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Abstract. A new COA-CMOS realization suitable for low-power designs is presented. The proposed design
features a high performance in terms of input impedance, current tracking accuracy, DC offset and AC response. A
new class AB output stage is used in order to enhance the slew rate as well as increase power ef®ciency. The active
compensation of the COA based ampli®ers is also discussed and the adjoint network theorem is used to generate
the compensated circuits from their voltage mode counterparts.
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1.

Introduction

Recently, a great importance has been placed on
designing high performance current mode signal
processing circuits [1]. These current mode circuits
are receiving much attention for their potential
advantages such as wide dynamic range, inherent
wide bandwidth, simple circuitry and low-power
consumption. The current operational ampli®er
(COA) is one of the useful current mode integrated
building blocks. The attractive feature of the COA is
its ability to replace the voltage operational ampli®er
(VOA) when applying the adjoint network theorem in
voltage mode to current mode transformation [2,3].
The COA as the adjoint element to the VOA must be a
single input differential output device as shown in Fig.
1(a), and it is de®ned as a ¯oating current controlled
current source (CCCS) with a high current gain, i.e., a
current ampli®er with a single low impedance current
input and a complementary high impedance ¯oating
current output [4]. The same device de®nition was
given in [5] but with another name: the operational
current ampli®er (OCA). A fully integrated version of
the COA was given in [6] making use of current
conveyors in order to implement the current buffer at
the input of the COA and the ¯oating output stage. A
simple COA architecture was presented in [4] and was
implemented using a current conveyor (CCII  ) input
stage followed by a transconductance output stage
*Author for correspondence.

with complementary outputs as shown in Fig. 1(b). In
the previous design, a high output current tracking
accuracy is achieved using the differential ¯oating
current source (FCS) output stage described in [7].
In this paper, a new COA-CMOS realization is
presented. The proposed design uses a class AB
¯oating output transconductor, hence, providing high
power ef®ciency, enhanced slew rate and a high
voltage swing at the output terminals. The performance of the proposed COA is evaluated and PSpice
simulations are included. As in the voltage mode case,
when the current mode ampli®er is realized using the
COA, the assumption of an ideal response is not valid
except at low frequencies. The ®nite and complex
open loop gain nature of the operational building
block results in magnitude and phase errors. These
errors are evaluated and the active compensation of
the COA based ampli®ers is discussed. Finally, phase
compensated current mode ampli®ers are presented.

2.
2.1.

The Proposed COA CMOS Realization
Circuit Description

The proposed COA realization is based on the
architecture shown in Fig. 2. This architecture is the
same as that shown in Fig. 1(b) but after replacing the
FCS output stage by a class AB ¯oating transconductor (FT) in order to achieve a high-power
ef®ciency and a low current consumption.
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Fig. 1(a). The COA symbol.

Fig. 1(b). The COA architecture presented in [4].

2.1.1. The Input Stage. Since the COA implementation uses a CCII  connected as a current follower, a
simple CCII  realization is needed. However, the
CCII  design must provide a high current tracking
accuracy, low input impedance at port X as well as
high output impedance at port Z. The input and the
output dynamic range of the CCII  are of less
importance, since it will actually operate within a very
small range when connected as the input stage of the
COA. A possible class A CCII  CMOS realization is
shown in Fig. 3(a). High voltage tracking accuracy
between the Y and the X terminals is achieved by
equating the currents ¯owing through the two
matched CMOS pairs M1 ±M2 and M3 ±M4 . These
currents are given by:
ID1  ID2  Keff 1;2 VG1 ÿ VY ÿ VTeff 2

1

ID3  ID4  Keff 3;4 VG3 ÿ VY ÿ VTeff 2

2

Fig. 3. Possible CMOS realizations of the CCII  forming the
input stage of the proposed COA.

Ki Kj
Keff i;j  p p 2
Ki  Kj 

where

i  1 or 3; j  2 or 4

3

Ki  mn Cox W=Li

4

Kj  mp Cox W=Lj

5

VTeff  VTn  VTp

6

and
Fig. 2. The proposed COA architecture.
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ID1  ID3  IB1

7

From equations (1)±(7) and since the gate voltages
of M1 and M3 are equal, any voltage applied at the
Y terminal will be transferred to the X terminal. The
voltage buffering is achieved by connecting the gate
of M4 to its drain and by adding M5 , hence, any
change in the input current to the node X will result
into a change in the voltage at the drain of M3 causing
M5 to supply this current change. The current
buffering between the X and the Z terminals is
provided using the matched transistors M5 ±M7 and
M6 ±M8 .
The proposed CCII  realization features a small
input impedance at the X terminal, which is dependent
on the output impedance of the current source,
connected at the drain of M3 . Neglecting the body
effect, the small signal value of this impedance is
given by:
rX 

gB
gm4  gd4  gm5  gd5 
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where gdi is the output conductance, gmi is the
transconductance with respect to Vgsi of the ith
transistor respectively, gB is the output conductance
of the current source IB1 .
The DC voltage offset between the Y and the X
terminal depends on the matching between the two
CMOS pairs as well as their two biasing currents.
Moreover, the channel length modulation results in a
voltage offset as long as the drains of the two CMOS
pairs have different voltages. This additional offset
can be minimized by connecting the drain of M2 to its
gate as shown in Fig. 3(b). In order to make the input
current to the Y terminal in the modi®ed CCII 
circuit equal to zero, a current source equal to IB1 is
added at the Y terminal.
2.1.2. The Output Stage. The proposed COA realization uses a single input ¯oating output
transconductor as an output stage. This transconductor
is responsible of providing two balanced output
currents irrespective of its input voltage and with
large voltage swing at the output terminals. The
proposed realization is shown in Fig. 4. The current
following property between the two output terminals
is achieved using the four matched CMOS pairs M13 ±
M14 , M15 ±M16 , M17 ±M18 and M19 ±M20 . In order to
satisfy Kirchhoff's current law at the drain of M16 , the

Fig. 4. The class AB ¯oating transconductor used as the output
stage of the proposed COA.

two output currents must be equal. This is derived as
follows:
ID15 ÿ ID16  ID18 ÿ ID17

9

Ioÿ  ID13 ÿ ID14  ID15 ÿ ID16

10

Io  ID19 ÿ ID20  ÿ ID18 ÿ ID17 

11

From equations (9) to (11), it can be easily seen
that Io+ is equal to the negative of Ioÿ . This relation is
valid as long as the four CMOS pairs are in saturation
region. Referring to Fig. 4, the small signal current
transfer gain between the two output currents is given
by:
gm19  gm20  gm15  gm16 
io

ioÿ
gm13  gm14  gm17  gm18 
ÿ1
1  gd15  gd16  gd17  gd18 = gm17  gm18 

!

12

As given by equation (12), the current transfer gain
depends on the equality of the transconductance gains
of the four output CMOS pairs, and the ratio of the
output impedance at the drain of M15 to the
transconductance gain of the CMOS pair formed by
M17 ±M18 . The matching between the output transistors can be achieved by using a careful layout
technique. In this case, the current transfer gain is
equal to:
io
ÿ1


ioÿ 1  2 g  g = g  g 
d17
d18
m17
m18

13

Since the output conductances of the transistors
M15 and M16 can be made very small relative to their
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Fig. 5. The complete CMOS realization of the proposed COA.

transconductances, a current transfer gain very close
to unity can be obtained.
In order to provide class AB operation, the
difference between the two gate voltages of each
CMOS pair is made constant and independent of the
input voltage of the transconductor. This is achieved
using the level shift transistors M9 ±M10 , M11 ±M12 ,
M21 ±M22 and M23 ±M24 . The standby currents in the
output transistors is controlled using M23 ±M24 and
two current sources equal to IB2 . When the output
current is equal to zero, the current ¯owing through
M13 is equal to that ¯owing through M14 and it is
given by:
ISB13  ISB14

Keff

Keff

13;14
25;26

IB2

14

Keff
Keff

17;18
25;26

IB2

15

As given by equations (14) and (15), the standby
currents are controlled by the aspect ratios of two
different CMOS pair and a biassing current which can
be chosen very small and hence reducing the power
consumption.
For proper class AB operation, all output transistors must be ON at the standby point. This implies the
following supply voltage condition:

16

2.1.3. The COA Parameters. The input impedance
of the COA is equal to that of the CCII  used in the
input stage and is given by equation (8). The two
output impedances of the COA are given by:
Ro 

1
gd13  gd14

17

Roÿ 

1
gd17  gd18

18

The low frequency small signal open loop gain is
given by:
Ao 

Similarly, the standby current ¯owing through M17
and M18 is given by:
ISB17  ISB18 

VDD ÿ VSS  2VTn  2 VTp

s
IB2

Keff 25;26

io gm13  gm14

ii
gd7  gd8

19

The common mode gain of the COA is evaluated
using equation (13) and its low-frequency value is
given by:
Ao;cm 


io  io7
2 ii

gd17  gd18 
gd7  gd8  1  2 gd17  gd18 = gm17  gm18 

20

Equations (19) and (20) are used to calculate the
common mode rejection ratio which is equal to:
CMRR 

gm  gm14
Ao
 2  13
Ao;cm
gd17  gd18

21
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The proposed con®guration has one high impedance
node which is the conveyor output node, hence,
creating one dominant pole at the radian frequency:
op 

gd7  gd8
CZ

22

where CZ is the parallel combination of the CCII 
output capacitance at port Z and the ¯oating
transconductor input capacitance.
Hence, the gain-bandwidth product is given by:
GBW 

2.2.

gm13  gm14
CZ

23

Simulation Results

PSpice simulations were carried out for the COA
realization shown in Fig. 5 and realized using the
CCII  of Fig. 3(b) after removing the bias current
between the Y terminal and the negative supply. The
Y terminal is grounded in order to keep the COA input
at a virtual ground. The COA output stage is realized
using the ¯oating transconductor of Fig. 4. The supply
voltages were equal to + 2.5 V, IB1  3 mA and IB2 
4 mA. The transistors aspect ratios and circuit
speci®cations are given in Table 1. The simulations
were performed using model parameters of 1.2-mm nwell CMOS process provided by MOSIS (AMI) with
VTn  0.64 V, VTp  70.82 V.
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Fig. 6(a) shows the open loop DC transfer
characteristics of the COA. The bias currents are
realized using simple current mirrors, hence resulting
in input offset current of 73 nA due to the channel
length modulation effect. The input resistance is equal
to 57 O. The variation in the output current offset
Io  Ioÿ  and the DC current gain Ioÿ =Io  with
respect to Io are given in Fig. 6(b) and (c), respectively.
A unity gain and a small current offset are shown over a
wide range of the output currents. Fig. 6(d) and (e)
illustrate the class AB operation by drawing the two
components of each output current, a standby output
current of 10 mA is obtained. Fig. 6(f ) shows the open
loop AC transfer characteristics of the proposed COA, a
3 dB frequency of 13 kHz and a unity gain frequency of
10 MHz were obtained. The plots of both the positive
and the negative power supply rejection ratios
(PSRRVDD and PSRRVSS ) are shown in Fig. 6(g). The
compensation capacitor is connected to the negative
supply voltage and so the dominant pole of the PSRRVSS
is placed much lower than the pole of the PSRRVDD .
The simulations have been carried out with the
sources of the NMOS transistors connected to the
negative supply while the sources of the PMOS
transistors were connected to their corresponding
bodies. This resulted in standby currents slightly
larger than that given by equations (15) and (16) due
to the body effect. However, this change is in the
biasing circuit and causes no distortion on the class
AB circuit.

Table 1. The transistors aspect ratios and circuit speci®cations of the proposed COA.
Speci®cations
(at + 2.5 V, VB  ÿ1:8 V; IB1  3 mA
IB2  4 mA and CZ  2:2 pF.

Dimensions
Transistor

W (mm)/L (mm)

Parameter

Value

Unit

M1 , M3
M2 , M4
M5 , M7
M6 , M8
M9 , M10 , M21 , M22
M11 , M12 , M23 , M24
M13 , M15 , M17 , M19
M14 , M16 , M18 , M20
M25
M26

60/3.6
120/3.6
90/3.6
90/4.8
15/9.6
48/9.6
160.8/3.6
42/3.6
80.4/3.6
21/3.6

Ao
GBW
fp
Phase margin
RX
Input current offset
Input voltage offset
Standby current ISB
Ro , Roÿ
PSRRVdd
PSRRVss

62
10
13
60
58
73
ÿ 2.4
10
4
151
158

dB
MHz
kHz
degree
O
nA
mV
mA
MO
dB(O)
dB(O)
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Fig. 6(a). The open loop DC transfer characteristics of the
COA.

Fig. 6(b). The variation in the output current offset (Io   Ioÿ)
versus Io .

Fig. 6(c). The
Io .

DC

output

current

gain

(Io ÿ=Io )

Fig. 6(d). The two current components forming Io  and ¯owing
through M13 and M14 .

Fig. 6(e). The two current components forming Io ÿ and ¯owing
through M19 and M20 .

versus

Fig. 6(f ). The open loop AC transfer characteristics of the
proposed COA.

The body effect also resulted in a voltage offset
of-2.4 mV due to the inequality in the threshold
voltages of M1 and M3 . The channel length
modulation also contributes to this offset, due to

the difference between the voltages at the drains of
M1 and M3 , which results in a difference between
the two bias currents ¯owing through the two
transistors.

Current Operational Ampli®er (COA): CMOS Realization and Active Compensation

2.3.

Fig. 6(g). The positive and the negative power supply rejection
ratios of the COA.

Fig. 7(a). Voltage offset compensated current follower.
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The Modi®ed COA Realization

In order to cancel the voltage offset at the input of the
COA, a compensation circuit is added to the current
follower as shown in Fig. 7(a). The objective of this
circuit is to maintain the drain of M3 at the same level
as that of M1 , hence, canceling the error between the
two currents ¯owing through M1 and M3 due to the
channel length modulation effect. This is achieved by
matching the two CMOS pairs MC1 ±MC2 and M1 ±
M2 , and equating the two bias currents ¯owing
through them. Since M2 and MC2 have the same
gate voltage, the gate of MC1 will be equal to that of
M1 using negative feedback. Hence, the drain of M1
and M3 will be equal for any value at the gate of M2 .
Since M1 and M3 are matched transistors having the
same gate and drain voltages as well as equal bias
currents, their sources will be equal, hence, their
threshold voltage will be equal and the voltage offset
due to the body effect will be canceled.
Fig. 7(b) shows a modi®ed version of the proposed
COA with the compensation circuit. The biasing
currents are obtained using high-swing cascode
current mirrors [8] in order to minimize the offset
currents. The same cascoding technique is used with
M5 and M7 in order to increase the output impedance
of the current follower and hence increasing the open
loop gain of the COA.
The simulation results of the modi®ed COA circuit
are given in Table 2. Low-offset current is obtained,
while the input resistance is reduced to 66 mO due to
the gain added by the compensation circuit. Fig. 8(a)
shows a comparison between the voltage offsets of the
circuits of Figs. 5 and 7(b). The AC characteristics of

Fig. 7(b). The modi®ed COA realization.
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Table 2. The transistors aspect ratios and circuit speci®cations of the modi®ed COA.
Speci®cations
(at + 2.5 V, VBi  3 mA;
VBi  ÿ1:5 V; VB2  0 V and CZ  1 pF.

Dimensions
Transistor

W (mm)/L (mm)

Parameter

Value

M1 , M3 , MC1
M2 , M4 , MC2
M5 , M7 , MB14 , MB15
M6 , M8 , MB4 , MB5
M9 , M10 , M21 , M22
M11 , M12 , M23 , M24
M13 , M15 , M17 , M19
M14 , M16 , M18 , M20
M25 , MC14
M26
MB1 ; MB2 , MB3
MB6
MB7 , MB8 , MB9
MB10
MB11 , MB12 , MB13
MB16

60/3.6
120/3.6
21/2.4
45/2.4
15/9.6
48/9.6
160.8/3.6
42/3.6
80.4/3.6
21/3.6
90/4.8
90/3.6
6/2.4
12/3.6
3/2.4
6/3.6

Ao
GBW
fp
Phase margin
RX
Input current offset
Input voltage offset
Standby current ISB
Ro , Ro ÿ
PSRRVdd
PSRRVss

89
19.9
1.3
60
66
0.3
ÿ9
10
4
167
169

Unit
dB
MHz
kHz
degree
mO
nA
mV
mA
MO
dB(O)
dB(O)

the modi®ed COA are shown in Fig. 8(b). The
modi®ed COA has higher open loop gain of 89 dB
as well as higher unity gain frequency of 19.9 MHz.

3.

Fig. 8(a). The voltage offset cancellation obtained in the
modi®ed COA.

Active Compensation of COA-Based
Ampli®ers

COA-based ampli®ers can be obtained from their
voltage mode counterpart using voltage mode to
current mode transformation [2,3] as shown in Fig. 9.
As in the VOA case, the assumption of an ideal COA
response is not valid except at low frequencies. When
the ®nite and complex open loop gain nature of each
operational building block is considered, the transfer
function of the COA-based noninverting ampli®er
shown in Fig. 9(b) is found to be similar to that of the
VOA based noninverting ampli®er shown in Fig. 9(a)
as given by equations (24) and (25).
Io

Ii
Vo

Vi

Fig. 8(b). The open loop gain of the modi®ed COA.

1K
1  K  1 s=ot
1K
1  K  1 s=ot

24

25

where ot is the unity gain radian frequency and K is
given by
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gÿ

1
2


K  1

o
ot

2
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Many authors have investigated the active compensation of VOA-based ampli®ers [9,10] in order to
minimize these errors over a wide bandwidth and
many high performance compensated circuits have
been reported. In order to generate active compensated
COA-based
ampli®ers,
the
adjoint
transformation is applied to active compensated
VOA based ampli®ers. Since both circuits share the
same transfer functions, the phase compensation
condition is the same in both cases as well as the
phase and magnitude errors and bandwidth. Hence,
the generalized COA based active compensated
noninverting ampli®er is derived from the generalized
VOA based active compensated noninverting ampli®er given in [9] as shown in Fig. 10. The generated

Fig. 10(a). The generalized VOA-based active compensated
noninverting ampli®er given in [9].
Fig. 9. The VOA-based ampli®ers and their adjoint current mode
ampli®ers implemented using the COA.

K

R2
R1

26

Both the VOA and the COA noninverting ampli®ers feature a constant gain-bandwidth property; i.e.
the bandwidth is lowered when the DC gain is
increased. Moreover, they suffer from phase and
magnitude errors, which are given by:
f  ÿ K  1

o
ot

27

Fig. 10(b). The proposed generalized
compensated noninverting ampli®er.

COA-based

active
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Fig. 11(a). The VOA-based active compensated noninverting
ampli®er given in [10].

Fig. 12. The phase and magnitude responses of both the
uncompensated COA-based noninverting ampli®er shown in Fig.
9(b) and the compensated ampli®er shown in Fig. 11(b).
Fig. 11(b). The
ampli®er.

proposed

COA-based

active

compensated

The condition for phase compensation is given by:
current mode compensated ampli®ers follow the same
voltage mode classi®cation.
As an example, the active compensated VOAbased noninverting ampli®er given in [10] is used to
obtain the COA-based compensated noninverting
ampli®er as shown in Fig. 11. Assuming matched
COAs, the current mode transfer function is equal to
that in the voltage mode case and is given by:
Io

Ii

1  K1 1  1  K2  s=ot 
1  1  K1  s=ot   1  K1  1  K2  s2 =o2t 

29

where
K1 

R2
R1

30

K2 

R4
R3

31

and

K1  K2  K

32

The approximate phase and magnitude errors are
given by:

3
o
33
f  ÿ K  1
ot

g

K  1

o
ot

2
34

Comparing equation (27) with (33), it is seen that
the compensated ampli®er features a signi®cant
reduction in the phase error.
PSpice simulations were carried out for both
noninverting ampli®ers; the uncompensated ampli®er
shown in Fig. 9(b) and the compensated ampli®er
shown in Fig. 11(b). The simulations are based on
using the proposed COA-CMOS realization shown in
Fig. 5. Resistors values of the compensated ampli®er
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are as follows: R1  R3  10 kO and R2  R4 
40 kO. The ampli®er DC gain is equal to 5. The
phase and magnitude responses are shown in Fig. 12.
The phase correction achieved by the active compensated ampli®er is shown in Fig. 12(a) while (b)
illustrates the corresponding magnitude response.
Similarly, active compensated COA-based
inverting ampli®ers can be obtained by applying the
adjoint transformation to their voltage mode counterparts and by satisfying the same compensation
conditions.

4.
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Conclusion

New CMOS realization of the COA is presented. The
proposed design is based on a current buffer followed
by a balanced output transconductor. The output stage
provides a class AB operation, hence, reducing the
standby power and enhancing the slew rate of the
COA. A modi®ed version of the COA with enhanced
performance is presented. A compensation circuit is
used in order to cancel the voltage offset at the input
of the COA. The active compensation of the COAbased ampli®ers is discussed and it is shown that the
active compensated current mode ampli®ers can be
obtained from their voltage mode counterparts using
the adjoint transformation. This conclusion resulted
from the similarity between the VOA and the COA in
the gain nature and the constant gain-bandwidth
feature. As an example a COA noninverting ampli®er
is presented and simulations results show the
enhancement in phase response.
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