Realization of Arbitrary 2X2 Conductance Matrix
Using Two Operational Amplifiers

Yoshinobu KATO

Abstract — Three types of circuits for the realization of arbitrary 2 x 2 conductance matrix
using nullators and norators are derived systematically by Yanagisawa and Kambayashi’s
method. One of them is a new proposed circuit. These nullator-norator circuits are applied
to the design of impedance-matched bilateral amplifiers using operational amplifiers and
resistors. Their experimental results are also shown. Stability is checked by using the

return difference matrix.
I. Introduction

The nullator is a two-terminal element for which both terminal current and terminal volt-
age are zero, and the norator is a two-terminal element for which terminal current and terminal
voltage are arbitrary and can independently take any values (Fig. 1). The nullator-norator
pair is termed the nullor, and corresponds to some physical devices such as operational ampli-
fier, transistor, FET, etc. Specially, IC operational amplifier is excellent in cost and perform-
ance. Nullators and norators are commonly used in the electronic circuit analysis and
synthesis [1]-[7].

Recently, two circuits for the realization of arbitrary 2 x2 conductance matrix using two
operational amplifiers were proposed. One is Yanagisawa and Kambayashi’s circuit (TYPE 1)
which is based on the row- and column-manipulation for the admittance matrix [2], and the
other is Imai et al’s circuit (TYPE II) which is based on the concept of Negative Impedance
Converter [7].

In this paper, a new circuit (TYPE III) for that is presented, and it is shown that these
circuits (TYPE I, TYPE 11, TYPE 1) can be derived systematically by Yanagisawa and
Kambayashi’s method [2]. These circuits are applied to the impedance-matched bilateral
amplifiers realized with operational amplifiers and resistors, and their experimental results

are also shown. Stability is checked by using the return difference matrix [8]-[11].

Manuscript received April 2, 1982.
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Fig. 1. Nullor and operational amplifier.

2. Realization of Arbitrary 2X 2 Conductance Matrix Using Nullators and Norators

A two-port network shown in Fig. 2 is written by using the (short-circuit) admittance
matrix Y as

[ =YV (1)

L Yu Y] [V
el b
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If nullators and norators as active elements and resistors as passive elements are used, all

or

matrix elements Y. — Y. are real, and the admittance matrix is called “the conductance
matrix”.

In this section, three types of circuits for the realization of arbitrary 2 x2 conductance
matrix are derived systematically by using Yanagisawa and Kambayashi’s method. The
term “arbitrary” means that all matrix elements Y, — Y., can take any values of plus, minus

and zero independently.
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Fig. 2. Two-port network.

2.1 Derivation of TYPE 1 Circuit (Yanagisawa and Kambayashi’'s method)

Yanagisawa and Kambayashi proposed a method for the realization of arbitrary 2x2
conductance matrix using nullators and norators [2]. This method is based on the row-and
column-manipulation for the admittance matrix. In this subsection and following subsections
2.2 and 2.3, the following assumptions are required.

(Assumption 1) Two operational amplifiers, i.e. two nullator-norator pairs, are used for
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the realization of 2Xx2 admittance matrix.
(Assumption 2) Norators are grounded, because the (grounded-output type) operational
amplifiers are used (Fig. 1).
(Assumption 3) All resistors are connected only at the terminals of nullators and norators.
(Assumption 4) Port-terminals are taken at the nodes connected by nullators.
[Yanagisawa and Kambayashi’s method]
(Step 1) A passive network in which all nullators and norators are removed (i.e. open-

circuited) is written by the following 6 x6 admittance matrix representation

o @ ® ® & ®

@ 13~ Yii —Viz —Yis —Vis —¥i5 —Yis| [ V1]
@ | —Viz Yz —Va —Ya —VYis —Yus| | V2
@ |Is _ —Vis —Y23 Y3z —V3 — Y35 — VY36 Vs 3)
@ |L —Vie —Y2a —Vsa  Yas —VYus —Vas| | Va
@ |Is —Vis =V —V¥V35 —Vas Yss —¥s6 Vs
® L] L—Yie —Y2 —VYas —Y46 —Vss Yes) Vel
where the notation () (i=1,2, ---, 6) denotes the node number. This admittance matrix is

symmetric and its elements satisfy the relations

6

yn:ZE)yn, yii=0, fori=12,--6 4)
i

iy
because of passive network.

(Step 2) Two nullators are inserted to the nodes (D-@ and @-@), and two norators are
inserted to the nodes &-© and ©-©, where the notation (@ denotes the reference node, i.e.
earth terminal.

In Fig. 3(a), the voltage of branch yis is zero because of the inserted nullator, and hence its
current is also zero. That is, the electric behavior at nodes (D and @ is the same whether
the branch y; exists or not. Therefore, the branch yi; is removed (yi3=0). For the same
reason, the branch y. is removed (y2.=0), too.

In Fig. 3(b), if the node voltages Vs and V; are given, the branch currents flow as iso=ysoVs,
150 =Ys0 Vs and iss=yse( Vs — Vi), but the node currents I; and Is are arbitrary because the norator
currents is and is are arbitrary. If the node currents Is and I; are given, the branch currents
iso, 1o and is¢ are arbitrary because of the inserted norators, therefore the node voltages
Vs=ys0 'is0 and Ve=ye 'ieo are arbitrary. Similarly, if Is (Vs) and Vs (Is) are given, Vs (Is)
and Is (V) are arbitrary. That is, the electric behavior at nodes & and ® is the same

whether the branches yso, vso and yss exist or not. Therefore, the branches ys, yso and yse are
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removed (Yso =V60=Ys6— O)

; Yy
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+ Vi3 -
(a) Effect of inserted nullator (b) Effect of inserted norator
(vy3=0) (1'5,16:arb1trary)

Fig. 3. Effects of the insertions of nullator and norator.

Now, Eq. (3) is rewritten as

o 2@ @ ® ® ®

@® (I [oyn =y 0 =y —yis —yie] [Vi]

@ |L —Viz Va2 —Ves 0 —Vas —V| | Ve

@ |1 _ 0 —yas  yss —Vas —Vss —Vas| | Vs 5)
@ |1 —vie 0 —ysu Ve —Ves —Vis| | Va|

® |ILs —Vis —Vas —Vs —Vis ¥ 0 | | Vs

® LIs) [=¥i6 —Y2s —¥ss —Vis 0 ves] LV

The inserted nullators restrict the node voltages as V,=V; and V.=V.,. Therefore, the
columns @ and @ are added to the colimns (D and @), respectively. The node currents I;
and Is are arbitrary because of the inserted norators. Therefore, the rows @ and @ are
deleted. The nodes @ and @ are internal nodes, therefore, [;=1,=0.

Equation (5) is reduced to the following 4 x4 matrix representation

0= ©©=0 6 ®

@ (L Yu —(Yiz+Vy1s) —¥is —vyis] [V
@ |I. |- (Viz+23) Va2 — Vs —Vas| | V2 :
@ |0 - Va3 —(Vas+Vyss) —Vyas —yss| | Vs| ©
@ 0 —(Via+Y34) Vaa —Vass —Yas) | Ve

(Step 3) Equation (6) is reduced to the 2 x2 matrix representation which expresses the
two-port characteristics.
Choosing the admittances
Y14=Y23;Y34=0 (7)

in eq.(6) without loss of generality, the following expression is obtained
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0= @0=0 6 ©®

@ (L Yu —Yiz —Vis —Yis] [Va
@ |IL _ — Vi Va2 —Yos —Vas| | Ve )
@ |0 Vas 0 —yss =Vl | Vs
@ [0 0 Vis —Vis —Yael [ Ve

From the rows @ and @,
V= (ys3y46 V1 — Yaeyas V) /A
Vo=(—ya3Yas Vi + YasyasV2) /A 9)
AN L Y35Ya6— Y36y 4.
Substituting eq.(9) into the rows @ and @ in eq.(8), the final 2 x2 admittance matrix repre-

sentation is obtained as
Il Yll YlZ Vl
= (10)
12 Y21 Y22 VZ

Yu AYii—Yas (Y15Y46—Y16Y45) /A

where

=(yio+ Viz+ Vis+Vie) — (Vao+ Vas+ Vae) (VisYie— VieVse) / (Va6 — Yy es)
Y2 & —yiz— Yas (Vi6yss — Y15Yae) /O

= —yi2— (Yao+ Vas+ Vae) (V16Y35— Y15Y36) / (V35Y46 — Va6Ya5) )
Yo & —yi2— Va3 (VesYas— YaeYas) /0 v

=—yi2— (yso+yss+ V36) (Y25y 36 — Y26Yas) / (V35Y 46— Y36Yas)

Yot V22— Vaq (Y26y.35 — y25y36) /A

=(y20+ Viz+ Yas + Vo) — (Vao+ Vas + Vae) (Y26Yss — Vesyse) / (Yasyas— YaeYas).

The matrix elements Y., — Yz. can take arbitrary values independently, because they have

plus- and minus-terms and many freedoms. Therefore, whenever any 2 x 2 admittance matrix

is given, the admittance values y;;’s can be always determined by equating it to egs. (10), (11).

The nullator-norator circuit for eq.(10) is shown in Fig.4. This is the original circuit proposed
by Yanagisawa and Kambayashi [2].

©) N2 ®

AN 0?2

® > —0 2'
7;7- @©-= tarth

Fig. 4. TYPE 1 circuit for the realization of arbitrary
2x 2 conductance matrix.
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2.2 Derivation of TYPE II Circuit
Another circuit for the realization of arbitrary 2 x 2 conductance matrix can be derived by
choosing another set of admittance values in step 3 in Yanagisawa et al’s original method.
(Step 3') Choosing the admittances
Yi4=Yi6= Vo3 =Yos = V3= Yi5=0) (12)
in eq.(6) without loss of generality, the following expression is obtained

DO=02=0w © ©

(D I] Yiu —VYi2 —Vis 0 Vl

@) L. — VY Voo 0 - V6 V.
= L W

C«D 0 Vsz —¥Ysa —VYss 0

@ 0 £ Vaa 0 —vyue Vs

From the rows 3) and @),
V) = (y:a.'svl - y:s4V2)/y:ss 1
' (14)
Vﬁ:( - y\uVl + y.mvz)/y‘u;. J
Substituting eq.(14) into the rows (D and @ in eq.(13), the final 2x?2 admittance matrix

representation is obtained as
Il Yll YIZ Vl

= (15)
L. Y21 Yoo V.

Y& Vii— YIsy:m/y:ss =Vin+Vie— Y15(Y30 + YB4)/YB5 l

where

Y2 —y12+y15y:;4/y:;s
(16)
Y. 4 —y;2+yzay34/ym J
Yzzé Yoo — 263/'44/)’46 =V +VYi2— YZG(Y4<)+Y:H) /Y46_

Matrix elements Y, —Y.. can take arbitrary values independently, because they have plus-
and minus-terms and many freedoms.

The nullator-norator circuit for eq.(15) is shown in Fig.5. This is the circuit proposed by
Imai et al,, but they derived it by NIC (Negative Impedance Converter) concept [7].

y
I A -

1" o——e . < * * 02!
;JT © - Earth

Fig. 5. TYPE II circuit for the realization of arbitrary
2x 2 conductance matrix.
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2.3 Derivation of TYPE IIl Circuit (New proposed circuit)

Another new circuit for the realization of arbitrary 2 x 2 conductance matrix can be derived
by choosing another new set of admittance values in step 3 in Yanagisawa et al’s original
method.

(Step 3") Choosing the admittances

Vi2= Yi6= Y25 = Y34 = Y36 = Y5 = (17)
in eq.(6) without loss of generality, the following expression is obtained

O=00=0 6 ©®

(D I, Yii —Vis —Vis 0 V,
@ L, _ — Y3 Y22 0 - Y26 V. ' (18)
@ 0 V33 —VYo3 —VYss 0 Vs
@ 0 — Vs Vaa 0 — Y Vs

From the rows @ and @),
Vs= (Y33V1 - Y23V2)/Y35
(19)
Vﬂ:(_YHVI +Y44V2)/Y46,
Substituting eq.(19) into the rows (D and @) in eq.(18), the final 2 x 2 admittance matrix repre-

sentation 1s obtained as
Il Yll le Vl
= (20)
I, Yor Yool V2

Y4 Vii— Yleas/Yss =Vio+Via— Y15(Y30+ Y23)/Y35 ]

where

le L —Viu+ Y15Y23/Y35
(21
Yao “Y23+Y26}’14/Y46 \
Yoo Va2 — Y26Y44/Y4ﬁ =V20+ V23— Va6 (Ym -+ Y14)/Y45_
Matrix elements Y, — Y., can take arbitrary values independently, because they have plus-
and minus-terms and many freedoms.

The nullator-norator circuit for eq.(20) is shown in Fig.6. This is a new proposed circuit.

Fig. 6. TYPE Il circuit for the realization of arbitrary
2 x2 conductance matrix.
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3. Applications to Impedance-matched Bilateral Amplifiers

In this section, the circuits of TYPE 1, TYPE II, TYPE Il shown in Figs. 4-6 are applied
to the design of the impedance-matched bilateral amplifier using operational amplifiers and
resistors. Their experimental results are also shown. Stability is checked by using the
return difference matrix [8]-[11].

3.1 Principle of the Impedance-matched Bilateral Amplifier

The impedance-matched bilateral amplifier was proposed for the use in long-distance
telephone transmission system [12].

This amplifier can amplify the signal from Port 1 ((D-(1)) to Port 2 (2)-2)), and also from
Port 2 to Port 1 (Fig.7). The input-impedances are matched at Port 1 and Port 2, therefore,
the reflection of the signal does not occure.

In Fig.7, the matching-admittances are given by

Yo 2 Y0/ Yao) AY =G,
o (22)
Yme & x/(Yzz/Yn)‘ ALY =G,
where
AYéYnYzz—leYm:CnGz, (23)

and the transfer voltage gains are defined as

V. — Y . P
24 <7 =75 X7 i1 2. - *
Kl_,vl Vot Yo (Vii:excited, Vi.:short-circuited)
Vie=0
V | Y (&)
Koo Y2 :Y-: \‘(5 (Vi2: excited, V”:short-circuited)**.J
2 11+ mil
Vil - 0
@ 'm Oy L® Y% @ @ ‘m O L, ® Yme @
+ ol e + ot +
K K
Vi R I A7 B iz Vi e ap Y, Yiz
{a) Impedance-matched two-port network. (b) Impedance-matched bilateral amplifier.
Fig. 7. Two-port network and bilateral amplifier!
with matching-admittances Ym; and Yi,.
* This operation is called “the K. operation”. %% This operation is called “the K. operation”.
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From egs.(22)-(24), the conductance matrix is evaluated as
v — (KK + 1)G1/(Ki2Kai — 1) 2K2G1/(KizKai— 1) | 25)
2K 12G2/(K12Ka21 —1) — (Ki2K21 4+ 1)G2 /(K12 Ko — 1)

This conductance matrix can be calculated from the given K,. and K., except for the case
of KiK. =1. In technology, it is reasonable to be |Ki|,|Kz|>1, because the active ele-
ments, i.e. operational amplifiers, are used.

3.2 Design of Impedance-matched Bilateral Amplifier

As examples, the impedance-matched bilateral amplifiers with the gains [Ki:|=2 (=6 dB),
|K»|=4(=12dB) and the matching-admittances G2G,=G.=1/600S, are designed. From eq.
(25), the conductance matrices are calculated as follows:

[Case A] K12:2, K. =4
—-9G/7  8G/7
Y= { } (26)

4G/7 —-9G/7
[Case B] K];z:z, K21:—4
[—7G/9  8G/9]
Y= 27)
L —4G/9 —7G/9]
[Case C] K12=—2, Kai=4
[—7G/9 —8G/9]
Y= (28)
4G/9 —7G/9]

[Case D] Ki,=-2, Ku=—4
v [—9G/7 —8G/7}
—4G/7T -9G/7

The bilateral amplifiers using TYPE 1 circuit shown in Fig.4, TYPE II circuit shown in

(29)

Fig.5 and TYPE Il circuit shown in Fig.6 are realized by equating eqs.(26)-(29) to eqs.(10),
(15) and (20), respectively. As an example, the design procedure for the realization circuit
of case A using TYPE Il circuit (Fig.6) is illustrated:

[TYPE Mi-Case A] The admittance values can be determined as follows.

(Step 1) From egs.(20) and (26), choose

Vio=Y20=0. (30)
Then

Y =Vie— yis(Ya0 + Y23)/yss = — 9G/7 (31)

Yi2= —yis+Visy2s/yss =8G/7 32)

Yo1 = — Va3 + YesYs/Vas =4G/7 (33)

Yo = Yas — Yas(yao + y14)/Vas = —9G /7. (34)
(Step 2) From egs.(31) and (32),
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Yiu+Ye=—yisys/yss=—-G/7. (35)
Choose

vis =10y =G/2=1/1200S. (36)
Then

yso=G/70=1/420008S. (37)
(Step 3) From eqs.(33) and (34),

Yor 4 Yoo = — Voo Viao/Vas = —5G/7. (38)
Choose

yas =10y =2G/5=1/15008S. (39)
Then

Va0 =5G/70=1/84008. (40)
(Step 4) From eqs.(32), (33), (36) and (39),

Y2 +10Y2 =99y, =48G/7. (41)
Therefore

via=16G/231=1/8662.5S. (42)

(Step 5) From eqs.(33), (39) and (42),

Vo3 =10y, —4G/7=4G/33=1/4950S.  (43)

This realization circuit is shown in Fig.10 (a).

Similarly, the admittance values of another realization circuits can be determined, as
shown in Figs.8-10. These admittance Values are determined so that the maximum output
power of operational amplifiers is about 50 mW.

3.3 Stability of the Circuits Realized with Operational Amplifiers

In replacing nullators and norators to the actual operational amplifiers, the stability problem,
which includes (1) the selection of nullator-norator pairs and (2) the determination of the input
polarities of operational amplifiers, must be investigated [9]-[11],[13]. Stability can be checked
by using the return difference matrix [8]-[11] for the associated VCVS circuit, where VCVS
(Voltage-Controlled Voltage-Source) is taken as a macro-model of operational amplifier.
In Figs. 8-10, the i-th nullator and the i-th norator form the i-th operational amplifier (i=1, 2),
and the signs + and — at nullators indicate the input polarities of operational amplifiers, as
shown in Fig.1.

As an example, stability of the circuit of TYPE II[-Case A shown in Fig.10(a) is analyzed:

[TYPE 1i-Case A] The transfer matrix —Hs,, in which the (i,j) element represents the
voltage transfer ratio from the output of the j-th operational amplifier to the input of the i-th

operational amplifier [9]-[11], is evaluated as
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0.156873 —0.038488
. (44)

—0.027202  0.128339

Hence, the return difference matrix Fq4 is evaluated as

Fdé l‘KHaz (45)

1 0 (0 0.156873 —0.038488
= + 46)
0 1 0 ) | —0.027202  0.128339
140156873 — 0.038488/11J “
L —0.027202/,  1+0.1283394

where /4 and s denote the voltage gains of operational amplifiers 1 and 2 respectively.
The determinant of this matrix is calculated as

det Fa=1+0.156873/4 +0.128339 ¢, +0.01908597 14 122 (48)
In this expression, all coefficients for sa, /# and e are positive, therefore, this circuit is
“absolutely DC stable” [9]-[11], [13].

Similarly, another circuits shown in Figs.8-10 are all “absolutely DC stable”.

[Remark] DC stability is a necessary condition for asymptotic stability [11]. However, if a
circuit contains one or two active elements (e.g. operational amplifiers) and if the active
elements possess the first-order phase-lag characteristics, DC stability becomes the necessary
and sufficient condition for it [10]. The 741 type operational amplifiers (e.g. MC1741CG) can
be assumed to possess the above characteristics [14],[15]. Therefore, all realized circuits of
Figs. 8-10 are always stable in any activation, because two operational amplifiers MC1741CG
are used. This is confirmed by the experiments, as shown in the following subsection 3. 4.

TYPE 1 -Case A circuit shown in Fig.8(a) corresponds to Yanagisawa et al’s circuit [2],
and TYPE 1 -Case D circuit shown in Fig.8(d) corresponds to Kambayashi’s circuit {3], and
TYPE II-Case A circuit shown in Fig.9(a) corresponds to Imai et al’s circuit [4], [7]. Another
circuits in Figs.8-10 are new circuit configurations for the realization of impedance-matched

bilateral amplifier.
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@) 4 ® G, @ Designated values: Evaluated values:
G] =GZ=G (600Q) y10=y20=0
V2= Y16 Y2570 Y35~ Vg ™ 36/20 (4ka)
Y917 ¥157 Y0p = Yo = C (6002)  |y36=yaq = 36/40 (Bka)
y33=y44=3G/10 (2k) y45=3G/80 (16kQ)
Ly40=96/80 (5.3333kq)
o * y 3 & o H = 0.272727 0.000000
A @= Earth 32 [0.055556 0.125683
(a) TYPE I-Case A (K.|2=2, K2.| =4)
Designated values: Evaluated values:
G]=G2=G (600%) y]2=4G/9 (1.35kn)
V107 Yp0= Y167 Vo5 = Va5 =0 |¥go= 116/45 (2.4545ka)
Yog = 5y46= 3G/10 (2kQ) Y36 ° 36G/685 (11.417kQ)
y]s = 5y35 =3G/10 (2kQ) y30 =1183G/6165 (3.1268kQ)
- 0.172113 0.016327
_H32_
[ L g L & -0.013114 0.049641
,J, ©-= Earth
(b) TYPE I-Case B (K,,=2, K,y =-4)
@ Designated values: Evaluated values:
G] =GZ=G (600%2) y]2=BG/9 (6750)

N0™Y20 V167 Y257 ¥36= 0 Y30 6/3 (1-8k)

‘y15 = 5y35 =3G/10 (2kq) y40 =259G/885 (2.0502k%)
y26 = 5y46= 3G/10 (2kq) y45 =12G/295 (14.75kQ)
Ho = 0.070922 0.014124

o— . + ¢ 32| .0.017007  0.038169

7770 Earth
(c) TYPE I-Case C (KIZ__Z’ KZ] =4)

@) Gy O) Y12 ® G, @ Designated values: Evaluated values:
G] =G2=G (6000) y]2=4G/7 (1.05kq)
Y107 20" Vo5~ Yas Va5 =0 |Yao=136/35 (1.6150ka)
y26=5y46=3G/]0 (2k$2) y]6=126/151 (7.55kQ)
Y15 = Y35 = 36/10 (2ka) Y30 = 20476/5285 (1.5491kn)

H 0.050314 0.036232
32= | 0.028736 0.055556

° - N J7©= Eart'h ~°

(d) TYPE I-Case D (K,,=-2, =-4)

12 K21

Fig. 8. TYPE 1 circuits of the impedance-matched bilateral amplifiers.
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Designated values: Evaluated values:
G, =GZ=G (6009) y15=4G/7 (1.05kQ)
¥10=Y20= Y120 Yog = 26/7 (2.7kR)

=0.5y4, = 36/50 (10kQ) y30=3G/200 (40kQ)
y40=3G/20 (4kQ)

Y35~ Y46

0.142012  0.048128
H3,= | 0.008547  0.154412

’;7 @©-= tarth

(a) TYPE T - Case A (K]2=2, 1(21 =4)

@ 6y ) Y12 @ G, @ Designated values: Evaluated values:
. w (G, =6, = =y,,=6/9 (5.4k
_ G, = Z-G(GOOQ) Y10 Y34=6/9 (5.4 Q)
Y0= Y300 Y40~ 116/18 (981.829)
+ Yog = g = 36/11 (2.2kQ) Y35 = 36/91 (18.2ke)
® ¥y, = 26/3 (9000)
= 6l 1.3kQ
Yao Y15 G/13 {1.3ka)
_ | 0.070309  0.018804
o ' * O —H32— ,
© = Earth 0.000000  0.047734

(b) TYPE I - Case B (K12=2, K21 =-4)

@ G] O] Y2 ® GZ @ Designated values: Evaluated values:
Gy =G,=G (6009) Y30 5G/9 (1.08kR)
Y10~ Y00 Y34 = 6/27 (16.2k0)
Yi5= 3357 36/11 (2.2kQ) Y6 = 6G/585 (58.5kQ)
Y10 =G (600) Ya0 = 6/117 (70.2kQ)
L)/26=2(3/5 (1.5k2)

o + I . o - [0.085098 0.028018:]

7;7©= Earth 0.014639 0.013607

(c) TYPE I - Case C (K]2=—2, KZ'I =4)

Evaluated values:

G y G 1 d val .
@-M/]‘ O] 12 ® 2 ® Designated values:
w 'G1 =G, = & (6009) Y34 = 56/28 (3.36Kka)

=176/14 (494.129)

Y107 Y2070 Y0
* + ¥y, = 36/2 (4008) ¥45°36/52 (10.8ka)
© ® TS 2}’35 =3G/10 (2kQ) y40=55/]4 (1.68k%)

Ly26= 36/10 (2kg)

_ | 0.079330 0.065543
Hyp =

0.063218 0.061636

©-= tarth

(d) TYPE I - Case D (Ky,=-2, |<21=-4)

Fig. 9. TYPE 1I circuits of the impedance-matched bilateral amplifiers.
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Designated values:
Gy = 62 =G (6000)
Y10 Y20" 0

y15=10y35=6/2 (1.2kQ)

Y6 = 10y, = 26/5 (1.5k2)

0.156873
“H3o= | 0.027202

7;7-@= Ea:th

(a) TYPE I - Case A (K]Z-Z, Ko =4)
G G R
DIV ® 2 @ Designated values:
176, =G (6000)
Y20 ™ Y30 Y14 7O

Y5 = 3G/10 (2kq)

Yog = 5)/46 =3G/10 (2kq)

Evaluated values:
y3O=G/7O (42k%)
Yoo = 5G/70 (8.4kQ)
N4 = 16G/231 {8.6625k%2)
y23=4G/33 (4.95kQ)

-0.038488
0.128339

Evaluated values:

y23=4G/9 (1.35kq)
ym=G/9 (5.4kQ)
Y35 = 3G/20 (4kQ)

Yao = 11G/45 (2.4545kQ)

[0149533 0.103641

“H., =

o o . -0 32 0.006452  0.085470

7;7@= Earth

(b) TYPE I - Case B (K1 =2, Ky = -4)
Designated values: Evaluated values:
Gy =G, =G (6000) Y14 = 86/9 (6750)
Y107 Yoq ™ ¥p37 0 Yqg = 66/25 (2.5k)
Y,6 = 36/25 (5kQ) Yqq = 26/3 (9000)
Y15 = 545 = 36/10 (2ka) Y30=6/3 (1.8k0)
[0.088710 0.017582]

“H.. =

o Py ° 32 0.086406  0.084171

7;7‘ O Eavrth

(c) TYPE I - Case C (KIZ_

Designated values:
G1 = GZ =G (6000)
Y107 Y2070

Y14 = 3G/2 (400Q)
Y53 % 3G/4 (800Q)

V5= G/7 (4.2kQ)

\y26= G/14 (8.4kQ)

-0

7;7©= Ea:th

(d) TYPE II - Case D (K]Z:—Z, KZ] =-4)

- |

Evaluated values:
y35=3G/]0 (2kQ)
y3O=S1G/10 (117.659)
y46=3G/5 (Tka)

Y40 = 786/5 (38.4629)

0.013736

0.008561
0.011638

0.013795

Fig. 10. TYPE III circuits of the impedance-matched bilateral amplifiers.
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Frequency: f [Hz] Frequency: f [Hz]

(a) TYPE I-Case A (K]2=2, K2]=4)
Gain: l<‘2 .|K21| Phase: 812 . 82] Input-impedance: Z“ N 21.2 Dynamic range: v]max R VZmax
[dB] [, lag] [al 0V s
15 -1 180 1500 T11.5
S—r——A——— , z
10 F /- 150
X
5 rOo—0—00 4 120 1000 |- Vimax 1.0
f--D--0-0--0---O-0-0--0-Q
0 F -4 90 \
b OO0 \ R
-5 21 X 60 500 [ b 4 0.5
A =i - X X K K =K XX Xy N
-0 /K"«G"'D 8, 30 Vonax ‘x\‘u\
15 L I ] 0 0 ! i ) A Shiaks ok, |
10 100 1k 10k 100k ™ 10 100 Tk 10k 100k ™
Frequency: f [Hz] Irequency: f [Hz]
(b) TYPE I -Case B (K]2= 2, KZ] = -4)
Gain: |K12|, KZI Phase: 912 . 92] Input-impedance: Zi1 s 21].2 Dynamic range: Vlmax . vaax
[dB] [°, lag] [e] IV ]
rms
5 r K> 180 1500 1.5
4»4\——-—0—-0—% 8y, o
0 R 4150
120 1000 -4 1.0
% I
AR AR
60 500 l}“D‘"D"D"U"Q"U*‘D“’U—'ﬂ\ Zi2 0.5
e VARV
30 vaax \\b\jmax
X
0 0 1 1 ! R R f 0
10 100 1k 10k 100k ™ 10 100 Tk 10k 100k ™
Frequency: f [Hz] Frequency: f [Hz]
(c) TYPE I-~Case C (K]2=-2, K21=4)
Gain: ‘KIZI’IKNl Phase: 8]2 , 92] Input-impedance: Z” s 212 Dynamic range: V]max B V2max
[°, Tead/lag] [a]
rms
30 71 270 1500 i 7] 3
/ ¥
20 o :
4 N )
10 . 180 1000 2
x/
0 F ! b
P
X SO O
-10 | Brpllead) p 7 P 90 500 + . 7 1
L / Tmax !
-20 + o X 8,,(1ag) -g---0-0--0--a-8-0-- o
ey o K K PR K R K N h
30 1 I g 1 0 0 | 2max 1 1~ 0
10 100 Tk 10k 100k ™ 10 100 Tk 10k 100k ™
Frequency: f [Hz] Frequency: f [Hz]

(d) TYPE I-Case D (K]2=-2, Kpq = -4)

21
Fig. 11. Measured frequency characteristics for TYPE [ circuits of the impedance-
matched bilateral amplifiers shown in Fig. 8 (Temperature: Ta=15C).
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([Eair]\: K12 s K21 Phase: 6]2 , 82] Input-impedance: Z” s Z,]2 Dynamic range: v]max s V2max
dB [°,1aq] [a] v
180 3000 - 118
150
Tmax
120 2000 §-€--0-0-0--0-0-0--0- 4 1.0
1
% S SR SR e —x»--wi%\\
2max \
60 1000 $ 0.5
L
™
X 30 ‘Q\\ B »4
15 ) L o \ b o 0 L | | W=k 0
10 100 1k 10k 100k ™ 10 100 Tk 10k 100k ™
Frequency: f [Hz] Frequency: f [Hz]
(a) TYPE O - Case A (K]2=2, K21 4)
Gain: K]Z ,|K2]| Phase: 8]2 , 62] Input-impedance: Zﬂ R Zi2 Dynamic range: vlmax s V2max
[dB] [°, lag] [a] Vims
15 180 1500 [~ 1.5
10 150
5 120 1000 | 1.0
v1max
0 30
4
-5 60 500 |~ \ 0.5
- Mo = K Ko =X K X e X 1& \
-10 30 Vomax \\D~
-1 1 1 ) ¢ I 0 0 ] 1 1
10 100. 1k 10k 100k M 10 100 1k 10k 100k ™
Frequency: f [Hz] Frequency: f [Hz]
(b) TYPE I - Case B (K]2=2, K21:_4)
Gain: }Klzl, KZl Phase: e]z s 921 Input-impedance: Z” s 212 Dynamic range: v]max , “’Zmax
(48] [°, Tag] [2] Vyms
15 Ko 180 1500 [ ]
SO
10 |- 150
p—0—0—0—0—0—0
= ) 120 1000 | A 2
(%12
0r 90
5 60 !
Imax i2 i
210 b 30 p--0---0--0--0---0--0--0---0-4q i
e X - X oo = X X X X XN Y
215 1 1 » 0 0 L2max_ | 1 ~XI>Ghe - 0
10 100 Tk 10k 100k ™ 10 100 Tk 10k 100k ™
Frequency: f [Hz] Frequency: f [Hz]
(c) TYPE I - Case C (K]2=—2, K21=4)
Gain: IKIZHKZ]I Phase: 6]2 s 92] Input-impedance: Zﬂ s Z].2 Dynamic range: V]max , V2max
[°, lead]  [@] Vems
270 1500 [~ 3
| 180 1000 2
4
90 500 1
i2 v
Tmax
§---0--0--0--0--g--0- Dy
Ko X - K Ko Xy X K K Ao N ]
0 0 1 2max| X th--m- )
10 100 Tk 10k 100k M 10 100 1k 10k 100k M
Frequency: f [Hz] Frequency: f [Hz]
(d) TYPE T - Case D (K]2=~Z, K2]=-4)
Fig. 12. Measured frequency characteristics for TYPE 1II circuits of the impedance-

matched bilateral amplifiers shown in Fig. 9 (Temperature: Ta=15°C).
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Gain: K12 , KZI Phase: 9]2 s 621 Input-impedance: Z”, 212 Dynamic range: V]max , V2max
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30 180 3000 q 1.5
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20 150 §r-D- -0 -D--D---0- -0 BTy,
10 120 2000 |- \ 7., 110
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12 21
Gain: |K |, K Phase: 8,,, 6 Input-impedance: 7., ,Z, Oynamic range: Vlmax 'V2max
121° "21 12721 i1 %2 o]
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12 21
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d [°, lag]  [2] s
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1000 1 1.0
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(d) TYPE M -Case D (Kjp=-2, Kyq=-4)

Fig. 13. Measured frequency characteristics for TYPE 1II circuits of the impedance-
matched bilateral amplifiers shown in Fig. 10 (Temperature: Ta=15°C).
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3.4 Experimental Results

The impedance-matched bilateral amplifier circuits shown in Figs. 8-10 are implemented by
using operational amplifiers MC1741CG (Motorola) with DC supply voltage Vi=+15V. The
used resistors are selected under 0.1 % error.

Their experimental results are shown in Figs.11-13. The transfer voltage gains K,. and
K.y, the phase lag (or lead) 6.4 ~#(V./V)) and &, 2 2 (V,/V:), the input impedances Z;; 2 |V, /1,
=IVi/(VirV))Gil and Z, 2 |V,/1,|=|V,/(VirV,)G,|, and the dynamic ranges Vimu and Vuma., which
is the maximum input voltages under 2% output distortion, are measured in the K. and K.,
operations (see eq.(24)), respectively. The ideal characteristics are as follows: (1)|K,.|=6 dB
constant, and|Kz|=12dB constant; (2) 6,,=#., =0° constant; (3) Z;=Z.,=6000 constant:
(4) Vimax and Vimae are large. In the low-frequency range of <10 kHz, the measured
characteristics satisfy the ideal characteristics as shown in Figs. 11-13, i.e., these implemented
bilateral amplifier circuits function as desired. However, in the high-frequency range of
f=10 kHz, the measured characteristics deviate from the ideal characteristics, because
the actual operational amplifiers have the phase-shift characteristics.

For the practical use, sensitivity, temperature characteristics, noise characteristics, etc.
must be investigated, too. Table 1 shows the general evaluation for the practical use, includ-
ing these investigations.

Table 1. General evaluation for the realized circuits shown in Figs. 8-10.

(©: excellent, O: good,'A: poor)

Case —LYPE| 1 11 I
A © @) O
B O © O
C O O Pay
D O O A

4. Conclusion

Three types of circuits for the realization of arbitrary 2x2 conductance matrix using two
nullators and two norators have been derived systematically by Yanagisawa et al’s method.
One of them is a new circuit which is shown in Fig.6. They have been applied to the design
of impedance-matched bilateral amplifiers with the gains |K../=2 and |K.|=4 and the
matching-impedances G, '=G. '=6009Q. These bilateral amplifiers have been implemented
by using operational amplifiers and resistors. The measured data indicate that they function

satisfactory in the low-frequency range of f<10 kHz.
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Operational amplifiers are widely used in the electronic analog circuits because of their
low cost and high performance. The nullator-norator concept is going to be employed more

and more in the electronic circuit design.

Acknowledgement

The author would like to thank Prof. Dr. Tadashi Matsumoto of Fukui University for his

helpful discussion and encouragement.

References

[11 A. C. Davies, “The significance of nullators, norators and nullors in active-network theory,” Radio Electron
Eng., vol. 34, pp.259-267. Nov. 1967.

[2) T. Yanagisawa and N. Kambayashi, “Realization of arbitrary conductance matrix using operational
amplifiers,” Trans. IECE of Japan, vol. J59-A, no.5, pp.401-408, May. 1976 (in Japanese).

[3] N. Kambayashi, “Stability and sensitivity of matched bilateral amplifier,” Trans. IECE of Japan, vol. J60-A,
no. 11, pp.1087-1089, Nov. 1977 (in Japanese).

[4] Y. Imai, T. Shinozaki, I. Kawakami and T. Komazaki, “An asymmetrical amplifier and its application for
the realization of 0 dB telephone line,” Paper of Technical Group, TGCST78-52, IECE of Japan, July 1978
(in Japanese), and Proc.1979 IEEE ISCAS, Tokyo, pp.930-933, fuly 1979.

[5] Y. Katoand T. Matsumoto, “A universal nullor and its applications to the nct-a type two-port realization,”
Memoirs of the Fukui Institute of Technology, no.9, pp.1-11, Oct. 1979.

[6] A. Nishihara and T. Yanagisawa, “Realization of multi-port networks using operational amplifiers,” Paper
of Technical Group, TGCAS80-78, IECE of Japan, Oct.1980 (in Japanese).

[7] Y. Imai, T. Shinozaki, I. Kawakami and T. Komazaki, “Realization of active hybrid using two operational
amplifiers,” Paper of Technical Group, TGCAS80-134, IECE of Japan, March 1981 (in Japanese).

[8] L.O.Chua and P-M. Lin, Computer-aided analysis of electronic circuits: Algorithms and computational
techniques. chap. 6, Prentice-Hall, Englewood Cliffs, New Jersey, 1975.

[9] Y.Kato and T. Matsumoto, “DC stability of nullator-norator-modeled resistive networks realized with
practical electronic devices of nullors,” Paper of Technical Group, TGCAS80-14, IECE of Japan, May 1980
(in Japanese).

[10] Y. Kato and T. Matsumoto, “DC and AC stability of nullator-norator-modeled resistive networks realized
with practical electronic devices of nullors,” Paper of Technical Group, TGCAS80-35, IECE of Japan, July
1980 (in Japanese).

[11] Y. Kato and T. Matsumoto, “Stability of nullator-norator-modeled resistive networks realized with tran-
sistors,” Convention Records of Hokuriku Section of LE.E.LT. of Japan, B-20, Oct. 1981 (in Japanese), and
Trans. IECE of Japan, vol. J64-A, no. 12, pp.1054-1055, Dec. 1981 (in Japanese).

[12] F.S. Atiya, “An operational amplifier circulator based on the weighted summer,” IEEE Trans. Circuits
and Systems, vol. CAS-22, no. 6, pp.516-523, June 1975.

{13] N. Fujii, “DC stability of nullator-norator circuits realized with operational amplifiers,” Trans. IECE of
Japan, vol. E61, no. 8, pp.625-630, Aug.1978.

[14] W. H. Cornetet and F. E. Battocletti, Electronic circuits by systemm and computer analysis. chaps. 1-2,



BHIEREMELE F12F 1982

McGraw-Hill Kogakusha, Tokyo, 1975.
{15] The op amp manual. CQ-shuppan, Tokyo, 1978 (in Japanese).



