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CMOS-based integrable electronically tunable floating general
impedance inverter

WANLOP SURAKAMPONTORN{, KIATTISAK KUMWACHARAY,
VANCHAI RIEWRUJA} and CHARRAY SURAWATPUNYA{

An integrable electronically tunable general impedance inverter (EGII),
implemented by a MOS circuit design technique, is described. The driving point
impedance of the EGII, that is inversely proportional to a given impedance, can be
a positive or a negative value and can be electronically varied. The realization
scheme employs proposed voltage-to-current transducers (VCTs) that are
designed based on a linearizing technique, as basic circuit building blocks. The
applications of the EGII as a gyrator, a general impedance converter and a
floating capacitance multiplier are discussed. Experimental and simulation results
that demonstrate the characteristics of the EGII are included,

1. Introduction

It is well accepted that general impedance inverters (Glls) are very useful active
circuit elements in the field of network synthesis and design, particularly the GII that
can be electronically tuned (Mitra 1970, Moschyz 1974, Pookaiyaudom and
Surakampontorn 1980). Two common applications of a GII are a gyrator and a
negative impedance converter. In recent years, MOS linear voltage-to-current trans-
ducers (VCTs) have become very popular because of their high performance coupled
with their broad and wide clectronic tunable range. As circuit building blocks VCTs
have many advantages over operational amplifiles (op-amps), particularly for a high-
frequency application (Khorramabadi and Gray 1984, Torrance et al. 1985). For
example, they are suitable for the realization of monolithic integrated analogue
filters in a frequency range above 1 MHz, because the cut-off frequencies of the
VCTs are typically in the range from 50MHz to several hundred megahertz. On
the other hand, the op.-amp. based active filters are no longer practical in the
frequency range above 100 kHz.

In the past the circuits proposed for the realization of floating GIlIs have been
implemented using op.-amps (Norman 1986), or current conveyors (Toumazou et al.
1990), or bipolar transistors (Qui 1991). These realizations can be integrated, in
principle; however, in practice this is not economical because they require large
numbers of active elements. The goal of this paper is to propose a new circuit design
technique for the synthesis of an electronically tunable floating general impedance
inverter (EGII). We introduce a VCT that is designed based on a linearizing tech-
nique, and we then employ the VCT to construct the EGIL. The completed EGII
circuit requires 28 MOSFETSs and one passive element, which is an attractive feature
for an LSI implementation.
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2. Circuit descriptions

For the purpose of the following analysis, we will assume that all MOS devices
operate in the saturation region. This means that the drain current I, is character-
ized by a square-law model as

ID = K(VGS — VT)?', for VGS > VT (1]
O, for VGS < VT

where K = i, Cox W /2L, 11, is the mobility of the carrier, C,, is the gate-oxide

capacitance per unit area, W is the effective channel width, L is the effective channel

length, and Vg and V' are the gate-to-source and threshold voltages, respectively.

2.1. Voltage-to-current transducer (VCT)

Figure 1 shows a single ended output VCT, which is formed by a general MOS
source coupled pair circuit. Its DC transfer characteristic can be derived as follows:

Vi=V1—Va=Vos1 — Vosz (2)
four = i1 — (3)
Iy =i +ip (4)

where V; is the input voltage, ioyy is the output current and I is the bias current. Let
us assume that M, and M, are well matched, the parameters K; = K, = K, and the
current mirror formed by M; and M, has a unity current gain. From (2)-(4), the
output current igyp becomes

iour = (2IaK) Vil — (KVE [213)]',  for — (Iy/K)'* < Vi < (Ia/K)'* (5)

The transconductance gain G, of the VCT can be derived by taking the derivative of
(5) with respect to V;, yielding

G = digur/dVi| = (21yK)'"? (6)
Then
I.l‘C'.'U'l' - G'm Vl - (2113K)]'}2 Vi

DD

Mg iout=ir-i2
—

Vss

Figure 1. Typical source-coupled pair circuit.
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Equation (7) shows that the transconductance gain G, of the VCT can be varied by
the bias current [j.

2.2. Electronically tunable general impedance inverter (EGII)

Figure 2 shows the circuit of the proposed integrable EGII, which is based on the
use of the VCT in Fig. 1. The realization scheme can be configured by the circuit
diagram of Fig. 3(a), and its terminals characteristic can be represented as a floating
driving point impedance, as shown in Fig. 3(b). The EGII circuit can be divided into
two parts. For the first part, MOS transistors M,—Mj function as the single-ended
output VCT1 that converts a differential input signal voltage V;, = V5 — Vy into a
signal current i, to flow into a given or a conversion impedance Z; . We obtain

EL = Gml Vin (8)
Vi=iLZy = GmZLVin )

where Gy, represents the transconductance gain of the VCT1I.
The VCT2 of the second part is formed by My—M,,. This VCT will convert the
voltage ¥y, into differential signal currents i,;,, where for V;, > 0, the signal currents

iy, flow into node A and flow out off node B. If G, is the transconductance gain of
the VCT2, the magnitude of the currents iy, are equal to

iab = Gma VL, (10)

By inspecting the polarity of the input voltage and the direction of the small signal
currents and from (8) and (9), the driving point impedance of the terminals AB can
be given by

VoD

M3 M2
My, M3

L,

Mg

e o .

ijziy=iy y

152 e lih M7 .._|_|_=l
Vss

Figure 2. Circuit diagram of CMOS-based EGII,
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EGII
VA A AR g
iab ) — -
Ve iab
*— ‘-L 9
ZAB =
(a) (b)

Figure 3. (a) Schematic circuit diagram of the CMOS-based EGII; (b) the floating driving
point impedance of CMOS-based EGII.

Zp = Vin/tap = 1/(GmiGm2Z1) (11)
It is clearly seen from (11) that the proposed circuit of Fig. 2 works as a positive
impedance inverter. Furthermere, by substitution of (6) into (11) and by making the
assumption that transistors M, M,, My and M, are well matched, then we can
write
Zas = {1/(pnCox W/L)}Y(1/12Z1)) = 1/ (213 KZy) (12)
Now (12) shows that the driving point impedance Z,p can be linearly controlled by
the bias current I.
On the other hand, if we interchange the drain leads of My and M,, with the
drain leads of M4 and M, respectively, in this case the EGII will work as a
negative floating impedance inverter, where

Zap = —1/(213KZ;) (13)

This means that the EGII has an ability to simulate both positive and negative
impedances and can be electronically tuned.

2.3. Error analysis

From routine small signal circuit analysis, the impedance Z,g can be approxi-
mately expressed as

1 1
G GmaZy, 1 (8a15 + Za1s)(ga13 + azo)
._|_
Gt G2 (8a13 + 8a1s + a1 + Lazo)

(14)

Zag =

where &j denotes the drain conductance of the device M; and Guy = G,
= (2K) 2. Therefore, the percentage of the impedance conversion inaccuracy
can be approximated by

0Zxp (8415 + &a18)(8a13 + azo)
= x 100% 15
Zxg  2KIgZy(8a13 + &a1s + &ais + 8ax) 13
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For example, if g413 = ga15 = Za1g = Laoo = 1:02 X 10°SAV, Iy =100 pud, K =
tinCox W /2L = 3-378 x 107 AV~ and W/L = 200 um/10 um = 20, the resulting
impedance conversion percentage error, for a conversion impedance
Zy, = Ry, = 10k{), is approximately equal to 0-15%. If a high value of W/L, or Iy
or Ry is used, the percentage error can be further reduced.

2.4. Frequency response

The high-frequency response of the general impedance inverter can be approxi-
mately given by
5/Cy +1/(C1CoRy)

Zpp(s) = s* 4 s[(1/C1Ry) + (1/CaRy)] + [(2IK) R Ry + 1]/(C1Cy Ry Ry) 18

and

Ry =Zy/[1 + Zy1.(gaa + gas))

Ry = (ga13 + 8ars + gars + Lazo)/[(€a15 + La1s) (813 + 8azo)]
Ci = Cgeo + (1 + gm9/&m11) Cyao

Cy = [Cgar + (1 + gm1/8m3) Coarl// [Cysz + (1 + gmz/8&ms) Caar]

where g,; denotes the transconductance of the device M;, Cyi and Cyy; represent the
gate-to-source and gate-to-drain capacitances, respectively, of the device M;. The
values of gy, Cys and Cyq depend on the thickness of the oxide (1,,) and the lateral
diffusion on the drain and source (Lp) of the device. For a typical value of
y=05V" 1, =1.0x107"m, Lp =03 x 10°m and K = p, Co, W/2L = 3.378
x10~* AV~2, and if we choose W /L = 200 um/10 um = 20 for all devices and the
current Iy =10 pA, the values of Cpy=2-10x 107*F, Cp =488 x 1077 F,
gn=822x 107 AV and g4 =102 x 107" AV™", If the conversion impedance
Zy =Ry =10kQ, then from (16) and (17), R =10k, R,=98MQ,
C, =530 x 1073 F, C, =265 x 10" F and the cut-off frequency will be approxi-
mately at 35 MHz.

(17)

2.5. Total harmonic distortion (THD)

The maximum usable input voltage Vap that can be applied across the general
impedance inverter of Fig. 2 depends on the value of the bias current Iy and the
conversion impedance Z; . To maintain less than 1% THD and due to the fact that
the VCT1 and VCT2 are formed by MOS source coupled pairs, the voltage Vs and
V1. should be restricted to the range (Toumazou et al. 1990)

~04(Ig/K)"* < Vap, Vi < 0-4(I3/K)" (18)

If the conversion impedance Z; = Ry, then from (18), it can easily be proved that
the maximum usable voltage of V|, and V,y are, respectively, as

Vi lmax = (0-4/Gy Ry (In/K)"* = 0-4(V2KRy ) (19)
l VABlmax . 0'4'(‘!‘13./"'{)”2 (20}

We can see that if Gy, Ry, > 1, the maximum usable voltage is limited by |V |, and
if Gy Ry, < 1 then the maximum usable voltage is limited by |Vap|pax-
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These restricted input voltage ranges have been the major limitation for the
application of the EGII. However, the large signal handling capability can be
improved by either increasing the channel length L or decreasing the channel
width W of the transistors M, M,, My and M.

3. Applications

Some application examples of EGII will be described in this section and their
performances will be presented in §4. The well known useful application of the EGII
is a gyrator or a positive impedance inverter that is used for the simulation of an
inductor. From Fig. 2, if the conversion impedance Z; is a capacitive reactance,
Z; = 1/sCyp, the driving point impedance Z 5 in this case becomes

ZA‘R (S) = S(CL/Q.KIB) = SLAB (21)
where the magnitude of the floating simulated inductance is
Lay = (CL/2KIy) (22)

We see that the inductance Lap can be tuned by the bias current 7. It should be
noted that EGII can also be used to simulate a negative inductance, by interchanging
the drain leads of My and My, to the drain leads of M, and M, respectively.
However, this property is seldom needed.

If Zy, is a resistance or Z;, = Ry, then the EGII will work as an electronically
tunable general floating resistance converter. The magnitude of the converted resis-
tance can be written as

|Ran| = (1/2KIyRy) (23)

where both positive and negative resistances can be realized. This property also
found useful application for the study of characteristic phenomena in a nonlinear
system (Ohnishi and Inaba 1994).

By cascading two EGIIs as shown in Fig. 4, we obtain a floating capacitance
multiplier circuit (Moschyz 1974, Khan and Ahmed 1986). The conversion im-
pedance of EGII2 is a capacitive reactance and BEGII2 acts as the conversion
impedance of the EGII1. Thus, it can easily be shown that the driving point im-
pedance of the ports AB becomes

1 1
~ S(Ig1/Tg)Cr sCap

and the magnitude of the floating simulated capacitance is
Cas = (Ip1/Ip2)CL (25)

It should be noted that in this case the driving point impedance Z,y becomes
independent of the parameter K = ,C,, W /2L and the magnitude of the simulated
capacitance can be linearly controlled by the ratio of the bias currents fy;/[fy,.
Again, if we interchange the drain leads of My and M, to the drain leads of M,
and M, respectively, of the EGII1, then a negative floating capacitance multiplier is
obtained.

ZAB (S)

(24)
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EGITN EGII2
Va
- +
YTy

Vg ¥ J_

I =

ZpB
Vsg

Figure 4. Schematic circuit diagram of the capacitance multiplier,

4. Experimental and simulation results

For experimental purposes, the circuit in Fig. 2 has been constructed on bread-
boards. All MOS devices used were in the form of complementary MOS pair (CD
4007). Figure 5 shows the biasing circuit for the current . The properties of the EGII
are also demonstrated by using a PSPICE analogue simulation program (Microsim
1980). The CMOS CD4007 transistor parameters were extracted by the method pre-
sented by Vladimirescu and Liu (1980), Antognetti and Massobrio (1988), and they
can be listed as K = p,CoW/2L=3378 x 10°*AV™2, Vy =12V and
W /L = 200 pm/10 pm = 20. Figure 6 shows the experimental results and the simula-
tion of floating positive resistances with Vpp = —Vgg = 5V, Z; = Ry = 10k and
100 k€2, and Iy is varied from 0.1 pA to 1000 pA. The results show the linear variation
of Rpp over four decades of the bias current. The DC transfer characteristics of the
circuit for Z; = Ry, = 2kQ and Iy = 600 A, 700 pA and 800 pA, respectively, are
shown in Fig. 7. We can see that the maximum input voltage, for example, for
Iy = 600 nA is approximately equal to +0-4 V, which is close to the predicted value
of (19).

VDD

to source (M{,M2) to source (Mg,Myq)
M21 :I*" HMzz »

[
M23 M24, l: M2s

M26 | 4l:Mz? "I—'_- M2g

Ip

Vss

Figure 5. The circuit for the bias currents [y.
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Owing to the stray capacitances in the breadboardin g circuit, the high-frequency
response capability was not measured directly. On the other hand, the
high-frequency performance was studied by the use of the PSPICE. The frequency
responses for two different values of Iy, ie. Iy = 10 uA, 100 pA, and three
different values of Ry, ie. Ry =30kQ, 40kQ and 50 k2, are shown in Fig. 8.
From (16) if 2I,KR,R, > 1 the cut-off frequency f¢ is determined by
Jo = QRK/C\C)' 2 /2 Hz, C;=530%x10"3F, Cy=265x10BF and K —
3-378 x 10" AV™%. If the bias current Iy is set to 10 xA and 100 A, then the cut-
off frequencies can be predicted to be fo = 35MHz and 110 MHz, respectively.

Next are the simulation results for the case that Z; is a capacitive reactance, or
Zy, = 1/sCy. The magnitude of the floating simulated inductances are shown in Fig.
9, for two different values of Cy, i.e. C, = 0:001 uF and 0-01 uF. The values of the
simulated inductances are in close agreement with the predicted values of (22).
Figure 10(a) shows the use of the floating simulated inductor to realize an electro-
nically tunable lowpass RL filter. Because the conversion capacitance
Cr = 0-001 uF, Iy = 100 A, then from (22) the value of Lpp = 14-8mH, If the
output resistor Ry = 1k, 5k§2 and 10kS2, Fig. 10(b) shows that the cut-off frequen-
cies fc of the network are at 11kHz, 54kHz and 108 kHz, respectively.

The performance of the capacitance multiplier circuit of Fig. 4 is demonstrated
through the use of an electronically tunable active high-pass RC filter in Fig. 11(a).
The external resistor R; = 1k and the conversion capacitance Cp = 0-001 uF. The
bias current ratio Iy /Iy, is set to Iy /Ig; = 100 uA /100 LA, 100 pA/10 uA and
100 A /1 pA; thus the cut-off frequencies f are equal to 159 kHz, 159kHz and
1-59 kHz, respectively. The frequency responses of the high-pas filter are shown in
Fig. 11(b).

100K +- -+
— PSPICE
10K+ FEE B cmmie
Jdp=0pA -
J" f |
q 1 7 j
4 R =30Ke2, 40K, 50K
“m 1K= Fa . = F s -
ﬁ 1g=100pA -

7

—F B,
R1=30K, 40K, 50K
1007 :

10K 100K 1M 10M 100M 16 106
Frequency , Hz

Figure 8. Plots of frequency responses of | Ragl.
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Figure 10. (a) First-order low-pass RL filter; (b) frequency response of the simulated low-
pass filter.
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Figure 11. (a) First-order high-pass RC filter; (b) frequency responses of the high-pass filter.

5. Conclusion

An integrable general impedance inverter circuit has been described in this paper.
We have termed it the electronically tunable general impedance inverter (EGII),
because its terminal impedance is tunable through the external current source [y.
The circuit is composed of one passive component and 28 MOSFETSs, which is
suitable for fabricating in CMOS LSI implementation. The basic performances of
the EGII have been demonstrated through simulation and experimental results.
Some applications of the EGII have also been discussed.
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