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Abstract— This paper proposes a procedure for converting a class of Op Amp-, FTFN-, CC- and CFA-
based voltage mode circuits to corresponding current mode circuits without requiring any additional
circuit elements and finally from Op Amp-based voltage mode cir cuits to any of the FTFN, CC and CFA
current mode circuits. The latter circuits perform better at high frequency than the former ones. The
validity of the transfor mation has been checked on simulated cir cuitswith PSPICE.

K eywards— Voltage mode, Current mode, Transformation, Current feedback amplifier, Current
conveyor, Four terminal floating nullor

|. INTRODUCTION

Current-mode (CM) filters are attractive because of their wider bandwidth, higher slew rate, wider dynamic
range and lower power consumption compared to voltage-mode (VM) counterparts [1]. However, a large
number of op-amp (OA)-based VM circuits with excellent performance and their elegant realization procedures
were put forward in the past [2, 3]. It is, therefore, worthwhile to convert them into CM circuits. FTFN (Four
terminal floating nullor) [4-10], CC (current conveyor) [11-14] and CFA (Current Feedback Amplifier) [15-22]
based CM circuits have received considerable attention in many filtering and signal processing applications,
particularly, the CFA-based circuits are attractive due to the high slew rate and bandwidth independent of closed
loop gain. In this paper, FTFN- CC- and CFA-based CM circuits are obtained by transforming a class of OA-
based VM circuits. Obviously, one type of circuit can then be converted into the other type through the proposed
transformation. Similar attempts were made in the past to convert OTA-C (operational trans-conductance
amplifier) circuits into CFA-based RC circuits [23] and from SAB (single amplifier biquad) circuit to current
amplifier based biquad [24].

Il. PROPOSED VM-TO-CM TRANSFORMATION METHOD

L et us examine the two circuits shown in Fig. 1 where N, is the active network. Simpler circuits are taken for the
sake of convenience of analysis and more general circuits will be taken up in the next section. Analysis of the
circuits shown in Fig. 1(a) and (b), respectively, lead to the following relations.
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Fig. 1. (8) VM circuit and (b) CM circuit.
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where V, [\TX] and I [E] are the voltage and current at terminal x in Fig. 1(a) [(b)]. Note that (1) and (2) are

independent of 1, and E respectively. Thus, it is immaterial, whether there is a flow of |, and [E] in the z
terminal of the active device or not. The two transfer functions will be the same, if

v, |
Te=y=7 (3

which requires that
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This can be satisfied under the following 3 cases.
Case A
Vy =Vy =0, 1y =1, =0. (5)
These terminal characteristics are satisfied when the active network Naisan Op Amp, V, =V, |, =1 =0, an

FFTN, V, =V,, I, =1,=0,1, =%l oracClit,V,=V,,I =0,1,=%l, asshowninFigs 2, 3and 4,
respectively, wherein terminal x (y) is maintained at virtual ground by making V, (V,) = 0. For these circuits
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Fig. 2. OA-based (a) VM circuit and (b) CM circuit.
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Fig. 3. FTFN-based (a) VM circuit and (b) CM circuit.
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Fig. 4. CCll-based (a) VM circuit and (b) CM circuit.
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From these figures, we see that the VM circuit can be converted into the CM circuit by interchanging the
terminals x and z in case of OA, the terminals x and w in case of FTFN, the terminalsy and z in case of CClI,
and replacing the input-output sources. Connections of passive elements remain unchanged.

Let us consider a multi-input (Vq, V,...., Vi) VM circuit shown in Fig. 5(a) and its transformed multi-output

lo1: o2 -, lon circuit shownin Fig. 5(b). The output of the VM circuit is given as
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Fig. 5. OA-based (a) multi-input VM circuit and (b) multi-output CM circuit.
The n current outputs of the CM circuit are given as
Y .
IOi =—Y— i |:l2,---,n. (8)

f

These circuits can be used as the basic building blocks for realizing more complex functions.

Example 1: Consider the Lovering's circuit [25] shown in Fig. 6(a). Sub-networks A and B can be
identified as the OA based multi-input blocks.

V,
Equation (7) is used for each building block and then solved for T(s) = vo toyield
[
VvV, | Y.Y. =YY,
T(s)=—2=-2=_2c be ©
Vi li YbYd _Ych
A corresponding circuit using the multi-output CM blocks is shown in Fig. 6(b). Equation (8) is used for each

|
building block in Fig. 6(b) and solved for T(s) :I—Owhere I, =14+ 1,4

The procedure can be extended for converting VM circuits with n OAs (each with the non-inverting terminal
grounded) into OA based CM circuits by interchanging x and z terminals of each OA and replacing the input-
output sources.

The above procedure can be carried forward to VM circuits with n FTEN (CCIl) circuits in which all the
FTFNs (CClIs) have V,, (V, ) =0.
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Fig. 6. (a) Lovering VM OA circuit and (b) CM OA circuit.
Example 2: Akerberg and Mossberg's 3-OA VM biquad [26] [27] and Thomas's 4-OA VM biquad [3] (pp.
345-347), [27] shown in Figs. 7(a) and 8(a), respectively are converted into CM circuits shown in Figs. 7(b) and
8(b), respectively. The transfer function of the circuits shown in Fig. 7 is
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and that for the circuit shown in Fig. 8is
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Fig. 7. (8) 3-OA VM biquad circuit, (b) 3-OA CM biquad circuit.
It may be mentioned that the method used for determining the current transfer function in the above example is
more straight forward than applying the KCL at each node of the circuit.
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J-

Fig. 8. (a) 4-OA VM biquad circuit, (b) 4-OA CM biquad circuit.

CaseB
Vi =Vy =0, 1y %0, I #0. (12)
Under these conditions (4) reducesto
I VY,
<=—t (13)
I, I
Using (3), we get
I X VOYl — VZ
[P A 49

This condition and those in (12) are satisfied when the active network N, is a CFA where
[, =1y,Vi\y =Vz,Vy =Vy as shown in Fig. 9. For both the Figs. 9(a) and (b), we have

I, =1,=-V,Y=-V,Y (15)
where Y # oo, Thus, the current |,, as desired for the transformation to hold, satisfiesthe conditionin (14).
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Fig. 9. CFA-based (a) VM and (b) CM circuits.

Now, from (1)
Y, I Y, V.Y Y VY

T()=—t+ X =t =0 (16)
Y, VY, Y, VY, Y, VY,
which leads to
T(9) =2 17
Y, +Y )

From Fig. 9, we note that the CFA based VM circuit (with terminal y grounded and the output tapped from the
terminal w) can be converted into CFA based CM circuit by interchanging the terminals x and w of the CFA and
replacing input-output sources. Connections of passive elements remain unchanged. Thus, the procedure is the

same as that for the OA based circuits under case A.
In a manner similar to the one used in case of OA based circuits, it can be shown that the procedure is

applicable to CFA based VM circuits having more number of CFAs all with terminal y grounded.
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Example 3: Consider the VM circuit shown in Fig. 10(a). Following the above procedure, the CM circuit
obtained as shown in Fig. 10(b). The two circuits have the same transfer function as given by (10). In (10),
ifY, =Y, =1S, thetransfer function becomes

Y, Y,

T(9)= e,
(s) Y.V, (18)
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Fig. 10. () VM and (b) CM circuits with more number of CFAs.
2
s°—s+1 . _ _ _ -
Example 4: Therealization of T(S) = Trorl is obtained using (18) and is shown in Fig. 11.
S +S+
In both the cases A and B, it is required that all the active devices should have virtual ground.

10

P30

Fig. 11. CM all-passfilter.
CaseC

V,#0V, #0,1,=0,1,=0. (19)

Under these conditions, (4) resultsin
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The conditions given in (19) and (20) are satisfied when N, is an amplifier of gain A{l+ é) in voltage mode
2
and gain A in current mode as shown in Fig. 12.
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Fig. 12. (&) VM circuit and (b) CM circuit with active device having no input terminal at virtual ground.

In the VM circuit, the amplifier gain is complex (afunction of Y; and Y,) whereas it is positive real in the CM
circuit. Hence, the VM circuit will require alarger number of passive elements than the CM circuit. Moreover,
both these circuits are more complex than those shown in Figs. 2, 3, 4, and 9. For these circuits

V, | A Y,
T(g)=—2=20=- — |1,
©O=v (A—Jﬁ =
This relation does not offer any specia advantage of these circuits over those of Figs. 2, 3, 4, and 9. Hence, this
case will not be dealt with any more.
1. APPLICATIONS OF TRANSFORMATION METHOD TO GENERAL CIRCUITS

More general circuits in voltage mode and their transformed circuits in current mode corresponding to the cases
A and B are obtained from Figs. 2 and 9, by replacing 2-terminal passive elements by 3-terminal passive

networks N, and Ng or NE and these circuits are shown in Figs. 13 and 14, respectively. Analysis of these two

circuits gives
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(b)
Fig. 13. Generalized OA based (a) VM and (b) CM circuits with 3 terminal passive network.
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Fig. 14. Generalized CFA based (a) VM and (b) CM circuits.
and VvV, | Y.
===y (22)
i i 21B
and
T(=Yoolo —Yan __ ~Yua (23)
Vi Ii (_ Y21§ +Y) _Y215

Respectively, whereYy, 5, Y5 and Y, are the transfer admittances of networks Na, Ng and NE , respectively
and Yo5=Y. Y.

21B
Special features

1. A close examination of (22) and (23) shows that the following procedure can be used for converting

OA based VM/CM circuit of Fig. 13 into CFA based circuit shown in Fig. 14 without increasing the

number of passive components. Take out a suitable driving point admittance Y from Y,z of the OA

based circuit and realize the remaining admittance Y,, g as transfer admittance by the network NE .

Example5: For example, the OA based VM low-pass filter shown in Fig. 15(a) is converted into
four CFA based CM low-pass filters shown in Fig. 15(b). One can now easily visualize that CFA based
CM circuit of Fig. 10(b) is derivable from the OA based VM circuit of Fig. 6(a).

2. All thelinear operations performed by single-input OA circuits can also be performed by CFA circuits
in both voltage and current modes.

Example 6: A CM phase shift oscillator shown in Fig. 16 is derived from the OA based one.

3. It may be noted from (22) that T(s) being a ratio of two transfer admittances, any stable voltage or
current transfer function with zeros off the positive real axis can be realized using just one OA [2] and
hence by one CFA.

Example 7: For the notch function

sz+2

2

T =",
s”+0.2s+2

following the procedure in [2] (p. 474) (after making corrections), isgivenin Fig. 17.

3

2
0y
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Fig. 15. (a) OA based VM low-pass filter and (b) four CFA based CM low-passfilters.
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Fig. 16. CM phase shift oscillator.
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Fig. 17. CM notch filter.
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Fig. 18. Generalized OA based (a) VM and (b) CM circuits with 4 terminal passive network.

The procedure outlined is aso applicable to more generalized OA based VM and CM circuits shown in Fig. 18

where N is a4-terminal passive network.

Example 8: The OA based circuit of the VM band-pass filter [3] is transformed into four CM circuits

shown in Fig. 19. The proposed technique leads to the transformation without any additional elements.

IV. SENSITIVITY TO NONIDEALITIES

Considering the non-idealities arising from the physical implementation of the CFA, its terminal relationship
canbegiven as

Vx Ix

0 » 00

I 0O 00 OV

Yi= y (24)
I, a 0 0 0|V,

Ve | [0 0 8 0ofly

where o is the current gan and g and y are the voltage gains which can be expressed as
oa=1-¢,B=1-¢,,and y=1-¢,. Here, & (& << 1) denotes the current tracking error of the CFA and

&, (E9<< 1), &5 (&5 << 1) are the voltage tracking errors. There is no effect of the voltage tracking error &, as

they terminal of the CFA is grounded. The transfer function I/1; of the low-pass filter shown in Fig. 15(b) can
be written as
ofiG,
L__ C
I i S+ a/,ﬁ
C
Asthey termina of CFA is grounded, the voltage gain y does not appear in the transfer function. Applying the

usual definition of sensitivity

(25)

x _ YOX
Sy :E

it isfound that the passive and active sensitivities of these low-passfilters are
Sg":_sc% ::]_’Sél)oz(:)’saat)b :S;)O =1. (27)

Thus the passive and active sensitivities for the presented filters are low, no more than unity in magnitude.

(26)
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Fig. 19. (a) OA based VM band-pass filter and (b) four CM band-pass filters.

V. SIMULATION RESULTS

All the low-pass filters shown in Fig. 15 were ssimulated for 3-dB cut-off frequency of 15.9 kHz, using CFA
ADB844 and high frequency OA AD817 with supply voltages of £15 V, and employing PSPICE software [28].
The circuit components were R=R;=1 kQ, C=10 nF. All the filters gave nearly the same magnitude
response as shown in Fig. 20(a). The low-pass filters were also simulated for cut-off frequency as high as 1.59
MHz. The circuit components used for this purpose were R=R;=1 kQ, C = 100 pF. The corresponding
magnitude responses are shown in Fig. 20(b). The phase shift oscillator of Fig. 16 was aso simulated and the
output waveform, as shown in Fig. 21, has peak-to-peak amplitude of 10 mA. It may be noted that, the oscillator
circuit does not have a separate amplitude stabilizer and the oscillation levels are limited by the supply voltages.
For supply voltages of +6 V, the simulation resulted in peak-to-peak amplitude of 2 mA.

V1. PrRACTICAL RESULTS

To validate the transformation at high cut-off frequencies of the filters, the circuit for low-pass filter shown in
Fig. 15(a) was assembled using a high frequency OA AD817 and that for low-pass filter shown in Fig. 15(b)(i)
was assembled using CFA AD844. In case of CFA, to generate the input current, 1 kQ resistor was connected in
series with the input voltage source. The other circuit elements chosen for the cut-off frequency of 1.59 MHz are
R = R;=1 kQ and C= 100 pF. Both the low-pass filters performed almost identically for the cut-off frequency as
high as 1.59 MHz as shown in Fig. 22.
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Fig. 20. Simulation results: Frequency responses of the low-passfilters for fo= 15.9 kHz and (b) for f, = 1.59 MHz.
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Fig. 21. I, waveform of the phase shift oscillator with R = 649.74 Q, C = 1 nF, Ry= 25 kQ.
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Fig. 22. Experimental results — Frequency responses of low-pass filters shown in Fig. 15 with R= Ri=1 kQ, C = 100 pF for fo= 1.59 MHz.

VII. CONCLUDING REMARKS

A procedure for converting a class of VM circuits, which have all the active devices with virtual ground, into
CM circuits without altering the transfer function and without requiring any additional components has been
developed. It covers the circuits having active devices like OA, FTFN, CC, and CFA. Since voltage and current
transfer functions (assuming the same active devices) are the same, the characteristics such as stability,
tunability, sensitivity etc. remain unaltered. The procedure has been demonstrated by examples. Thus, a single
circuit can be used in either mode. The validity of the proposed transformation procedure has been tested by
simulating the transformation of the low-pass filter and phase shift oscillator with the help of PSPICE. The
experimental results show that the frequency responses of both the VM and CM low-pass filters are identical .
The active and passive sensitivities for the presented filters are very low. It has been shown that asingle FTFN,
CClI, and CFA based circuits can realize both stable voltage and current transfer functions with zeros off the
positive real axis.
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