefficient sensitivity terms as defined by (84) approximately.lgss
than or equal to one in absolute value, The desired driving—point'funﬁ-.
tion is -

2
¥(s) = 287 + 5 + 2

s + 38 + 1

(88)

o

Applying the synthesis procedure of Chapter IV and the restrictions of

(85) and (86), it is found that the following parameter values will
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sétisfy_the synthesized network requirements (44) and the requirements

for the low sensitivity [(85) and (86)].

k., = k.. = 10 (89)

1A 1B
kio = -200 : )
k,q = -10°
.kll = - E%Q
kﬁ_:-mS
kpp = 6
kp, = 1
R =100 ohms

1.99x10"° mho

YsO -
. N -l
Y = 1,9801x10 mho
p0 -
-3
Y . = 0.97%10 = mho




6L

. -2
Y,y = 9:908x107" who

1.99x10"° mho

-
1]

s2

Y = 1.9801x10"% mho
p2
The absolute value coefficient sensitivity table, Table 2, is obtained

by computation of the semnsitivity terms according to (83) or (84).

Conclusion

A seﬁsitivity investigation of the resulting realizations of the’
GPIC open-circuit voltage transfer fuﬁction and the driving-point
admittance function synthesis procedures was made. The inﬁestigation
revealed that the T(s) and Y(s) realizations are generally insensitive
to changes in both passive eleﬁent values and GPIC gain constants. .

For the network that realizes the unconditicnally stable T(s),
the coefficient sensitivity terms can alwéys be made less than or equal
to one in absolute value. 'Inzthe case.of the absolutely stable, second-
ordér T(s) network, the selectivity and undamped natural frequenby sen-
sitivity terms.can always be made less than or equal to;ohe in absolute
value. It is concluded that the GPIC T(s) synthesis realizations
~exhibit coefficient, selectivity, and uﬁdamped natural frequency sensi-
tivities of the same order of magnitude as Antoniou's synthesis reali-
zations, which are claimed to have low sensitivity. The GPIC T(s) pro-
cedure realizations offer a definife improvement in selectivify sensi-

tivity over a particular INIC circuit reported by Newcomb.




Table 2.

Terms of the Y(s) of (88)

Absolute Value of Coefficient Sensitivity

Coefficient
Element | o 5 b)) dO dl d2
R 1 1 1
X PR
14
l}’: l%'{‘ lfc
k1B
1
k 1 .
10- 200 1
1 3
kyy 200 100 1 1
1
k12 200 1
k20- 1 1
k2l 1 1 1 1
k22 1 1
o 1 *
Y
50 1 160
1 * &
Y A
PO 360 1
* l L)
Y 1
sl 1 160
3 % P
Ypl 100
=
& _ 1
T30 1 160
1 ¥ %
Y52 200 1 /

62
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It was demonstrated that coefficient sensitivity terms of the
resulting realizations of the Y(s) procedure'can always be made approxi-

mately less than or equal to one in absclute value.
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CHAPTER VI

/

CONTROL OF ELEMENTS VALUES EXTERNAL TO GPIC'S

In both the open-circuit voltage transfer function synthesis and
the driving-point admittance synthesis, the actual network to be synthe-

sized was one with the qth order open-circuit voltage transfer function

i
[

[
1]

T(s) = 220 (90)

1 &1, Il t~1,0
o 4
Hy
1]
[

.
o
L. 13

According to the network synthesis procedure discussed in Chapter III,
!

it was required that the network elements have the following values:

e ° "
Y = —gn... ' (gl)
0~ o0 _
k..t e
Y = 10" g -
p0 Koo Koo
e
8 21
v K1afq1 %1
pl. ky ka1
: e
= g-n

'Y. ) .
sn k21k22...k2n
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_ kllkl2"'klnfq-n ) eq~n .
PR kppkggeeekon  KgpKgpeetkg,

for n=l,2,;.{,q.
Let it be required that the non-zero admittance parameter values

of (91) satisfy the following equations.

i . .
@ 5 st < B _ (92).
and
o < an < B o (93)
or
-y = an £ -A : ' (94)

for a<f<yzid and n=0,1,2,...,qQ.

Recall that negative an's can be realized by Kim's method as
discussed in Appendix I. For example, from Appendix I, we see that if
kl = 3, k2
would extend from -28 to -2a.

= 4, then an = —QY. If as¥<B, then the negative an rénge

Examination of the st equations of (81) for n=0,1,2,...,q reveals
‘that all st's can be made to fall within a certain range by choosing

the appropriate algebraic sign and magnitude of k2n

of kln must be made the same as that of k, . Combining the equations of

_ 2n
{(91) and (92) we obtain

o s %< | (95)

. The algebraic sign -
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If

e.
g-n
a = =B
k21k22"'k2n
for n=1,2,....9.
e =10 2
q
then
Y80.= 0
and
| k20 = arbitrary.
If ' f (96)
e =0
q-n
then
Y =40
sn
and
k2n = arbitrary

for n=1,2,...,.9.

Ife , e 2 0, then Y . and the Y__'s can he made to fall into
q® Tq-n s sn

]
the appropriate range by choosing kzn[n=0,l,2,...,q] to satisfy the fol-

lowing restrictions:

k20

e
q

£ =

™|
eiH

(97)

1 KorKopeeekoy
— % =
B €q-n

=N | o
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for n=1,2,...,q.

Once the k values for n=0,1,2,...,q are selected according to

2n
the equations of (96) and {97), then the k, wvalues must be selected to

In
satisfy either (93) or (94). For all fi‘s of (on'that are positive,
the corresponding an's can be made to satisfy (93). For those fj's
that are nonpositive, the corresponding nonzero an’s will be negative
and can be made to satisfy (94),.
First consider the case of the fj's of (90) that are positive.

Substituting the appropriate equations from (91) into (93) and perform-

ing some 'algebraic steps, the following equations are obtained.

e klOf e
R
20 20 20
' (98)
eq-n kllki2""klnfq-n eq—n
“t K K T kR .k s Bt K
21%29° * Koy 21K Koy 21K22°+ *Kop

for fq’ fq—n > 0 and n=1,2,...,q. It is apparent from (98) that each
kln (n=0,1,2,...,q9] must be calculated in ascending order of n. Hence
the results of (98) must be used in conjunction with the procedure for

calculating the k. _'s for nonpositive'fj‘s. This procédure will now be

In
discussed.
Consider the case of the fﬁ's of (30} that are nonpositive.

First consider the fﬁ's that are zero. Examination of (91) reveals

that if
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f =0
q
then .
YpO = Y, ’ (99)
and
kl0 = arbitrary.
Ir
fq-n =0
then
Ym1=-%n i (@0)

ki, = arbitrary .

for n=1,2,...,q9.
Next consider the negative fj's. Substituting the appropriate
equations from (91) into (94) and performing the appropriate algebra,

the following equations are cbtained.

_ e klof e

_Y+E9a_.g_rig_)‘+ki
20 20 20

e k. K. ....k _F e
qQ-n 11712 ln g-n gq-n
A vy s " " s A S S (101)
217227 ""on 21722 2n 21722 " 2n
for fq, fq—n < 0 and n=1,2,...,q.

The case of most interest to engineers is the case where all
fj's are positive, the absolutely stable system. For this case (96) and

(97) can be used to calculate all k2n's and (98) can be used to
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calculate all kln's. Using the values obtained from these three sets
of equaticns, the non-zero admittance parameter values will be in the

range indicated below.

| - {102)

for asp and n=0,l,2,...;q.

Example One

Let it be required to synthesize

2 .
g + s + 100

(103)

with the following restrictions on the non-zebo admittance values.

1<Y 352
an o
(104)

Y =
pn

Since all coefficients are present in the numerator and dencminator and -
those present in the denominator are positive, the equations of (97) and

(98) apply. In the above example,
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q=2 ' (105)
| e0 = 2
el = -3
e, = 1
f0=100
£, = 1
f2=l
a=1
B =2

From (97), the results below are cbtained.

-3 < k.. £ --g (106)
1S kyky, S 2

The following values of k, will satisfy (106).

kKoo = 1 . | "(107)
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21

_ 2
k22 Y

. values, use (98) and obtain

To get the corresponding kl

2 <k

A
<

10 ~

11

-9.5 k., S -6 (108)

L)

35 < X1K0 55

Choose the kln values as follows.

klo = 2

kj; = -6 (109)
_ 1

k12 - 150

As a check to see if the above k k., values give st and an

1n® "2n

values within specification, we suﬁstitute the above calculated values

into (91) and obtain in mhos

Y =1 (110)
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¥,=1
Ys2 =. 1
YPD =1
Ypp 71
Yp2 =1 N

All the admittance values fall within specifications, In fact, by

-

appropriately choosing values for kln and k2n’ all admittance values

have been made equal to one.

Exagp__le Two

Let it be required to synthesize

82 - 38
T(s) = e (111)
s° + 100
with the following restrictions on the non-zerc admittance values:
l=Y =2
sn
and
Y s -) (112) m
or
l1sY =<2

P
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Since the zero-order coefficient in the numerator and the first-

order coefficient of the denominator are missing, (96), (97), (98), and

(100) apply.

For the above example,

100

{113)

S



From (96), it is concluded that

k22 = arbitrary

since e, = 0. From (97), it is found that

N
1A
~

A
I._!

Kpg = 1

ko1 = 73

kKog = - %
From (98), it is found that

2= klo <3

From (100), the following are obtained.

74

(11y)

(115)

(116)

(117




and

kll = arbitragy

since fl = 0. From (98), it is found that

1 2
oo < ¥11%12 € 100

In order to satisfy (217), (119), and (120) chcose

kKig = 2
kll =1

_ 1
.k12 ~ 100

Using (31) as a check to make sure the admittance parameter values

fall into specification, the results below are obtained.

YSO =1
Ysl:l
Ys2=0
Y =1

po

75

(118)

(119)

(120)

{121)

(122)

D y—

o ErT
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Once again the appropriate selection of values for kln and k2n has
resulted in all non-zero admittance values having an absolute value of

one and thus within the given specifications.

Conclusion ’ ~
It has been shown that for both the T(s) and Y(s) synthesis
procedures the synthesis can be successfully completed for any preseribed

range of admittance parameter values external to the GPIC devices. This

remarkable property of the synthesis procedures depends on the unre-

stricted assignment of GPIC gain constant values,
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CHAPTER VII

MULTI-PORT OPEN-CIRCUIT VOLTAGE

TRANSFER MATRIX SYNTHESIS

A synthesis procedure is developed for realizing any multi-port
open-circuit voltage transfef-matnix whose elements apre real raticnal
functions in the complgx variable s. The approach used to realize the
.matrix is to realize the matrix one row at a time. The network reali-
zation for each row is similar to the networ-k_ used to realize the open-
circuit voltage transfer function. No factorization of the row elements
is needed, and the network elements are simply related to the coeffi-
cients of each of the roW elements of the transfer matrix. Each ﬁumerj
ator coefficient of each row element is proportional to a distinct net-
work element and each denominator coefficient of each row is proportional
to the sum of (n+l) distinct network elements, where n is equal to the_
number of row elements in the multi-poft open-circuit voltage transfer'
matrix. The network realization is grounded.

Consider the synthesis of the matrix [T] which relates thg input

voltages to the open-circuit output voltages of a network by the follow-

ing matrix equation

Eoutpué] = [T] Einpué] : : {123)

or equivalently
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Er1|  [Tr1 Toed2 777 Teaenn| B1
: : o : E,
Enth| = T§n+h)1 IT(n+h)2 s T(n+h)n . (124)
En+r; E(n-l-r)l Tntry2 7" T(n+r)rl _Et_l_
where
n = number of input voltages of the network
(125)

>}
1]

number of output voltages of the network

Each row of the matrix [T] of (124) is augmented if nécessary in order'
that each element of the row has the same common denominator. The hth
row of [T] can be realized by the network of Figure 14, In Figure 14
and in the discussion to follow, q is equal to the maximum order of the
rational.elements in the row. The‘tEk [k=1,2,...,0n] needed in each row
synthesis can be realized by the networks of Figure 15 or Figure 16.
The. active blocks shown in Figure 15 are ideal phase-inverting unity-
gain amplifiers, The GPIC}S shown in Figure 16 are ‘each characterized

by the chain matrix
(126)

The GPIC's of Figure 14 are characterized by the following chain matrices.




GPIC
9 n+h)

GPIC
- *(n+h)

GPIC
{(n+h}

79

GPIC

{n+h)

Figure 14.

-0 En-l-h




-0 +E_
I_\ “E
:, O B o =,
’ L ]
»
L J
| _ O +J::2
E, O L;ifr O -,
() +El
10 e —0
Figure 15. Unity-Gain Amplifier Network
) -a-En
E. O > O
. GPICn
- b
* .
»
O +E,
E, O > -0 -E,
GPIC2
O +El
E, O > -0 -E;
GPICl

Figure 16. GPIC Voltage Network
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8l

k 0
10¢4m)
GPICO‘
{n+h) - X
20
0 (n+h)
(127)
- o T
lm(n+h)
GPICm :
(nth) k2m
(n+h)
0
e S et
for m=1,2,...,Q.
Analysis of the network of Figure 14 reveals that for each
i=l,2,...,n'and h=l,2,.4.,7
_ A(h,1) '
Tenem)i = 7BR) - | (128)
where
k LY
21 sl, . . '
A(h,i) = K20 Yoo + (nth) ~(n+h)i + (129)
(n+h) ~ (n+h)i s
k k Y
2L nen) 22(nth) S2(ntn)i
2 + LR B ) +
s
X k Lk Y |
2l(n+h) 22(n+h) 2q(n+h) S9(n+h)i

Sq
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k20
+ '
B(h) = k—-(iﬁ R + T + (130)
lo(n+h)\ izl " (n+h}i (nth)
k
Tom) | §y .y R
sk & sl( yi pl :
k k
Zon) o) | Fy -
2 L Y52 LY Tt
s7ky, ki, i=1 "“(n+h)i (n+h)
{nt+h) (n+h)
k. k vook '
Hinrn) 22y My | R .y
q - ' .2, 54 : pq
sk k vk _ i=1l "*(n+h)i (n+h)
Lenm) Py ath) -
i
Now each T . of the matrix to be synthesized is the ratio of two
(n+h)i

polynomials in s as was the T(s) in Chapter III and is of the form

1

q
z a st4
w=0 i L
Tt T g (131)
E bvsvﬁq
=0

Therefore the synthesis procedure becomes similar to that discussed in
Chapter III, one of matching coefficients of a transfer function to net-
work element values. Comparing (lél)_with Equations (128), (129), and

(130), we see that we can realize (131) with the network of Figure 14 as

follows. For h=1,2,...,r and i=1,2,...,n, make
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Iaq.
5% ath)i 20 m)
a
. _ -| q-—lil
Ysl = k
{n+h)i 2l(n+h)
=1
Y 2.2,
52 . K X
(nfh); 21(n+h) 22(n+h)
Iao"'
¥ " k.  x : X
S - * o &
Q(n+h)1 2l(n+h) 22(n+h) 2q(n+h)

[(k=0,1,...,q] encountered, which is algebraically nega-

For any a(
i

q-k)

sk must be c&nnected to -Ei. All other Ysk network
(n+h)i (n+h)i

elements are connected to +Ei. To complete the realization, make

tive, Y

k b y _
10 q n ’
Y . _k_(n;h)__ - Ty . (133)
PP(qth) 200y i1 2 (oth)i
Kk b
1 ™ ' - sl
PX(n+h) 2100 m) i=1 5 (n+h)i -
k k b '
11 12 -2 n
y . __{nth) "{(nth) —

P2 : k k .2 s2 .
{n+h) 21(n+h) 22(n+h) ;—l (n+h)i

o
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k k ..uk b

_ M) Py Mgy B
"k k P 4

intn) (oth)  2nen)

Y

Y
PA(n+h) i=1 59n+h)i

The synthesis procedure can be summarized as follows:

1. Identify the matrix elements of the multi-port open-circuit
voltage transfer matrix [T] to'be synthesized as in (124).

2, Identify each coefficient of the ith element of the hth row
of [T] according to (131).

3. Evaluate all Ysk i [k=0,1,2,...,q] network elements of
“(n+h)i : B

Figuré 14 for the ith element of the hth row of [T] according to (132),

[k=0,1,2,...,q9] encountered, which is alge-

noting that for any a(q-k)
i

braically negative, Y must be comnected to —Ei. All other

Sk(n+h)i

Y network elements are connected to +E..
sk . i
(nth)i
4. Repeat 2 and 3 for each matrix element of the hth row of [T].

3. Evaluate all Y X [k=0,1,2,...,9] network elehents of
PX(n+h) :
FPigure 14 for the hth row according to (133).

6. Repeat 2 through 5 for =ach row of [T].

hn ExaEBle

Using the multi-port open-circuit voltage transfer matrix synthe-

sis procedure, a network will be found that realizes the following:

s s_

=1 “sr| B _

= 5 _ _ (134)
2 s -3+l




For the synthesis procedure, n=2, r=2 and

s ) s
Ty Tao s+1 T s+l

T T _ 2 52~s+l
__.ul 43 _ s2+l 52+l__|

For the row correspcnding to h=l, -it is obvious that q=1,

h=1 and i=1,
1 u=1
La s
T _ 1 u=0 "1
31 1~ 1
-1+ 5 z b SV-l
v=0
Heﬁce,
a =0
%
a =1
1
b0 =1
b, =1

Using the results of (132) and (137}, it is found that

Y 1

k

s0 =
(3)1 20(3)

" (137)

85

(135)

For

(138)

(138)
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Y =0
sla)s
For h=l and i=2,
%' u-1
a s -
T,, = s - =-“i° 2 (139)
1+ = , L v-1
s bvs
v=0
Hence,
a =0
02
(140)
a, = -1
12 F
Since a, is algebraically negative, connect Y to -E,. Using the
12 50(3)2 2
results of (132) and (140), it is found that
1
Y = = (181)
s0 k
(3)2 204y
Y =9
51(3)2

To complete the row synthesis corresponding to h=l, use (133), (137),

(138}, and (141) in determining that

kl°(3) "
Ypo = R (1u2)
(3) 20(3)
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X
I )
pl Tk

(3) 214

For the row corresponding to h=2, 9q=2, For h=2 and i=1,

2 2 u-2
"7 LA
T, = ——— = L (143)
AR I T |
2 Jbs
8 v
. v=0
Hence,
a, = -2 ' (144)
0, : :
a =0
} 1, |
!
a =0 |
. 21
b0 =1
bl =0
:b2 =1
Since a, 1is algebraically negative, connect Y| to -E,. By using
0y #2(u)1 1
(132) and (144) the following results are obtained.
Y =0 ' {1u5)

30(4)1 -
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Y =0
Sl
. 2
Y =
C 82 k k
L)1 21 22
() )y 22)
For h=2 and i=2,
2
1 - 1,1 E a su—2
5 2 o %
T,, = = — ' (1u46)
42 1+ = 2 g2 |
S2 bvs
=0
Therefore,
a; =1 ' (147)
a .
alﬁ = -1
a =1
22
Since a. 1is negative, comnect Y .. to -E,. Using the results of
1 51iuy2 2
(132) and (147), it is found that
Y, = E_L”_ (148)
(#)2 20(4)
1
Y =
k
Sz 2143
' 1
Y =
S2(4y2  Ko1, Koo

() “7(u)
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Using the results of (133), (144), (145), and (148), the following

~

results are obtained.

k -1
. _ 10(u)
p0 k
(4) 20(4)
: 1
Y = - (149)
pl -k
() 21(4)
k k -3
. _ 11(4) 12(4)
p2 k k
() 21(4) 22(4)

The network that realizes the desired multi-port open-circuit
voltage transfér‘hatrix is shown in Figure 17. The GPIC's of Figure

17 have the chain matrices given by (127).




“
k
1 e fé GPIC,
k k 1 (3)
2¢3) 21 3
-E. Qe A A
E, —
1 ' .
Kk
203)
+E, O AAAA _ - € OE,
' X10,..72 '
{3) GPICU
1 koo > (3)
k k (3)
204y 22“)
+E2C AAAN, -
2 7'/
k k
2lyy 220y)
-Blc AAAA €
k k —3L
1J'(u) lz(u) 4 GPIC,
k k (4)
21 22
(u) ““(u)
1
k.. . —
-520 -
1 ; GPIC
i 21 i RO
()
1
k
20¢4) o =
+E, O ANAA -
€ ——OBu
Kyg, -1
{u) } GPIC
k > : (4)
20y,

Figure 17. Multi-Port Transfer Matrix Network
for Realizing the Example of (134)
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CHAPTER VIII
SHORT-CIRCUIT ADMITTANCE MATRIX SYNTHESIS

A synthesis procedure is developed for fealizing any short-
circuit.admittance matfix whose elements-are_real rational functiqns in
the complex variable s. The approach used in this development is simi-
lar to the work done by Hiiberman and Joseph.7 The ideal unity-gain
amplifiers used by Hilberman and Joseph are replaced with special
GPIC's. Use of these GPIC's allows the synthesis of the desired short-
cireuit admittgnce matrix to be transferred to the synthesis of a
multi-port open-circuit ﬁoltage transfer matrix. The network realiza-
tion isfgrounded;

The NxN short-circuit admittapce matrix [Y] relates the N port’
voltages'and N port currents of a network such as the one in Figufe 18

. as followsf

1] E
1, E, _
= vl (150)
I E
n] n

- where
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I_Y Y *eoa- Y—‘

11 12 1n

Y Y L Y . "

(Y] = 21 22 2n (151)
nl Yn2 U Ynn

Tﬁe network of Figure 18 is the N-port ﬁersion of the network used to
realize the driving-point admittance in Chapter IV. The network desig-
néted Multi-Port Open-Circuit Voltage Transfer Network performs the
function as described in Chapter VII. The CGPIC's shown in Figure lé

have the c¢hain matrix
' : ' (152)

Hence port 1 and port 2 voltages of each GPIC are identical and port 1
currvents of each GPIC are zerc. Therefore, it is meaningful to relate

the voltages E. through En to En+ through EQn by the multi-port open-

1 1

circuit voltage transfer matrix, namely

En+l T(.n-l-l)l T(n%l)? o T(n+l)n El
E T T see T E
n+2 nt+2)l “{(nt+2)2 {(n+2)n 2
- (153)
Ean | ("em1 Tezmd2 *° T(za)n | B




9y

Analysis of the network of Figure 18 reveals that

L B n+l
I.| E

2| "2 1 Tnt2

N AN R I LA P (154)
L] Ea >

If we substitute the results of (153) into (154) and carry out the

matrix multiplication, Equation (155) is obtained.

= E, |
I E -
2l - pyrq 2 (155)
'a] "n
where
[Y'l = (158)
VT’ YT ne)2 T3 e 3T (ne1)n
YTl T2 Tnea)? ~Yol(ne2)s e Yol n+2)n
(o)1 Tal(2n)2 o Y2 (2n)n-1 .Yn(l-T(Qn)ﬁlu

The matrix relating the currents

and voltages in (156) must be equivalent
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to the admittance matrix relating the same voltages and currents of

(151}. From (156) and (151), we obtain

(157)
B ] 7. -Y Y N
T T R T l ll - 12 - Yla .o - ..__...Yln
(n+1)1 (?+l)2 {(n+1l)n Yl Yl Yl . ?l
. . . T YoMy Yo 'om
.(n+2)l (nt2)2 (n+2)n i} Y2 Y2 — Y2 Y2
T . T s T - Yn—l - .1‘51_1_2_ - Yn(n_l) Yn-Ym
(2n)1 (2n)2 (2n)n Y Y Y Y
[ ' . _ | n n n n_-

Thus, the synthesié procedure for realizing the short-circuit
admittance matrix [Y] is as' follows:

1. Identify the elements of fhe matrix [Y] as in (151},

2. ' Use (157) to evaluate the elements of an open-circuit voltage
transfer matrix [TJ.

3. Use the synthesis procedure of Chapter VII to find a network
that will realize [TJ. |

4, Use the network realization of [T] as in Figure 18 to obtain

“the [Y] network realization.

An ExamEle

The following short-circuit admittance matrix will be realized

by means of the synthesis procedure developed in this chapter.
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S
12 s+1 s+1
= {158)
2 s
22 s2+l 82+l

Assume that all Yi's [i=1,2] in the short-circuit admittance

matrix syntliesis procedure discussed in this chapter are equal to one

mho, Then from (157) in the synthesis procedure development, we get

31

41

32

42

s _ S
s+l g+1
(159)
_ 2- 8 =-s+1
52+l s2+l

The multi-port open-circuit voltage transfer network of Figure 18 needed

in the synthesis must have the transfer matrix of (159). This particular

transfer matrix was synthesized in Chapter VII and can be realized with

the network of Figure 17,

The network of Figure 19 will realize the admittance matrix of

(158). All GPICi's [i=1,2,3,4] have the chain matrix of (152).
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1
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O~ —> . > |-
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O 2
_ Voltage Transfer Network With
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O
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Figure 19,

Network for Realizing the Admittance Matrix of (158)
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CHAPTER IX
EXPERIMENTAL RESULTS

In order to démonstrate that the realization procedures which
have been developed are not only correct, but also practical, examples
were worked ﬁsing the preocedures, and the resulting networks were con-
étructed and tested. The test data ob£ained were compared with the

predicted behavior.,

Examzle One

The complete generality of the synthesis procedures.has depended
upon the capability of being able to realize the negative resistance.
The theoretical;aspecfs of realizing the ﬁegative resistance by means
of the GPIC are discussed.in Appendix I, A circuit configuration with

.a GPIC that can be used in the negative résistance realization is shown
in Figure 2. Using fhat particular circuit.cbnfiguration and the dis-
cussion from Appendix I, it is obvicus that the network of Figure 20
can be used in the realization of the negative resiétance. The GPIC

portion of the network in Figure 20 has the chain matrix

'; . [RgtR, . n
1N RG'
' ) = ) (160)
| 0 S
N RiR3
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O

(2)

-0
R = RyRg
7 R3+R5

Figure 20. Network for Realizing the Negative Resistance

From (A-7) of Appendix I, it is seen that the input- impedance of the

n

circuit under consideration is

kiyRg

in ~ (kiN—l)(kQN-l)

(161) .

Thfee values of negative resistance were realized. In each of
fhe three realizations, klN and k2N of (161) were made equal to two.
For a particular value of negative resistanpe,.the following parameter
values were assigned to the circuit of Figure 20: |

a. For Zin = -200 ohms, R, = R, = R, = 100 ohms, R, =2 kilohms,

1 4 8 2
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R, = 1 kilohm, R = 10 kilohms,land R, = 91 chms were assigned.

3. 5 = Rg 7

b. ?or Zin = -2 kilohms, Rl = R3 = Ru.= R8 =1 k}lohm, RQ =2

kilohms, Rg = R, = 10 kilohms, and R, = 909 ohms were assigned.

1 3 4 2

kilohms, Ry = R, = 10 kilohms, and R, = 909 ohms were assigned.

c. For Z, = -4 kilohms, Ry = R, = R, = 1 kilohm, R, = Rg = 2

The theoretical and measured values of magnitude and angle for
the three realizations are shown in Figures 21 and 22. The measured’
curves are indicated by solid lines while the theoretical curves are

indicated by broken lines.

Example Two

In order to demonstrate the practicality of the open-circuit -

voltage transfer function synthesis procedure of Chapter IV, the open-

circuit voltage transfer function

108
.

10 “8“ + 2.5s + 10

T(s) = (162)

6
was realiZea according to the synthesis procedure. Note that this
T(s) has a Q of 40, Q has the defiqition given in (63).

This transfer function can be synthesized with the network of
Figure 10, The element values for the network are obtained from (16)
and (31). |

Since the order of the transfer function is two, two GPIC's are

néeded, namely GPIC., and GPIC

1 2

of Figure 10, Let GPICl and GPIC2 have

the chain matrices
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Figure 21, Magnitude, Example One
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2 Q .
(163)
y
0 10
s
and
1 0
(164)
4
o 10
5
regpectively., Hence, in the synthesis procedure,
kip =2 (165)
. ant
Koy = 10
kl2 =1
y
k22 = 10

Frem (16) and (162), the coefficient identification for the syn-

thesis is made.

a, = 10 ‘ (166)
al =0
a. =40
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. SN
by = 10
by = 2.5
-2
b, = 10

Substituting the results of (165) and (166) into (31), the element
values external to the GPIC's are obtained and are given below in

units of mhos.

Y =20 (167)

s0
Ysl =0
Y, = 1072
YPO = 1072
Yt 5x107 "
« Yp2 = 1072

(?‘PICl can be realized by the circuit of Figure 37, Appendix II,
when the following element values are assigned: Rl = Rl+ = 500 ohms,

C = 0.01 microfarad, R3 = 10 kilchms, R, = R_ = 5 kilohms,'and R7 = 167

5 3
ohms.
From (9) it is seen that (;PIC2 can be realized by the circuit of
. L D S .
Figure 1 when Z1 = Rl’ 22 =g By T Ra, Z4 = Rq and the following values
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are assigned: R, = 560 chms, C = 0.0l microfarad, R

) = 10 kilohr}r;s, and

3

Ru = 560 ohms.

:

The circuit that was used to realize the transfer function of

(162) is shown in Figure 23.

Yplg glGS* 5K YO% (2)

Element values in ohms or microfarads.

t

i .
Trim if necessary to account for tolerances of other resistors
and non-idealness of operational amplifiers.

Figure 23. Realization of the Open-Circult
Voltage Transfer Function of (162)

Note that it was necessary to trim R7 of GPICl, whose félue was givgn as
167 ohms, to 165 ohms in the c¢ircuit of Figure 23, This was neéessary
in order to make GPICl of Figure 23 have a k2 value _equal to 10“ in its
chain matrix. This trimtﬁing results from the fact that the circuit was:
cénstructed with resistors with 5 per cent tolerances and non-ideal |

operational amplifiers. The role that R, plays in the characteristics
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of _GPICl is discussed in Appendix II, The theoretical and measured
values of magnitude and phaée for the above example afe shown in

Figures 24 and 25, respectively.

Example Thyee

To demonstrate the practicality of the driving-point admittance

synthesis prdcedure discussed in Chapter IV, the admittance

"s+¥ 100 | (168)

- was realized according to the synthesis procedure, Note that (168) is

the admittance of a one henry inductor with 100 chms resistance. Using

the results of (38), (32), (40), and (41), the open-circuit voltage

transfer function that must be synthesized is

T(s) = S+ 100 - R

= (169)
klAle(s+100)

To make the synthesis of T(s) of (169) relatively simple, let R = 100

chms and klA = le = 1. Then (169) becomes

< :
T(s) = ST 100 (170?
Equation -(170) can be synthesized according to the method discussed in

Chapter III or by recognizing that (170) is the transfer function of the

form of the simple RC high-pass section shown in Figure 26.
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ke

O
o)

(1) ’ gRq (2}

o —Q

Figure 26. R-C High-Pass Network for
' Realizing the T(s) of (171)

The latter realization will be used. The open-circuit voltage transfer

function of the network of Figure 26 is

S

“T(s) = (171)

s + -Ri—c

Equating (170} and (171}, it is seen thaf RHC = 0.01. To get the

necessary transfer function, let R, = 100 kilohms and C = 0.1 microfarad.
Since klA and le were made equal to one, GPICA and GPICB must

have the chain matrix:
(172)

A GPIC with the chain matrix of (172) is discussed in Chapter II and is
shown in Figure 6, Arbitrarily, Rl, RQ, and R3 were made equal to one

kilohm in the circuit of Figure 6.
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Combining GPICA, GPIC., R, and the T(s) network according to the

B’
theory of Chapter IV and the network of Figure 12, the desired driving-
point function of (168) was realized with the network of Figure 27,

The theoretical and measured values of magnitude and angle for

the above example are shown in Figures 28 and 29, respectively.

Example Four

It is not always necessary to resort to the driving-point admit-
“tance synthe;is procedure of Chapter IV to realize driving-point func-
tions with GPIC's., The synthesis of the inductance can be handled quite
simply with a single GPIC and a resistor. |

From (2), it is seen that when a GPIC descriﬁed by the chain

matrix

tkl 0
k2 (173)
0 £ ==
=3

is terminated in RL at poyt 2, then the input impedance looking into

port 1 is given by

“Z, = (174)

Now kl and'k2 always have the same algebraic sign. Any one of the
GPIC's discussed in Chapter II which has the complex D term in its chain

matrix could be used to realize the inductance.
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"Figure 27,

Element values shown in ohms or microfarads.

Network for Realizing the Driving-

" Point Admittance Function of (168)
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2x10 =

7X103“

4x10" -

W]
x
b
o
(%]
]

Magnitude (Ohms)

® Measured

—~
<
5]
1

= Theoretical

Ux10" -

%102

102~

[§ L L) T 1 L) | | L
' 40 70 100 . 200 400 700 1000 2000 4000 7000
Frequency (Hertz)

Figure 28, Magnitude, Example Three




Angle (Degrees)

90

80

70

60

50

40

30

20

10

L] Measured
- = Theoretical
7 Y | 1 1 | T | T T T
10 no 70 100 200 400 700 1000 2000 yooo 7000

Frequency (Hertz)

Figure 29. Ahgle, Example Three

£TT




114

To illustrate the feasibility and practicality of the circuit of Figure

5, the circuit of Figure 5 will be used. This circuit has the negative

signs associated with its chain matrix terms.

Let it be required to simulate

-k, 0 -2 0
k = 4
0 __2 0 _ 2x10
s s

(175)

{176}

According to (12}, this would place the following restrictions on the

elements of the circuit of Figure 5:

y
—_— = k., = 2
R~ 1
and
R.R
g ; ; T <k = ‘2x10"
1R2Rg

Also, in the circuit of Figure 5,

R. =R + R, + 2(R_+R_.)

8 4 7 576

(177

(178)
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With the following element values in ohms and microfarads, (177) and

) 5 = 560, R = 10K, R =

= 22K, and € = 0.01. Substituting the values

il

(178) can be satisfied: R, = 560, R, = 10K, R

1

500, R6 = DK, R7 = 1K, R

of k; and k2 from (177) into (17%) and equating this result to (175),

8

it is seen that'RL must be made equal to one kilohm.
The network shown in Figure 30 was used to realize the desired

driving-point function of (175),

23,5K
AN -
10K RS
h ._J:g;:::>—-
500 —_ ;o
R.$560f K N et
J.3 ) 5 10K 1K
RL{» —'¥V7\l—*
= 5K IR, P
—.—%
R

0- —I

Element values shown in ohms or microfarads.

Tigure 30. MNetwork For Realizing the 0.1
Henry Inductor of {175)

Note that RB’ which was given as 22 kilohms, was trimmed in the circuit

of Figure 30 to 23.5 kilchms to make k2 have a value of -QXIOQ. That R8

had to be trimmed to get the desired k2 value can be explained by exam-

ining (178) and realizing that the resistors indicated by this equation
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and ﬁhich were used in the construction.of Figure 30 had 5 per cent

tolerances. Also (178) was cbtained by assuming that the operational

ramplifiers fo be used in Figure 30 were ideal. (See Appendix III.)
Figures 31 and 32 show the thecretical and méasured values of

magnitude and angle for the above example.

Discussion of Techniques and Errors

As mentioned previously, the object of the experimental part of

this research was to test the validity and practicality of the synthesis

procedures, and not to develop sophisticated examples., Consequently,

the construction and measurement techniques employed were somewhat
crude, However, the results obtained indicate that théy were sufficient
for the purposes.

Unless otherwise noted on the circuit diagrams in this thesis,
all the resistors used were carbon resistors with § per cent tclerances
and all the capacitofs were mylar capacitors with 10 per cent toler--

ances. The operational amplifiers used throughout the research were the

Burr-Brown 3057/01 integratéd—circuit operational amplifiers. The Burr-
Brown 3057/01 operational amplifiers have a D.C. gain, input resistance,
and output resistance of approximately 93 dB, 0.2 megohms, and 5 kilohms,
respectively. BEach of the operational amplifiers used in the synthe-
sized circuits were pﬁase comﬁensated with a 470 chm resistor in series
with a 0.0025 microfarad capaciteor. No attempt was made to select opti-
“mum phase compensation since the iargest possible bandwidth of coperation
was not an objective. All the circuits were laid out on a specially

designed test board similar to those used’ in analogue computers.
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The board had special connectors to accept the standard eight-pih 709
type operational amplifiers.

The magnitude and angle of the impedanées of Examples One, Three,
and Four were measured as a function of frequency in the following way.
The network under test was connected to the approPriate test equipment
as shown in Figure 33. A Hewlett-Packard 200 CD audio oscillator was
connected to the network under test through a series resistance R. To
obtain the magnitude of fhe impedance of the network under test, a Tek-
troniz 545-B oscillosbope with a 1A2 dual trace plug-in was used %n con-
junection with a Hewlett-Packard 400 D vacuum tube voltmeter to measure
the relétive magnitudes of v, and Vy=Vse The magnitude as a function of
frequency of the input impedance of the network under test was then com-

puted by

=—2 R

|V1‘V2| (179)

125,

To obtain the angle of the impedance ﬁf the network under *est, Vl~V2
from the vertical ocutput of the Tektronix 545-B oscilloscope was fed
into the horizontal input of the Hewlett-Packard Médel 120-B oscilloscoée
while V, was fed into the vertical input. The phase difference between
the two voltaées, which was the angle of the impedance of the network
under test, was then measured using a HewlettjPackard Webb-Mask on the
Hewlett-Packard oscilloscope.

The rnagnitude and i:rhase of the open-circuit voltage transfer

function of Example Two was measured as a function of frequency with




120

v R . v
. AN 2 .
Hewlett- .
Packard ; Ngtgork
200 CD T“s:r
Oscillator €
Tektronix 545-B
CGscilloscope with Hewlett-Packard
1A> Dual Trace b Model 120-B
Plug-In Vi Y, Oscilloscope
Ch. 2 Ver.] or _
= — - § -
Vl V2 H V2 O?F _Y? JlVer.
4 » * Input
=Ch, 1 \, Hor. ' HP
' ** Input Webb-
Selector - . . Hask
Hewlett-
Packard
400 D _
Vacuum All voltages measured
Tube R with respect to ground.
Voltmeter . -

Figure 33. Test Set-Up for Measuring Input Impedance’
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the test set-up shown in Figure 34. The Burr-Brown 3057/01 operational
amplifier in the cirecuit had the two-fold purpose of providing an almost
ideal voltage souroe at port 1 of the network under test and of func-
tioning as a veltage divider circuit to aid in the measurement of the

low signal level voltage V The magnitudes of the voltages 100 V, and

1
V2 were. measured by reading the voltages from the Hewlett-Packard Model

lu

120-B oscilloscope. The magnitude of the open-~circuit voltage transfer

function was then computed from
[T(s)| = —=—— + 100 (180)

The phase of T(s) was measured by applying lOOVl and V,s Pespec-
tively, to the horizontal and vertical deflection plates of the Hewlett-
Packard 120-B oscilloscope and reading the phase difference from the
Hewlett-Packard Webb-Mask placed on the screen of the oscilloscopé.

The major difficulties noted in the experimental phase of this
resedarch were makiog accurate phase measurements in general and in
measuring the magnitude and phase of low level signals. The later dif-
ficulty was particularly prevalent in the meaourements of the transfer
function in Example Two. Use of the Burr-Brown 3057/01 operatiooal
‘amplifier shown as used in Figure 34 greatly improved this troublesome
situation. Measuring phase at very low frequencies required that phase
correction be made for the errors introduced by the amplifiers of both

escilloscopes.
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Figure 34. Test Set-Up for Measuring.Open-
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The data obtained from Example One which are shown in Figures 21
and 22 ‘as solid curve&.agreed fairly well with'the theoretical predicted
behavior which ;s shown as broken curves. Ffom 10 to 20,000 hertz, the
magnitude aﬁd angle of each of the negative resistances built were in
error less than 12 per cent. From 20,000 to 30,000 hertz, the magnitude
and angle of these same impedances were in no more error than 16 and 17
per cent, respectively, |

The circuit constructed for Example Two also performed.well, as
can be seén'by examihing Figures 24 and 25. Examination of 24 reveals
that the undamped natuéal frequency of the circuit of Exampie Two was
1550 hertz. Theoretically it should have been 1590 hertz. Hence, the
measured undamped natural frequency was in error less tham 3 per cent.

For Example Two, the measywed Q, or selectivit?, as defined 5y
(63), was the magnitude of the trvansfer function at the rescnant or
undaﬁped_natural freéuency. From Figure 24, it is observed that Q was
39.5. Theoretically, it should have been 40. Hence, the measured {
was in error less than 2 per cent.

An examinatiom of the phase curves of Fiéure 25 reveals that the
measured: phase curve of Example Two‘bghaves as predictéd by ;he theo-
retical curve of.the same figure. As expecte& from the magnitude curves
of Figure 24, the measured'phase curve -is |displaced slightly to the left
of the thedretical'phase cgrve.“ Note that the measured phase curve

passes through -90 degrees at 1550 hertz, the measured undamped natural

frequency, as it should.
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The circuit constructed for Example Three was tested and found
to be satisfactory, In Fiéures 28 and 29, the measured data are pre-
sented as dots and the predicted theoretical curves are présented as
solid lines. Examination of Figure 28 reveals that there is wery good
agreement with the calculated curve and measured values of magnitude up
to 2000 hertz. For example, at 100 hertz, the measured value is approx-
imately 2 per cent in error as compared to the calculated. From 2000 to
5000 hertz, the measured values of magnitude deviate morelfrcm the cal-
culated. The maximuﬁ error in this range of frequency is around 18 per
cent.

Figure 2% indicates that the measured values of angle for
Example Three agreed quite well with thé calculated values. The largest
percentage errcr in measured angle occurred at 10 hertz and was'approxi-
mately 10 per cent.

The circuit constructed to simulate the inductance of Example
Four performed very satisfactorily; The measured and calculated values
of magnitude and angle of the imbedance of Example Four are shown in
Figures 31 and 32, respectively., From 200 to 14,000 hertz, the error in
magnitude of the constructed circuit was less than 12 per cent. _From
200 to 8000 hertz, the error in angle of the constructed circuit was
less than 12 per cent. From'83000_t0 14,000 hertz, this angle error
increased but s+ill was less than 23 per cent.

Causes of the experimental errors are difficult to determine;

however, most of them can be attributed to the following:
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;

1. Deviation of eleﬁents from their design values.

2, Non-idealness of the operational amplifiers--primarily the
decrease of the_open—looP gain at high frequenbies brouéht about by the
phase compensation network. |

3. Noise in the presence of low-level signais.

g, Errofs in reading instruments, particularly in the case of
reading the phase from the Hewlett-Packard Webb-Mask.

5. Electrical coupling due to the network layouts.

A thorough investigation of the sources of error was not made
since the only purpose of the experimental work was to verify the
realization procedures and demonstrate their practicality. -Certainly
the déta taken and presented in this chapter demonstrate these two

points well enough to avoid further investigation.
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CHAPTER X
CONCLUSIONS AND RECOMMENDATIONS

The rapid development of integrated circuits has generated a
tremendous interest in the application of active RC synthésié methods to
sqlve circuit dgsign problems. Unforfunately, many of the active RC
synthesis procedures in existence today concentrate on minimizing the '
number of active elements at the expense of using an excessive number of
capacitofs. Capacitors.ﬁse much area in integrated circuits and are
often difficult to fabricate,

Many.existing active RC synthesis procedures are very sensitive
to both active and passive circuit parameter values. In integrated
circuits, generally, a¢tive and passive parameter vaiues have high
toiefances. Hence, sensitivity figures with respect to these parametér
values mustlbe low in order te guarantee reascnable performance,

For fabrication purposes in integrated circuits, the acceptable
spread in element values is usually'givén td the circuit designer. Many
active RC synthesis procédures do not have enough degrees of freedom to
allow the designer to stay within the allowable range for element values;
Hence, these synthesis procedufes are of lifttle use,

Another group of the acfive synthesis procedures are impractical
because of the fact that they are ungrounded.

This investigation has made use of an aqﬁive device, the gener-

alized positive impedance converter (GPIC); in network synthesis
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- procedures which.are practical. In Cha’pteﬁ II, the GPIC was defined and
electronic circuits using operational amplifiers, fesistors, and capaci-
tors were develoPed which realized each GPIC discussed.

In Chapter III and Chapter IV, synthesis procedures for the
open-circuit voltage transfer function, T(s), and the driving-point
admittance function, Y(s), were developed, respectively. The synthe-

sized networks are grounded, contain elements which are compatible with

integrated circuits, and require the minimum number of capacitors neces-

" sary for the synthesis,
A sensitivity iéﬁestigation of the T(s) procedure and the Y(s)
procedure was made in Chaptér V.. For an unconditionaily stable T(s),
the coefficient sensitivity terms can always be made less than or equal
to oﬁe in absolute value. In the case of the absolutely stable, secéud
order T(s), the selectivity and undamped natural frequency sensitivity
" terms canialways be ﬁade less than or equal to one in absolute value.
It was demonstrated through an example that the absolute value of T(s)
sensitivity terms can be made low in the case of the all-pole, second-
order, absolutely stable éransfer'function. The coefficient sensitivity
terms of the Y(s) function can always be made approximately less than
or equal to one in absolute value. This investigation revealed fhat
the T(s) and Y(s) syntﬁesis procedures generally are insensitive to
changes in both passive element vaiues and GPIC gain constants.
In Chapter VI, it was shown that for both the T(s) and Y(s) syn-

thesis procedures the synthesis could be succeszfully completed for any

prescribed range of admittance values for the admittance parameters




128

external to the GPIC devices., This remarkable property of the synthesis
procedures was shown to depend on the unrestricted assignment of GPIC
gain constant values.

Experimental verification of the T(s) and ¥(s) synthesis proce-
dures was presented in Chapter IX. The experimental results demon-
strated the practicality and usefulness of the synthesis procedures.

For completeness, the T(s) and Y(s) synthesis procedures were
extended to the multi-port open-circuit voltage transfer matrix synthe-.
sis procedure and the.short—circuit admittance matrix synthesis proce-
dure, respec‘ti’.'\rely. The multi-port open-circuit voltage tr-éhsfer- matrix
syntheéis procedure is found in Chapter VII and the éhort—circuit
admittance matrix synthesis procedure is found in Chapter VIII,

In the process of this investigation, several areas for further
investigation have appeared. It is félt that more simplified circuits
can be found for realizing the GPIC's than those presented in Chapter
II. With a simpler and a more carefully designed GPIC circuit, the use-
ful frequency range of the synthesis procedures probably ban be
extended.

Even though it appears that the synthesis procedures described
in this research are generally insensitive to both passive and active
paraméter changes, the particular application should be examined care-
fully. The sensitivity discussed in Chapter V is the differéntiai sen-
sitivity. In a practical application, perhaps an incremeAtal sensi-
tivity analysis.should be performed, if possible. There is no guarantee
that low differential sensitivity always implies low incremental sensi-

tivity.




129

The circuit design of the GPIC devices will determine the.possible
GPIC gain constants. There generally will be some range of gain constant
values possible for each particular GPIC circuit design. Therefore, it
is recommended that this range of gain constant values be incorporated
into the work of Chapter VI in some future investigation.

The synthesis procedures deseribed in this research can very
easily be implemented on a digital computer siﬁce the procedures only
require matching coefficients of transfer functions to circuit elemeﬁt
values and GPIC gain éonstants. A digit;l c0mputef implementatioq of
the work in Chapter VI (CON-TROL‘ OF ELEMENT VALUES EXTERNAL TO GPIC'S) is
recommended for anyone who may make much use of the ssfnthesis procedures,

In summa;y; this work has resulted in another approach to the
active RC synthesis problem. Synthesis procedures with practical eléc—
tronic circuit reali#ations have been déﬁeleped. The desirable charac-
teriétics of the T(s) and Y(s) synthesis procedures and the experimental
results of the metwork realizations indicate that the procedures should

find use-in integrated-circuit applications.
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APPENDIX I

REALIZATION OF THE NEGATIVE RESISTANCE BY KIM'S METHOD

The following discussion is based on some work performed by C. D.

Kim in the School of Electrical Engineering of the Georgia Institute of
Technology. It will be.presented by him in a later publication.ll

Consider the circuit of Figure 35,

R
=AAAN
I I, L
Ol e e | — e
E GPIC E
Ziﬂ-it. .111 ‘1 2
(2,

4

‘Figure 35. Negative Resistance Cireuit

The chain matrix of the GPIC is assumed to be

(A-1)
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From the chain matrix description,
B, =k, E (a-2)

I, = -k, I \ (A-3)

E) = IR+ E, o (A-4)
and
Iin =1 +1, (A-5)
Now, the input impedance of the circuit is given by
E
- 31 :
Zin =T _ (A-5)
. Tin
Equations (A-2), (A-3), (A-4), (A-5), and (A-6) can be solved to
vield -
- KR
2 * T DD (a-7)
1N 2N T

It is obvious from (A-7) _theit Zin can be made a negative resist-

ance. For example, make klN = kSZN = 2 Then

Z, = =2R _ (A-8)
in :
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APPENDIX 1I

' GENERALIZED POSITIVE IMPEDANCE CONVERTER

WITH POSITIVE CHAIN MATRIX TERMS

Consider the circuit shown in Figure 36.

I
1
o >
N '
A I
3
> 2,
Ey
3
2 I .
+ 2 .
-5
Zg 2 132
o O

Figure 36, Generalized Positive Impedance Converter with
Positive Chain Matrix Terms, for Analysis

Assume that the operational amplifiers are ideal, i.e., infinite input
impedance, infinite gain, infinite bandwidth, and negligible output

impedance. An analysis of the circuit yields that
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22 =0  (A-9)

IlZl + I3
which implies that
1.2
I, = -2 ' - (A-10)
3 2
2
Now, _
E
1
I = - . . (A"ll)
5 ZS + ZG _
and )
E.Z
176
E., = oo (A-12)
2 Z5 + 26
Also,
Iﬁ = 13 - 15 | (4-13)
and
o
I6 = I2 -5 (A-14)
7
It is seen that
T2 = Tg2, - 125 = 0 (A-15)

674

Substituting (A-13) and (A-14) into (A-15), the following expression

résults.

[}

) ) _
(13-15)23 - 11, - i;'zu - 12, = 0 (A-16)
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Substituting (A-10), (A-11) and (A-12) into (A-16), the following result

is obtained.

) Z,%, Z, (242g - Z,(Z5tZ5)]
Il = —I2 AR + ]E:2 A AA (A-17)
: 173 173 6-7 ' .
From Equation (A-12), it is obvious that |
Ao+ 2 . '
5 6
E) = —3 E, (A-18)
6 i
Now the desired r'esui'ts. for the circuit of Figure 36 are
E, kl 0 E,
- (A-19)
k
2
L ° 1 "2
If we make
Zy = Ry : - (A-20)
2y =Ry
g = Ry
% = Rg
R R
7 =R 46




then Equations (4-18) and (A-17) become

-5 6
E. = — E
1 RB 2
and
I. = - @ 1
1 ZJ_R3 2
respectively.
For a desired kl z 1, let
Zl = Rl
_ 1
Z, = sC
then
- R5+R6 .
1 ) RG
I Q Ru
J; | SR].RSC_
Therefore,
k. N R5 + R6
1 RG\
K = o
"2 T R.R.C
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(A-21)

(A-22)

(A-23)

(A-24)

(A-25)




The desired circuit is shown in Figure 37.

C .
(1)
O
(2)
O O

Figure 37. GPIC, ky = 1
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For a desired kl <.1, interchange ports 1 and 2 of Figure 36,

impose the restrictions of (A-20), and make

21 % 3¢
22 _= R2
Then,
7 TR 77
6
E 0 ,E
1 ) R5+Rs . 2.
= R
3
1 0 —| -1
JJ SCR2R1_L i

(A-26)

(A-27)




1l3s -

Hence,

R
k1 * R f R
57 %
(A-28)
R
ko 7 % g C
2"y

The desired circuit is shown in Figure 38.

-0
C
(2)
o
(1)
o o

Figure 38, GPIC, k, <1
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APPENDIX III

POSITIVE IMPEDANCE CONVERTER

WITH NEGATIVE CHAIN MATRIX TERMS

Let it be desired to realize a two-port network described by

- (4-29)

A two-port described as above is a positive impedance converter.
It will be shown that the circuit of Figure 39 can be made to
give the desired equation of (A-29), Assume that all operational ampli-

fiers of Figure 39 are ideal. Analysis of the circuit reveals that

E
I, = R—l : (A=30)
1 -
E
_ 1 ' :
15 = E; (A-31)

I, =1, ~-1I,-1 : (A-32)

Substituting (A-30) and (A-31) into (A-32), it is found that

E.{R.+R_ ) -
171755
I = I, « ——— . (A-33)
Ty 1 R1R5.
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O }Il
A
El 52 '
O— —_0

Figure 39, Positive Impedance Converter for Analyéis

Now,

E =E, - IR (A-34)

Substituting (A-33) into (A-34), the expression to follow is cbtained.

(R +R.JR
_ 157y
Ex = E (Ll + Rle - IlRu o (A-35)

Analysis yields that




lul

E.R.
=_ 18 . -136)
Ey = - 3 | (A-36)
5
E.R
E2 = - ———i 2 (A—37)
1 _
‘ E - E,
I, = AN (A-38)
R .
7
E -E
_ = 2
17 == _ (A-39)
3
-12 = -13 + Ie + 17 : (A-40)

I T e e— - — . ’ (A—'-il)

Substituting (A-35) and (A-387) into (A-39), the following result is

s

cbtained,

E {R.+R_)R R I.R
I =—4—[1+ 1574 2y W (A-42)

7 R3 R1R5 Rl R3

W

Substituting (A-30), (A-41) and (A-42) into (A-40), the following

expression is obtained.

I.R . i+£+(31+R5)R”+ R, , RQ_[ ) Ry
3 IRy Ry RRRg RiRg  RiRgl  RgRy

(A-13)




142

: :
To obtain the desired result of (A-29), it is required that

RR. RR. RR(R4+R.) RRR. -R.R.)

57 57 4771 5 2757 2°5
R_ = + + + +
6 Rl R3 R1R3 RlR3 Rl |
Then (A-43) becomes
R S
2 R3
or
I :R3I2
1 Rl+
From (A-37), it is obvious that
N
1 R2

k :EJ;.
1 R2
and
k :E
2 Ru
Make
R5 = Rl
R, =R

(A-L4)

(A-45)

(A-46)

(A-47)

(A-48)

(A-49)
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Substituting (A-48) and (A-49) into (A-44) it is seen that

2 2
Ry = Rl{l + kl] + 113[1 + g] o (A-50)

The circuit that will yield the results of (A-29) is shown in

Figure 40.
R3
1
I ry
R
o5 73 I
rd N A‘A'A & ( 2__(,
Ey ] E)
R, =
M
O —0

Figure 40. Positive Impedance Converter with.
Negative Chain Matrix Terms




Note that in this circuit

only when (A-50) is satisfied.
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(A-51)
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