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Abstract— Current conveyors are an important component
for implementing non-Foster circuits such as negative capacitors
and negative resistors. However, different topologies exist for
implementing negative capacitance using a current conveyor, and
the performance of such topologies can vary greatly. Therefore,
this paper considers two competing realizations of negative
capacitance using a current conveyor, where both circuits are
designed for -5 pF in a 0.5 micron CMOS process. Simulation
results are presented that show significant bandwidth differences
for the two -5 pF designs, where one approach has more than
twice the bandwidth of the second approach.
Keywords—negative capacitance; negative impedance converter;
CMOS; bandwidth; second generation current conveyor (CCII+).

I.

INTRODUCTION

A current conveyor is a basic building block that has found
wide application since its introduction in 1968 by Smith and
Sedra [1] and the reformulation in 1970 by Sedra and Smith
[2]. Current conveyors have found use in current-mode and
mixed-mode filter design, instrumentation and wideband
amplifiers, and non-Foster circuits [3]-[5], [7]-[8]. Although
current conveyors have been used for more than four decades,
there is renewed interest in their use in a variety of analog
signal processing tasks such as oscillators, controlled sources,
impedance convertors, impedance inverters, gyrators, and
various analog computation elements. The present paper
compares two topologies of current conveyors for relative
bandwidth performance in a 0.5 micron CMOS process for
non-Foster applications. In this, simulation results show
marked differences in bandwidth as noted for other processes
[6].
There are several generations of current conveyors with
different sets of equations describing current and voltage
relationships at the terminals of the devices. In this paper,
second-generation current conveyors (CCII) are considered for
the realization of negative capacitance using two different
circuit topologies. Although the same current conveyor is used
in both topologies, simulation results are given that show one
approach has twice the bandwidth of the other.

subsequent section describes the detailed design, layout, and
simulation results for the proposed circuits. The simulation
results demonstrate significant performance differences
between the two competing topologies when compared for a
nominal design goal of -5 pF.

II.

CIRCUIT ANALYSIS

The CCII current conveyor to be investigated is based on a
Sedra and Smith second-generation current conveyor [2], and
is shown in Fig. 1. It is a three-port device with the following
set of equations:
!! = !! ,

(1)

!! = 0 ,

(2)

!! = !! ,

(3)

where vx and ix are the input voltage and current to the X
terminal, vy and iy are the input voltage and current to the Y
terminal, and vz and iz are the input voltage and current to the
Z terminal of Fig. 1. The sign of the current iz in (3)
determines the positive or negative type of second-generation
current conveyor (CCII). As given in (3) above, and in the
following discussion, a positive CCII device (CCII+) is used.
The first negative capacitance circuit topology under
consideration is shown in Fig. 2, where the Z terminal is
connected to the Y terminal. The same point also serves as the
input of the overall circuit, having input impedance Zin with
respect to ground. A load impedance ZL is connected from
terminal X to ground, and serves as the reference impedance
that is to be inverted.

In the following section, the second-generation CMOS
current conveyor is described, and the two competing circuit
topologies for negative capacitance are described. The
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Fig. 1. Basic CCII+ current conveyor voltages and currents.

Fig. 2. First negative capacitance circuit topology using a CCII+ current
conveyor. Input impedance Zin is between terminal Y and ground, and
load impedance ZL is between terminal X and ground, where Zin = -ZL.
Fig. 4. Detailed schematic of current conveyor circuit (CCII+).

From the node at terminal X in Fig. 2,
!! = −
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and since iz = ix from (3), and since vx = vy. from (1), then
!! = −

!!
!!

!.

For the circuit of Fig. 3, since iy = 0 from (2), then
(5)

At the input terminal, Y, the input voltage vin = vy, and since
iy = 0 from (2), summing currents at terminal Y yields iin = iz,
and so (5) becomes
!!" = −
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!!

!,

(6)

and the input impedance Zin is
!!" =

!!"
!!"

= −!! .

also connected from the Z terminal to ground, where ZL serves
as the reference impedance to be inverted.

(7)

The second negative capacitance circuit topology under
consideration is shown in Fig. 3, where the Z terminal of the
CCII+ is connected to the Y terminal, and now the X terminal
serves as the input terminal of the circuit having input
impedance Zin with respect to ground. A load impedance ZL is

Fig. 3. Second negative capacitance circuit topology using a CCII+ current
conveyor. Input impedance Zin is between terminal X and ground, and
load impedance ZL is between terminal Z and ground, where Zin = -ZL.
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From (1) the input voltage vin = vx = vy = vz, and iz = iy from
(3), so rearranging, (8) becomes
!!" =
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III.

(9)

RESULTS

The detailed schematic of the CMOS implementation of the
CCII+ current conveyor is shown in Fig. 3, where all pMOS
are 100×0.5 microns and all nMOS are 50×0.5 microns. The
layout of the CCII+ of Fig. 4 in 0.5 micron CMOS is shown in
Fig. 5, and the design is currently out for fabrication.

Fig. 5. Layout of current conveyor (CCII+) circuit in 0.5 micron CMOS.

Fig. 6. Simulation results showing real part of Zin (solid blue) and
imaginary part of Zin (dotted red) for a 5 pF capacitive load ZL for the
circuit of Fig. 2.

Fig. 8. Simulation results showing input capacitance observed at Zin for a
load capacitance ZL of 5 pF for the topology of Fig. 2 (computed
capacitance values above the resonance near 300 MHz are anomalous due
to zero crossing of Im(Z) ).

To compare the performance of the two topologies of Fig. 2
and Fig. 3, the two designs were simuluated with a 5 pF load
for ZL. In this case, both circuits then have an expected input
impedance Zin corresponding to a -5 pF negative capacitance.

Finally, as is typical with many non-Foster circuits, the
two circuits were observed to be sensitive to the impedances
of the signal sources used in the simulation. Although not
evident in the results of Fig. 8 and Fig. 9, the circuit of Fig. 2
used a source impedance of 50 ohms and the circuit of Fig. 3
was tested with a 2500 ohm source impedance. To illustrate
this, the circuit of Fig. 10 is a representative model of the
input impedance of the circuit of Fig. 3 with impedance of
Fig. 7. In Fig. 10, Rp = -2500 Ω, Rs = 180 Ω, and C = -6 pF.
The circuit of Fig. 10 approaches an impedance of Zin = 180
Ω, at high frequency, just as the simulation of Fig. 7. At dc,
the circuit of Fig. 10 approaches an impedance of Zin = -2320
Ω, corresponding to the downward trajectory of Re(Z) seen at
the lowest frequency of Fig. 7. Thus, a source impedance
greater than 2320 ohms was used for the circuit of Fig. 3 to
ensure stable simulations at low frequency [9].

The simulation results for Zin of the circuit in Fig. 2 are
shown in Fig. 6, with the real part of Zin shown in solid blue
and the imaginary part of Zin shown in dotted red. As is evident
in Fig. 6, the imaginary part of the impedance follows the
expected profile of a negative capacitance, where the sign of
the reactance is inverted from that a of a positve capacitance.
The simulation results for Zin of the circuit in Fig. 3 are shown
in Fig. 7.
The resulting capacitances at the inputs of the circuits of
Fig. 2 and Fig. 3 are shown in Fig. 8 and Fig. 9, respectively.
As seen in the simulation results of Fig. 8 and Fig. 9, the
capacitance values are near their expected values of -5 pF at
low frequency, with corresponding low-frequency capacitances
of -4.1 pF and -5.7 pF respectively. However, comparing the
results of Fig. 8 and Fig. 9, the circuit of Fig. 3 has
substantially larger bandwidth than the circuit of Fig. 2.

Fig. 7. Simulation results showing real part of Zin (solid blue) and
imaginary part of Zin (dotted red) for a 5 pF capacitive load ZL for the
circuit of Fig. 3.

IV.

CONCLUSION

Two different circuit topologies for negative capacitance were
simulated using second-generation CMOS current conveyors

Fig. 9. Simulation results showing input capacitance observed at Zin for a
load capacitance ZL of 5 pF for the topology of Fig. 3 (computed
capacitance values above the resonance near 1000 MHz are anomalous).
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