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Abstract. This paper presents a new CMOS current feedback operational amplifier (CFOA) with rail to rail

swing capability at all terminals. The circuit operates as a class AB for lower power consumption. Besides

operating at low supply voltages of � 1.5 V, the proposed CFOA has a standby current of 200�A. The proposed

CFOA circuit is thus a versatile building block for low voltage low power applications. The applications of the

CFOA to realize a transconductor/multiplier cell, MOS-C differential integrator, MOS-C bandpass filter and

MOS-C oscillator are given. PSpice simulations based on 1.2�m level three parameters obtained from MOSIS

are given.
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1. Introduction

Recently, the demand for ever smaller and cheaper

electronic systems had led manufactures to integrate

entire systems on a single chip. This push towards

higher component densities require lower supply

voltages to allow for more integration with reason-

able power dissipation. It is inevitable that this will

be true for both digital as well as analog circuits.

Analog circuits operating from low supply voltage

must be designed to have rail to rail voltage swing

[1]. This is important to keep the signal to noise ratios

as large as possible. Unfortunately, this usually

results in complicated circuit that withdraws more

quiescent current resulting in high standby power

dissipation. Thus the goal is to design compact low

voltage analog cells which are simple and power

ef®cient. Op-amps operating from low supply voltage

have been introduced in Vost et al. [1]. These op-

amps usually require a complicated input stage to

guarantee a rail to rail input common mode operation

while maintaining a constant transconductance. This

is important to allow optimal frequency compensa-

tion. However, the use of the compensation capacitor

results in a ®nite gain bandwidth product for op-amp

based circuits. Hence, the bandwidth is not utilized

effectively for higher gain values. Another disadvan-

tage is the slew rate, which can result in a smaller

bandwidth for signals with large voltage swing.

A useful block for high slew rate and bandwidth

applications is the current feedback operational am-

pli®er (CFOA) [2]. The CFOA is a versatile four

terminal active building block represented symboli-

cally as shown in Fig. 1. The versatility of the CFOA

is the availability of the Z terminal that enables the

realization of many useful analog circuits such as

voltage ampli®ers, voltage integrators, inductors,

frequency dependent negative resistors, ®lters and

oscillators [3±5]. The CFOA is also known as the

transimpedance operational ampli®er is now com-

mercially available in bipolar integrated circuit from

several manufacturers [6,7]. Although CMOS reali-

zation of the CFOAs are available [8,9], they usually

operate in a class A mode with limited voltage swing

capability.

In this paper, novel CMOS rail to rail CFOA

circuit for low voltage and low power applications is

proposed. The CFOA operates as a class AB from

+ 1.5 V and has a standby current of 200 mA. The

applications of the CFOA in realizing transconductor/



multiplier cell, MOS-C integrator, MOS-C bandpass±

lowpass ®lter and oscillator are given. PSpice

simulation for the proposed CFOA and its applica-

tions based on 1.2 mm level 3 parameters are given.

2. The CFOA Circuit

The proposed class AB-CFOA circuit is shown in

Fig. 2, where two differential pairs are used to pro-

vide a rail to rail operation at the Y and the X

terminals. Transistors M1 and M2 conduct till the

positive supply rail while transistors M3 and M4

conduct for the signal swing down to the negative

supply rail. By the current mirroring action of the

transistors (M5, M6) and (M7, M8), the currents of

the two differential pairs are summed at the drains of

the transistors M1 and M2. Transistors M9 and M10

force these currents to be equal and hence:

VX � VY �1�

To provide a low impedance at the X terminal, a

suitable buffer circuit should be used. It is worth

noting that the traditional source follower is not suit-

able since it will not provide a rail to rail swing ca-

pability [10]. In the proposed CFOA circuit shown in

Fig. 2, transistors M13 to M16 provide the necessary

buffering action with a rail to rail swing capability.

The transistors M15 and M16 form the push pull

output stage at the X terminal, transistors M13 and

M14 are level shifting transistors providing proper

biasing for the transistor M15. If the current is

withdrawn from the X terminal then the gate voltages

of the transistors M15 and M16 are lowered. Thus the

current through transistor M16 increases while that

through transistor M15 decreases. Similarly, if the X

terminal is required to sink current, then the gate

voltages of the transistors M15 and M16 are increa-

Fig. 1. The symbol of the CFOA.

Fig. 2. The rail to rail CFOA CMOS circuit.
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sed. Thus, the current through transistor M16 de-

creases while that through transistor M15 increases.

This push pull action of the transistors M15 and M16

reduce the power dissipation. To prevent the cross

over distortion, both transistors M15 and M16 must

be ON when no current withdrawn from the X

terminal (standby), yet this current should be small

and controlable. This is achieved by using a suitable

gate voltage of M13 which sets the voltage level shift

between the gates of M15 and M16. Assuming all

transistors to be working in the saturation region, it is

clear that:

VSG16 � VGS14 � VGS15 � VDD ÿ VSS �2�
VSG11 � VGS12 � VGS13 � VDD ÿ VSS �3�

Since the matched transistors M13 and M14 have

equal currents, therefore they have the same gate to

source voltages. From equations (2) and (3):�����������
2IM16

KP

s
�

�����������
2IM15

KN

s
�

��������
2ISB

KP

s
�

��������
2ISB

KN

s
�4�

where ISB is the current through the current source

transistor M33, KP � mPCax�W=L�11;16 and KN �
mNCax�W=L�12;15. In the standby mode, no current

is withdrawn from the X terminal hence M15 and

M16 have equal currents and equal to the standby

current ISB which is controlled by the biasing voltage

VB. From Fig. 2, the X terminal current is mirrored to

the Z terminal by the action of transistors M17 and

M18, therefore:

IZ � IX �5�
Finally, a suitable buffer must be available between

the Z and the O terminals that is similar to the buffer

between the Y and the X terminals and consisting

from the transistors M19±M32, therefore:

VO � VZ �6�
PSpice simulations using 1.2 mm (SCNA Vendor:

ORBIT Semiconductors) technology of the class

AB-CFOA circuit with supply voltages of + 1.5 V

have been carried out using the aspect ratios given in

Table 1.

Fig. 3(a) shows the current at the Z terminal when

the X terminal current is scanned from ÿ 100 to

100 mA while the Y and Z terminals are grounded.

Fig. 3(b) shows the X terminal voltage offset

variation versus IX when the Y terminal is grounded.

The X terminal output resistance is less than 20O.

Fig. 3(c) shows the voltage swing at the X, Z and the

O terminals when used to realize a voltage ampli®er

of gain two. The values of the grounded resistors used

at the X and Z terminals are 20 and 40 kO
respectively. The frequency response of the CFOA

based voltage ampli®er of gain 1, 2, 4, 8, 16 is shown

in Fig. 3(d) where the X terminal resistance is 5 kO
and the Z terminal resistance has been scanned from

5 to 80 kO. It is clear from Fig. 3(d) that the ampli®er

circuit realized from the proposed CFOA experience

no loss of bandwidth when the gain is increased. The

parasitic capacitance CZ and the resistance RZ at

the compensation node are 1.44 pF and 4.3 MO
respectively.

3. The CFOA Based Applications

In the following subsections, the applications of the

CFOA in realizing a tranconductor/multiplier cell, a

MOS-C differential integrator, a continuous-time

bandpass±lowpass ®lter and a MOS-C oscillator are

given. The PSpice simulation results are also given to

verify the analytical results.

A. The Transconductor/Multiplier Cell

The CFOA can be used to realize a transconductance/

multiplier cell as shown in Fig. 4. The transconduc-

tance multiplying action is achieved by the four

transistors M1 to M4 [11]. The four transistors cell

provide two output currents �I1 � I3� and �I2 � I4�
which are subtracted by the CFOA through the fee-

dback from the Z terminal to the Y terminal and thus

the output current is given by:

I0 � �I1 � I3� ÿ �I2 � I4� �7�

Table 1. The transistor apsect ratio of the CFOA of Fig. 2.

MOS transistor

Aspect ratio

(Wmm/Lmm)

M1, M2, M19, M20 6/2.4

M3, M4, M21, M22 6/2.4

M5-M8, M23±M26 12/2.4

M9, M10, M27, M28 360/2.4

M11, M12 2.4/2.4

M13, M14, M29, M30 2.4/2.4

M15±M18, M31, M32 420/3.6
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The output current in terms of the input gate voltages

V1 and V2 and the control voltages VC1 and VC2 is

given by:

I0 � K�VC2 ÿ VC1��V1 ÿ V2� �8�

where K is the transconductance parameter of each

transistor of the four matched transistors M1, M2, M3

and M4. It is worth noting that the above equation is

valid whether the four MOS transistors operate in the

saturation or in the triode region. Thus the cell of Fig.

4 can be used as a transconductor or as a four quad-

rant multiplier.

Fig. 5(a) shows the output current of the cell when

used as a transconductor versus V1, when V1 and V2

scanned from ÿ 0.75 to 0.75 V, VC21 � 0:2 V and

K � 416:67 mA=V2. Fig. 5(b) represents the multi-

plier output current vs. V1 when V2 is grounded and

VC21 scanned from ÿ 0.2 to 0.2 V.

B. The MOS-C CFOA Integrator

Fig. 6 shows the CFOA based differential integrator.

The CFOA differential integrator is a direct applica-

(b)

(d)

(a)

(c)

Fig. 3. (a) The Z terminal current, (b) the X terminal offset voltage, (c) the voltage swing at the X, Z, and the O terminals of the CFOA

based ampli®er, (d) the frequency response of the CFOA based ampli®er for different values of gain.

Fig. 4. The transconductor/multiplier cell.
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tion of the CFOA based transconductor/multiplier

cell by connecting a capacitor C between the Z ter-

minal and the ground. The output voltage of the

integrator is taken from the O terminal and is given

by:

Vo �
1

SCRa

�V1 ÿ V2� �9�

where Ra � 1=Ka�VC2 ÿ VC1�. The proposed CFOA

differential integrator has a high input impedance

since the inputs of the circuit are directly the gates of

MOS transistors. PSpice simulation results for the

differential integrator are shown in Fig. 7 with a

square wave input of 1 V peak to peak amplitude and

a frequency of 25 kHz, where Ra is adjusted to 10 kO
and C� 1 nF.

C. The CFOA Bandpass±Lowpass Filter

Since the integrator is a basic building block in real-

izing continuous-time ®lters [12±14]. The CFOA

based integrators are used to implement two con-

tinuous-time ®lters with single ended and balanced

bandpass±lowpass outputs in the voltage mode. Fig. 8

shows the single ended bandpass±lowpass ®lter with

the following voltage transfer functions:

VBP

Vi

� ÿ s=RaC1

D�s� ;
VLP

Vi

� 1=RaRbC1C2

D�s� �10�

and

D�s� � s2 � 1

RCC1

s� 1

RaRbC1C2

�11�

oo �
1��������������������

RaRbC1C2

p and Q � RC

���������������
C1

RaRbC2

s
�12�

Fig. 5. (a) The output current of the transconductor cell, (b) the output current of the multiplier cell.

Fig. 6. The MOS-C CFOA integrator.

Fig. 7. The output of the integrator along with the square wave

input signal.
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Fig. 8. The CFOA bandpass±lowpass ®lter.

Fig. 9(a). The magnitude response of the bandpass ®lter.
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Fig. 9(c). The magnitude response of the lowpass ®lter.

Fig. 9(b). The phase response of the bandpass ®lter.

Low Voltage Rail to Rail CMOS Current Feedback Operational Ampli®er 53



Fig. 9(d). The phase response of the lowpass ®lter.

Fig. 10. The MOS-C CFOA oscillator.
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It is seen that the resistor RC controls the Q of the

®lter without affecting oo of the ®lter.

PSpice simulation results for the ®lter circuit

shown in Fig. 8 with C1 � C2 � 25 pF,

Ra � Rb � 6:32 kO�K � 416:67 mA=V2 and Va21 �
Vb21 � 0:38 V� and Rc � 10 Ra. Where Kc �
83:33 mA=V2 and VC21 � 0:19 V to obtain a

bandpass ®lter with center frequency of

fo � 1MHz and Q � jTBP�oo�j � 10 is shown in

Figs. 9(a) and 9(b) indicating both the magnitude and

the phase of the bandpass output. Simulation results

for the same circuit but with RC � 4:47 kO to obtain a

maximally ¯at lowpass response designed for DC

gain of 1 and with fo � 1 MHz is shown in Figs. 9(c)

and 9(d) indicating both the magnitude and the phase

of the lowpass output where Kc � 416:67 mA=V2 and

VC21 is 0.54 V.

D. The MOS-C CFOA Oscillator

Oscillators are key components for most communi-

cation systems and there is demand for low power

programmable analog functionality on a single ASIC.

In this section, a new MOS-C CFOA voltage oscil-

lator is introduced. The proposed oscillator has the

advantage of controlling the condition of oscillation

by using the control voltage of one of the MOS

transconductor without affecting the oscillation

frequency which is controlled by another trans-

conductor. Fig. 10 represents the proposed oscillator

using three of the four MOS transconductor cells and

two grounded capacitors which makes the oscillator

suitable for VLSI. The condition of oscillation and

the radian frequency of oscillation are given by:

Ra � Rc; oo �
1��������������������

RaRbC1C2

p �13�

Fig. 11(a). The voltage waveform V1 of the oscillator. Fig. 11(b). The frequency spectrum of the oscillator.

Fig. 11(d). The frequency spectrum of the oscillator using ideal

CFOA.

Fig. 11(c). The voltage waveform V1 of the oscillator using ideal

CFOA.
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Therefore the transconductance formed from M1c to

M4c controls the condition of oscillation through its

control voltage without affecting the oscillation fre-

quency.

PSpice simulation results for the proposed oscil-

lator using C1 � C2 � 25 pF, Ra, Rb, and Rc equal

to 11 kO. Taking K � 168:257 mA=V2 and VC12 �
0:54 V to obtain a frequency of oscillation of

575 kHz. The oscillator output waveform of V1 is

shown in Fig. 11(a) and its spectrum shown in Fig.

11(b). The oscillator output waveform of V1 using

ideal CFOA is shown in Fig. 11(c) and its spectrum

shown in Fig. 11(d).

4. Conclusions

Low voltage rail to rail CMOS±CFOA circuit is pre-

sented. The proposed circuit operates as a class AB.

The circuit is suitable for low voltage, low power

applications. The proposed CFOA circuit employs no

compensation capacitors and are characterized by the

ability to achieve high gain with low loss of band-

width. Applications of the CFOA in analog signal

processing have been discussed. It is interesting to

note that in all applications, tuning can be achieved

via a control voltage. PSpice simulation results for all

applications are given to con®rm the analytical

results.
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