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A Grounded Inductance Using an
Operational Amplifier Pole

and Its Application to Filters

by
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(Received June 11, 1982)

This paper proposes a new simulation circuit of a grounded inductance using an
operational amplifier pole. The value of simulated inductance can be varied by a
resistance ratio and a gain bandwidth product of the operational amplifier. The
proposed structure works well over 2 wide frequency range and has low sensitivity
to active and passive elements. Theoretical and experimental results indicate that the
realized circuit is stable over the wide frequency range and can be used effectively for
a low-Q active network. The practical examples in a highpass ladder filters are also
given together with experimental verifications.

1. Introduction

Recently, operational amplifiers (op amps) are widely used as inductorless filters,
oscilators, inductor and capacitor simulations in addition to use as active elements. However,
a practical op amp dose not generally ideal because of characteristics of frequency-dependent
gain and finite input and output impedances. As the result, the use of op amp is limited by
their finite gain bandwidth product. Therefore, many authers have exploited op amp pole in
designing active R filter,"® inductance and capacitance simulations?™® etc. In the previous
paper,” we also proposed a new integrator‘ using this technique. The utilization of the op amp
pole gives the reliable high frequency performance, and eliminates the external capacitances
from the circuit. Therefore, it is suitable for monolithic IC implementation.

In this paper, we proposed a new grounded inductance simulation circuit which is composed
of two op amps and only resistances without requiring any external capacitances. Since the
value of simulated inductance depends primarily on resistance ratios, the proposed circuit is
suitable for IC implementation. From the sensitivity analysis, we proved that the circuit has
low sensitivities to all the network parameters. It is shown that the cofigulation can be used
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for active network realizing low-Q and the experimental results agree well with the analytic
results.

The network analysis based on the single-pole rolloff model of op amp, and stability
analysis are also given. Then, the highpass filters are designed using the proposed circuit. The
experimental results show that these filters operate successfully as the conventional ones.

2. Theoretical analysis

The new circuit for inductance simulation is shown in Fig. 1. Assuming the sigle-pole rolloff
characteristic for the two op amps, the gain is

Ads)=—Aoee . _GBe -y,

st @p ~ stwp

where Ay, @y and GB; are the open loop gain, the 3 dB frequencies and the gain bandwidth
product of op amps, respectively, and subscripts 7 are related to op amp 1 and op amp 2.
Assuming a typical case | s | > wp;, the open loop gain A.(s) is given by

Ai(s):—GSL .................................................................................... (2)

In Fig. 1, the input impedance Z;,(s) at the input terminals 1-1’ is obtained as

7 (S): A2a1 Rl R, _A(dz R3+6l5 Rl Rf) *
i Az(dl as '1"Rz Ra Rf)—A[aa(lu Ra +us Rf)

* RZR,(45+R3 ]+a5 [(1+R1)a4+R2Rf] ................................. (3)

where
o= Rs R~ Ry Ry

a2=Ri R:+ R: R+ Ry Rr
GE=RER b e (4)

d4:Rz+Rf

as=Ra+ Ry
and it is assumed that A,(s)= A.(s)=A(s). Substituting Eq. (2) to Eq. (3), we have

in§ [(R—I—Rl)Ul+Uz]+sGB(U3+U;R 7y

* +GBH R R~ R RIRR e, (5)
+GB(Rs R— R R)(Ri+ R+ R: Bs Rf]

where
Ui=Rs Ret R Rs+ Ry Rt R Ry

Us=(Rs+R)R:Rr F e (6)

U3=2R1 Rs Rf‘f’Rz Rs Rf+R1 Rz R3+R1 R4 Rf
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Fig. 1 Circuit for inductance simulation Fig. 2 Equivalent circuit of Fig. 1

The circuit is adjusted so that (R,/,/ FsR,)= 1 by the suitable choice of resistances R, i,
R, and R,, Z..(s) reduces to

Zin(s)= SR AU R+ Usy)
o SUR + R U+ U]+sGB(Us+ U, R T Rs)
e _HSGBR Us @)
+GB* R, Rs R,

In Eq.(7), it is seen that the circuit of Fig. 1 behaves as an equivalent inductance Ls and a
resistance K in series with a capacitance C; as shown in Fig. 2, where the simulated
components are

S RUs e @

L= CBR R

R RARIUEUs e 9
N R UsGB

C :Mi.@z_ ........................................................................... 10
¢ GBR: Rs Rs

The quality factor @(w) of a simulated circuit is given by

@ GBI T — T T+ GB T, T,
Q(@)_ T, Tt 0GB T T T 725) B e an

where
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Table 1  Calculated values of simulated components and Q-factor
Type K Key RpuRy Ry Ry Re 100 iz ) Lg (H) Ry ™ (A (pF)
() | (@) | ()|
1 0001110000 | v kP v M) 100 | 100 48 | 06 2121073 10.7
2 001 | 100 | ook} v M|y x| e 1.359 1.06 21251074 1.6
3 1 M| 100 x| 100 L I 4 1.480 1.06 z,]z.]o“ 10.7
4 .0t 100 1w x| v K] 10 k| w00 7.316 1.09 « 107} z.18-107° 211
5 wokf wok|f v x] v «x 13.248 1.09 10"} 2.18+10"° n.7
6 1 M| 10 k] 00 | e kx| 14as 1.08107] 2.18-10°° 10.7
7 R 10 10k} woxf 1w x| r ok 59.306 1.39 - 1072 2.67+ 1078 20.5
8 wo k| 1o x| 1 x§ w0 x| 106150 1.39 « 1072 2.67-10°8 n.7
9 vox| v M| 100 k] 100 111.780 1.39 1072 2.67+10°° 108.
10 VoMl x| 100 100 x| 112.670 1.39.1072 2.67-10°8 10.7
n 1.0 |10 10 k| 10 k} 10 k] 10 k| 1s3.060 5.31-1073 9.55+1077 2.2
12 1okl 1 k| 100 K| 221940 5.314 1073 9.55+ 1077 13.6
13 1 ox|1wokfwok]y k| 225 5.31-1073 9.555107 7.6
" voMfioe | o |1 M| ese.dso 5.31.1073 9.55. 1077 2.8
1 wo |1 om| 1 w100 3.696 5.31-1073 9.55 1077 862.
16 0.0 | 0 10 k] k|10 x}wok| 43.558 1.39 01072 2.679 1078 28.5
7 1 oxfpie xfwoxk| v k| 10465 1.39.1072 2.67. 1078 16.
18 wokfre |1 k[ M} 63703 1.39- 1072 2.67- 1078 19.7
19 0 pwokly M| x 1.217 1.39.1072 2.6721078 999.
20 100 .01 10 kjw00 |10 kj1 M 4.933 1.09- 107! 2.18+107° 31.4
2) vokfr k| r0k| 100« 1.227 1.09. 107} 2.1810°3 125.
2 100 |0 k| M| 10 Nes 109,107 2180107 1071,
23 | 1000 .00 1 oxkjwe fwokfr w 24 1.06 233+107¢ 127.
2 1w frok] 1 M|k o | oo 2130007 1081
25 J10000 .0001 100 100 K] OM L0014 | 10.6 2120107 1082.
T1:(U1 R1+ Uz)R,
T2: Ua Rl
Ts=(R'+R)U+U, i 12

Ti= U+ U3+(U1+R3 Ri— R R4) R

Ts=R: Rs Ry

Thus we note that in order to obtain a fixed value of inductance it is necessary to keep the
condition R3R,= R,R, (= KuKp»=1). Table 1 shows the calculated values of Ls, B, Cs and
Q for the various cases. The quality factor Q(w) indicates a large value in the region of

resistance ratio K,=Ku=K,= 1.

In order to obtain a pure inductance, the following conditions must be satisfied.
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| SRI(U[ R1+ U2)|<< GB US
GB? R Ry Rf>>| Sz[(R,’{'Rl) U+ U2]l T8 N 13

GBR: R: Ry >>| s{Us+ U, R’ +Rz)|

Then we can be rewritten Eq. (7) in a simple form

24 Kt Kaut K R e
Zin (S) - 12 Ko 24 GB N 14)
where Ki,= R,/ R, Ks,=R,/R; and K= R,/ R,. It is clear that Eq.(14 has the property of
an ideal inductance, and the inductance value can be varied by changing the resistance ratios
K., Ki and K, the gain bandwidth product GB of op amp and element value R’. The value
of the ideal inductance L; is expressed as

= 2+ Kot Kast Krn | _IL ............................................................... 1%

Ls Ko GB

It should be noted that exact value of resistance is immaterial but their ratio is important.
Calculated values of L are shown in Table 1, where the values of R and Cs become zero
under the conditions Eq. (13).

3. Semsitivity function and stability
The sensitivity is a measure of the displacement in some performance characterstics of a
network resulting from a displacement in value of one or.more the element of the network.
In this chapter, the sensitivities of the magunitude of the driving point impedance Z:.(s), the
coefficient for the numerator and denominator polynomial of the Z:,(s) and the quality factor
Q(w) with respect to displacement in R, Ry, Rs, R, R, R’ and GB are derived.
The sensitivity of a network function N(w) with respect to the element x is defined by®

v ANW@) X e e,
S¥@= Mo T (16)

We can rewrite Eq.(7) as shown below :

_ D1 S2H T GBS e
Zn(S) =/ I T, G Bt T CB an

where T, T,, T, T, and T; are the same as Eq. (12. The sensitivity function of the driving
point impedance Zi.(s) with respect to a element x are given by
Re SZm= R(XO“R)&E};]( Yo— Y1) S PP 19

R(Yo= YD) —I(Xo= X))
R*+T *

Im Sn9=

where Re SZ7 and Im SZ™® stand for the real and imaginary part of SZ respectively,
and
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Xo= Ao Ts 0*—~ GB* Ao Ts+Bo Th) o*
Yo= GB[B Ts GB*~ (4 Tu+ By Ts) 0*]w
Xi= A0 Ts '~ GBH Ty Got T Fo) w*
Y1= GB[T: Go GB*—(T\ Fo+ T: Eo) 0*]w

R= Tl Ta w4_GBz( Tl T5+ Tz T4) w2

I= GB[Tz Ts GBZ‘(Tl T4+ Tz TS) (1)2]0)
In the sensitivity functions for each element, we substitute each of element for x, and the

equations as shown below insert in Eq. ). For example, we deduce the sensitivity function Re

SE9 for R, Substituting Eq. @1) into Eq. (), and further inserting the resulting Eq.(0) in Eq.
(18), then we have the Re SZ»®

Ry
Ao=R(Rs+ R)(R:+ Ry)
Bo=R'[R;(2Rs+ Rs) + R: Rs)
Eo=(Ro+ RY(R3+ Ri) b e e o1

Fo= Rf(R3+ R4)+R3(Rz+ Rf)

Go=0

Rz
Ao=R(Rs+R)(R1+Ry)
Bo= R R{R:1+ Ry)
Eo=(Rs+RI(R +Ri+Rs) b emeeevrneeniniens 22

Fo=Rs(Rs+ Ra)+ Ro(R + R+ Ry)

Go=0

Ra;
Ao=R'(Ri Rs+R2 Rs+ Ri R»)
Bo=R' 2R\ R;+R:R;+ R Rs)
Eo=(R+R)(R:+RH+RR, b @9

Fo=(R+R)(R:+Rs)+ R, Rs+ Rs(R + R+ Ry)

GO:RZ Rf
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Rq;
Ao=R (R Rs+R: Rs+ Ri R2)
By=R R: R,
Eo= (R +RV(Ra+RA+RaRr b e, ©04)

Fo:Rj(R,‘FRl”}‘Rz)

Go= 0

Ry;
Ao=R (Ri+ R:)(Rs+ Ry)
Bo=R (2R Rs+ R\ Ri+R: R:)
Eo=(Rs+ R (R +Ri+Rs)  F e 25

Fo:(R,+R1+Rz)(2R3+R4)

Go=R: Rs

R
Ao=(R\ R+ Rs Rrt+ R R2) (Rs+ Ry)
Bo=Ri Rs(2Rs+ Ri)+ Rs Rs(Ri+ Ry)
Eo=(Rs+R)(Rs+R) b [T 26

Fo:Rf(R3+R4)+R3(RZ+RI)

Go= 0

In the same manner, the sensitivity function with respect to GB is as follows.

—_—— e — x=R]
- - k)
= R
3
=Ry Z:,(S)
7. (3) = Re ReS)1<n
Re s 10 =R
X = 6B
S
______ T
07 — o
-1
! . 1 f (H2) ! L . f (Hz)
1K 10K 100K (Hz 1K 10K 100K

Fig. 3 Calculated values of Re S in type 8 Fig. 4 Calculated values of Re S#® in type 11
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Re Sz = 2T Ts GB wz)llg; (T T5—T1 Tde® + 7> 15162;32 oll 07
Im SZpe = (T2 T5—Th T4)£)23+ T: Ts GB*w] R_+2 Tl_z‘lszGB @I ©8)

When we take typical value listed up in Table 1, each calculated sensitivity factor are shown
in Figs. 3, 4 and 5 to real part and Figs. 6, 7 and 8 to imaginary part, respectively.
Next, we deal with the coefficient sensitivity of the driving point impedance Z;,(s). We let

N (s) be network function as

= a0+al S ta SZ+ ......... +am S ittt ee it rreeraaens
N(S)—— bo+b| S +b2 82+ ......... +bm sm (29)

Then, we difine the coefficient sensitivity as follows :

di—_@L.i ....................................................................................
S¥= Faa 80
SOt — db; 2 OO PRN 3]
S¥= T b @1

where x is any arbituary network element. From Eqgs. (17, 30) and (1), the coefficient sensitivity

of Z,(s) for each element can be determined as follows :

Z:.(S)
Im s "
-1
R SZm(S) 1-10
e Sy 1-1072
R 1.1073
T~ 1.1074
L 1107 |/
T L 5 f (KHD)
—-—-—-—-—-~-—-~-/ 1 10 100
-1 -5 ————1—> f (KHz)
1I|< 10I|< 106 K f ) "1e10 N
-1-107% KON
Fig. 5 Calculated values of Re 8% in type 14 -3 RSN
-1-107° KOO
_ N NN/
-1-1072 S T
S1.10°0 L N
1-107! ' <

Zin(s)

Fig. 6 Calculated values of Im S% in type 8
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JA

ImS

1-107!
1-1072
1-1073
1-107"
1-107°

-1-107°
-1-107H
-1-1073
-1-1072
-1-1071

4

in(s)
X

Ly

f (KHZ)

Ll

1 10 100

\4

f (KHz)

L T T [

Fig. 7 Calculated values of Im SZ*® in type 11

Sgi=(Ret+Rs) Ri/(R2+ Rs) Ri+ Ry R/
Shi=(R:i+Rs) R:/l{Ri+Rs) Re+ Ri R/
Sii=Re(Rs+R4)
SI'= R/ Rs+Rs)
Sr' =(Ri+ R2) RAI(Ri+ Ry) Re+ Ry Ry

Sp=1 , Siy=0

ngGB: 1—R: Rs RfR//Tz
SH=1-Ri R R (2Rs+ R:)/ T

Sg;oBZI*Rl R4 RfR,/Tz

SHP=1-Rs R'(2R\ Rs+ R: Rr+ R\ R2)/ T

S;Z/GBZI_Rl R: R R,/Tz

S;,ZGB: 1 , Sgi;GB: 1

Z;
n
Ims}

1-107}
1-1072
1-1073
1-107H
1-1072

-1-107°
-1-107H
-1-1073
-1-1072
-1-107!

(S)

f (KHz)
f (KHz)

Y

Y

Fig. 8 Calculated values of Im SZ in type 14
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Ski=R(R:+ R/}
Sh=RAR +R\+R:)/]s
ST R Rs+ R.)
.......................................... 64
Sz = Ri(Rs+ Rd)
SP=RAR +Ri+R:)]s
Shr=R'(R:+RA/Js , SIi=0
ST = Ry(2Rs R+ R Rs + Re R[]
168 = R)(2Rs R+ R2 Rs+Ra R[]
Sir®= R(Ri+ R+ R)2Ro+ R
SIeo= R, RARIHRARD e} e (35
Sk =Rs(Ri+ R+ R)2Rs+R/Js
Sii®=R(2Rs Rs+ R: Rat+ Ra R7) /4
Ses=1
Sge=0  SE=1
Spert=1 , Skert=
................................................ (36)
Siost = 1 , SEeB =
where
Js=(R' +R)(R:+Rs)+R: R,
S mma } ..................... o

Calculated coefficient sensitivity factors of the driving point impedance Z;,(s) by using the
nominal element values in Table 1 are given in Table 2—5. Here. S# in not included in the
table, as it is obvious from Eq.(36. The variation in any elements are found to be within 1 and
10* order as is evident from these tables. It is clear that the proposed circuit presents the low-
Q sensitivity to all types and to all elements.

In the same manner as before, the values of sensitivity of Q(w)-factor® evaluated using Eq.
(1) and Eq.(6) are shown in Table 6.

Finally, we deal with the stability problem. In general, for an network to be stable, a
numerator and denominator polynominals of the driving point impedance Z,(s) must be
Hurwitz polynominal. From Eq.(7), the driving point impedance Z,.(s) is written as a ratio of
polynominals Ny(s) and Dy(s). Thus, it is clear that the polynominals Ny(s) and Dy(s) are given
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as follows :

Nols)

Do(s)

=s*R'(Uh R+ W) +sGBR Us

P O S (38)

=R +R) U+ U] +sGB(Usi+ Ui R+ R)+GB* Ry Rs R,

Table 4 Calculated values of SI°

Table 2 Calculated values of SI*
Tree Sge Sa1 Sa2 Sa3 e Sar Sep
1 1.0 1.0 1.0 1.0 \.00"0.‘ 2,00"0"‘ °
2 Lo 999 999 993 | 9.90-107" | 2.00007 0
3 1.0 .99% .999 .99% 9.90"0" Z.OO-\O" o
4 10 .950 1930 990 | 9.90.10" 7} 19603072 [
i 10 930 .9%0 %0 | 950107 1961077 ]
[ 1.0 .90 990 530 | 9.90100 {1907t 0
1 e s Xt s0s | 9020072 e 0
8 1.0 kit 7 909 | 9.02010% 16 [
9 0 o7 Kl 09 | 90210 e o
10 1.0 Kl 97 909 | 90200t e [}
" 1.0 667 467 500 500 667 °
12 1.0 667 667 500 500 .66 0
n Lo 867 667 500 500 667 3
" 1.0 667 667 500 500 667 °
15 1.0 667 657 .500 .500 667 0
1% 1.0 524 524 9.09:1072( 509 952 ]
7 10 524 sz | 5090} Lsos 952 ]
18 1.0 524 s2e | 9,010 509 552 o
18 1.0 524 524 | 9.08.10°2)  s0s 952 °
20 1.0 502 oz | 990072 L9s0 995 J
2 1.0 502 50z | 9.900072] 950 1995 ]
22 1.0 502 502 | 9,900 Lss0 995 0
2 1.0 500 500 | 999007t Less 1.0 [
2 1.0 .500 500 J9.99n0t|  uss 1.0 0
25 1o _s00 500 {roeaot| 1o 10 0
Table 3 Calculated values of S7*¢°
Type S Sar Sez Sy e Sae Scp
1 1.0 1.0 1.0 1.0 | 100108 300007 10
2 Lo 990 950 1.0 | ssoa072s00df g0
3 1.0 .990 . 990 1.0 9.90'10-7 1,90"0-’ 1.0
‘ 10 .90 980 1o |ena07| 202002 1o
s 1o 1990 900 I ER IR FITRTE B
] 1.0 330 980 1o Jenee?| 20l he
7 10 524 800 992 | r.esa07d| a7 1.0
s 1.0 o2 840 992 | n.6300] 2y Lo
g 1.0 .92 840 992|160 2 .0
10 1.0 524 .80 992 | 16307 am 10
n 10 .B00 400 B0 .200 800 1.0
12 1.0 800 .400 800 .200 800 10
3 10 800 400 800 200 800 1.0
" 10 800 A0 800 200 800 10
15 1.0 500 400 .50 200 800 1.0
16 10 s |sa0n0?| 2w R 992 1.0
) 1.0 921 |ea0m0?| 2w 763 992 1.0
it 1o EE ERT SRS B 78 952 Lo
1 1.0 s faaona?] ew 783 992 1.0
20 1.0 550 | 9.8000077 29200077 | Lom 1.0 1.0
2 1.0 390 [9.80010 20z0 | Lom 1.0 1.0
] 1.0 990 {98000 29210 Lo 1.0 0
2 ) (999 |9.9807 f 299073 Lo 1.0 1o
2 10 999 {9.3807 {29907t Lew 1.0 1.0
25 1.0 1.0 110007 10007} 10 1.0 1.0

Tyoe Sg Spt Saz g3 S Spe Sas
1 | e.s007}  Les0 1.0 1.0 | 10007 1.99007¢ ]
z | s.08102 508 993 999 | 5.990107% [ 19301070 o
3 | s.e0003  Lose 999 K R AL R TR
P s 498 990 950 | 9.90410 1ag0?| o
s {002 s 950 950 | 9.0 are? 0
5 {s.80-10° .sa0 950 .99 | 9.904077 1950072 0
| s s 9 509 [s.08070| 130 o
8 | 840007 se0 .96 909 1909077 Laso 0
o | sz {9.0210) .90 309 | 9.09007 ] 580007 0
10 [s.0803 sos Eill 309 | s.0m0°2]  vss [
n 400 400 1600 500 500 600 0
1w [szs0?| e 658 500 500 656 0
wo{ .0 [e70-0f] sz 500 500 .52 o
u | s6207| 662 686 500 500 666 3
15 | s [oss0d) see 500 500 502 0
w | o kT 15 {9.0900°2] 909 1936 0
7 810 184041072 1es | 9.09.107%f 909 s 0
w | a.98007) s 502 | s.05107 ] Lo0s 950 0
18 981 La.ena?] 5500078 9.0501072]  s0e 910 [}
20 | Y a3 | som0 Los0 992 0
2 e fa.a2007f 5.02010°] 9.90-1077 | L990 991 0
22 980 19.8010"3] 1,950 5.5010"Y| 990 9% [)
2 a3 | 8.3310°% | sazer07d] w9907t [ L99s 999
2 (980 | 9.80-107% v.08-107% | 9.99-1074 | a5e .999 0
25 980 19.80107% | 99010 | 10007t | 10 1.0 0
Table 5 Calculated values of S7*°®
Troe S a1 S Sy Spa Sar Ses
Vo [s.500072  ss0 1.0 1.0 |1.99:10° | 3.98307% 10
z |e.0m102 907 .998 999 g0 | 1mao? | g
3 [se.881073] Loss 999 999 | 1.9801076] 3.97.10°2 10
4 495 498 960 995 frasao 2302 g
s |e.93107] Lem 581 o freotfareae?| 4
& lena0?| Ln 981 990 110 ses0?] g,
y 450 La50 .80 RN R RTHEILY e 1.0
8 |r.8500°2f 785 850 o {rae0?| zes 1.0
[ 895 [ B.9541072|  Le20 585 |8.884107%| 86 1.0
10 845073 L8as -B52 .930 140,102 295 1.0
n 364 364 455 .88 . 818 10
12 [saa0?f Lsa 554 851 280 .85 1.0
e e {es102] 2 766 Liss 266 1.0
W |s.ee07}|  Lses 570 857 286 857 1o
15 983 [9.85m073|  Lzse 782 251 .52 1.0
1 3% EH a7 .69 829 93¢ 1.0
w .834 8.3¢:10°2 [ 5.0310°2] 304 827 .992 10
1 |4ea0?f s an 921 830 .59 1.0
19 980 1980073 179m0?) es 827 a2 1.0
20 33 3 an 870 980 re 1.0
21 .833 B.]]')O.z !.ll"n-z .82 .980 1.0 1.0
22 980 [s.80-1073 [ 9.90.10"7 | 5.88-107| .5a0 1.0 1.0
3 a3 |ema0? 0| Lise 998 1.0 1.0
2 980 | 9.8007 f 9.800107 | 2063072 998 1.0 1.0
25 .989  }9.80-107% | 9.801077 f 1.9me10] 10 1.0 1.0
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In Egs. (8§ and (39, since the resistances and the Table 6 Calculated values of S§“
parameters GB of op amp are possitive, zeros ] o T m | w1 m | o | o T o
of No(s) and DQ(S) are in the left-half S-plane 1 -mo-\o:: -9.90-\0:: z.oo-\o': 0 ﬁ-mo-m': 1.0 10
2 [-9.08010°%|-9.080107" | 2.001073| 4.50410°6 |-2.00-10" 1.0 1o
and origin. Itis ObViOUS that this proposed 3 vs.aq-lo': -5.89.10"! | 2.00010°%] 5.00010°6 |-2.001078 | 1.0 1.0
4 |-as807 [assaot | ne7ei0? | wsz0t 10607t 103 Lo
circuit is stable. 5 J-9.010102)-9,010107! | 19641072 48300074 [ 9600074 | 103 1o
6 |-9.8041073-5.80-10"" | 1.96.102} 4080107 [-1. 960007 | 1.0t 1.0
7 [-4.78907 -0 290107 1L6ser07) | 3600107 sze0nt | e 1.0
8 [-8.401072]-8.40410"" | 1.664107 | 3651071600102 ] 107 1.0
9 |-9.020007 |-9.02030°2 | 1730107 | 35500072 1601072 1.2a 1.0
169,090 )5, 050107 | 1650307 | 3680107 1 sae1072 ) sz | 10
10080107 4240107 [ 6.a5es07! | 6570107 as9107t | vm 1o
12 |-6.45.107 6. 110207 | 540107 | 6.90-107 L gren07 | eagaeno’ | 1o
13 8730107 f-s.0801072 | 7.280007" | 6120007 e ase107t | 1l08 1.0
1 (6850107 7020107 | 52401071 596107 f-a.p3n07t | caszer0® ] 1lo
15 [-9.860107|-1.03.10° 2} 7470107 { 5.0130° fas0er07! | .oe 1.0
16 {35110 3720007 | a0er0”t | 13 e |-rasae'
Vo |-8.440307 [-as4e1072 f 928007 | 106 -1.60 -1.83 1.0
[T ERTRIS RSl PR B R I R R B
19 J-9.81010° 10802 | g.peer0” | 1o0s -1.59 1.9 |9.99-107!
20 f-3.354107 39007 67aen0! | voe R TI PR YISt LY B
[IN R T T AT ERPRTAL IR 195 47341079 9.99+10""
22 |-9.7610" 14310} 9,900 101 195 198 | 9.90107"
23 [-8.29-107|-6.83410°% 9.17010"" | 9.96410"" ] z.00 | -1.80-10' | 98310
2 |-s.3810° -5.2700072 5910107 | 9.581071 | -2.00 t.eo [9.13.107
25 {-6.75:107 {-3.190107" | 9.93-10"! | 6.08410"" | -2.00 4.98-10"% 3.76-10")

4. Experimental results and discussion

The circuit is consisted of six resistances with 1 percent tolerance, one potentiometer and
two uA 747 PC-type op amps satisfying the condition of the gain bandwidth products GB =
GB,= GB. The gain bandwidth product of the op amp for a power supply voltage of =15V
is GB=2x 15+ 10% rad /sec. The experiment was carried out mainly using the component
values in table 1. The values of simulated inductance L and Q-factor were measured by using

parallel resonance method and are given by

L=1/2nf02C ....................................................................................... (40)
Q:fo/(fz—fx) .................................................................................... (41)

where f; is a resonance frequency, and f; and f, (i <J;) are the frequencies at cut-off frequency.

In Fig. 9, the measured values of the simulated inductance are compared with the
theoretical curve for four cases, such as L=1.39+ 102H, 8.7+ 102 H, 531+ 10°H and 1.48 -
10~ H. As is obvious from this figure, the experimental results agree well with the theoretical
ones.

Fig. 10 is an example of a @-factor against frequency taking the resistance ratio K, as a
parameter. It shows how @ varies with frequency depending upon the resistance ratio Ki,.
Four typical resistance ratios of Ki, are chosen in Fig. 10, such as K,,=0.5 (=10k{,720kQ),
0.8 (=10kQ_7125kQ), 1.0 (=10kQ, 710kQ), 10.0 (=100kQ, 710k Q) and 100 (=100kQ,1kQ).

For the measurements of @-factor versus frequency, the resonance frequencies were
changed by adjusting the external standard capacitance. In order to obtain @-factor of over
30, the resistance ratio K, must be chosen within 1< K,,. Furthermore, it is difficult for

practical implementation to adjust K,. beyond 100.
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Fig. 10 Experimental @ -factor versus

Fig. 9 Theoretical and experimental values of
frequency by varing the resistance

simulated inductance

ratio K,
I : type 10
I:R1=R2=20Kﬂ » Ry = 2 KA — 0.5 (= 10 KN / 20 KN )
Ry = 10 KO > Re = 100 KN —a— 0.8 (= 10 KL / 12,5 KN )
I : type N e 1.0 (= 100 KL /7 100 KL )
I :Ry=Ry=Ry=10KA —o— ;10 (=100 KL/ 10K )
Ry = Re = 100 kO —o— 100 (= 100 KN/ 1 KN )

2

Next, an example of a @-factor variation with frequency are plotted in Fig. 11 for the case
of varing the resistance value for a fixed K, at R’=R;=R,= 10 kQ, and K,=1. From this
figure, it is obvious that the circuit attains a high Q-factor by making R, R,=10kQ. For
example, the @-factor varies from 4 to 25 at 10 KHz depending on the resistance values. This
means that @-factor can be adjusted without changing th(_a inductance value. It is better to
choose R, and R, from 10 kQ to 100 kQ in order to be the influence of a op amp’s loop gain.

Fig. 12 show how the condition Ky K= 1 for realizing the inductance effects the Q-factor.

a Kig = K3q = Kpp =1

R' = 10K Q
30 —
20 20 —
10 — 10—
0 L f (KHz) 0 :
1 1
Fig. 11 Experimental @-factor versus Fig. 12 Experimental Q-factor verszs
frequency for the various values of R, frequency by varing the resistance
and R, ratios K,, and K,
—Ae Ry =Ry = 1K —8— Kyg =5.0 . Ky = 0.2
8 =2 K —~Q— =2.0 , = 0.5
—e— =10 K ~O— =10 , = 1.0
—e— = 100 K L =01, =100
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Kjg = K3q = Kpp = 1
2 Fig. 13 Experimental @-factor versus
N frequency by varing the resistance
1 value R’
10 —
| —8— : R =1K
—— ! = 10 K
0 : ' ' f (KHz)
1 10 100 A = 100 K

It is clear from the figure that values of K, and K, around unity are recommended to achieve
high Q-factor.
Fig. 13 shows the @ vs frequency characteristics for various R’s. In order to obtain a high

@-factor it is neccessary to keep the resistance R’ around 10 kQ.
As s clear from above, @ depends on many element values. When we design the inductance
with moderate @ at a given frequency, we must select a suitable combination of element

values to satisfy the specfications.

5. Highpass ladder filters

In this chapter, we deal with the design®'® of 5th-order Butterworth highpass filter and 5th-
order 1 dB ripple Chebyshev highpass fiiter. The inductance in highpass ladder filter is
replaced by the simulated inductance.

Fig. 14 is conventional the 5th-order Butterworth lowpass filter.” The normalized element
values of an equally terminated 5th-order Butterworth lowpass filter are R, = R, =10,
Ly=Ls=0168H Cy=C, =1618F and Ly, = 2H To transform the normalized lowpass
filter circuit to a highpass configulation, replace each inductance with capacitance and
vice versa using reciprocal element values as shown in Fig. 15. Then, for realizing the
corresponding active highpass filter with a cutoff frequency of 20.0 KHz and an impedance
level of 300 2, the following component values are obtained : Rs,=R,,=300 Q. Cin=Csp=
0.043 uF,  Ly= L,»=148 mH, GC,=0013 4F. For example, the resistance values
corresponding to inductance value L,,= L, using uA 747 PC- type op amp with gain
'bandwidth product GB =2z 1.5 10° rad /sec for power supply voltage +15 V,

Cln Con  Csp

Rsh
Lon Lyn Rih

Fig.'15 Transformed highpass filter

Fig. 14 Normalized lowpass filter
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Fig. 16 Experimental circuit of highpass ladder filter

are R =Ry,=R,=R'=10 kQ and R,=R,=100 kQ. The final filter circuit is given in fig.

16.

The 5th-order 1 dB ripple Chebyshev filter is relized in the same manner as above. The
normalized element values of an equally terminated 5th-order Chebyshev lowpass filter” are
Ry=R.,=1Q, Ly=Ls= 220721, Cu=Cy= 11279 F and Ls = 3.1025 Hin Fig, 14. The
corresponding active highpass filter with a cutoff frequency of 28.5 KHz and an impedance

level of 3000, has the following element values :

RSh:RLh: 300 Q, CM:CS,I‘—* 00084 /.tF,

Lyy=Ly= 148 mH and C;,= 0.006 xF. The resistance valuescorresponding to inductance
values L,, and L., are the same as in the example adove. Then, the final filter circuit is

gain (DB}
0 -
-10 ;
-0 _:

Fig. 17

: f (KHz)
10 100

Experimental frequency response of
5th-order Butterworth highpass filter

gain (DB)

-10 —

: — > £ (KH2)
10 100

Fig. 18 Experimental frequency response of
5th-order 1 dB ripple Chebyschev
highpass filter
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shown in Fig. 16.

These highpass filters were composed of uA 747 PC-type op amps with bain gandwidth
product GB= 27 1.5« 10° rad“sec and 1 percent tolerance resistors and capacitances. The
power supply voltage is+15V.It is seen that the experimental results agree approximately
with theoretical as is evident from the Figs. 17 and 18. We can conclude from the
experimenatl described above that the inductance simulation circuit shown in Fig. 1 operates
succesfully as a inductance.

6. Conclusion

We have described the grounded inductance using op amp pole. The structure simulates as
inductance and a resistance in series with a capacitance and can be operated at much higher
frequencies than classical active network. The circuit is suitable for microcircuit fabrication
of the network. Furthermore, it has been obvious that the realized circuit has low sensitivity
to active and passive elements from the sensitivity analysis, and the inductance value can be
changed with the resistance ratios K, Ki, and K, which assures better temperature
performance. The proposed circuit is suitable for realizing inductance with relatively low -
factor. The @-factor can be adjusted by either the resistance ratios or values. As examples
of application of such simulated inductance, the 5th-order Butterworth and 5th-order 1 dB
ripple Chebyschev highpass ladder filter were presented. It has been obvious that these filter
configulations work succesfully over the wide frequency.

We expect that this proposed scheme can be readily applied to other filter realizations,
FDNR and GIC i.e.
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