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a b s t r a c t

A new CMOS-based balanced output operational transconductance amplifier (BOTA) with very wide lin-
ear current tunable range is proposed in this paper. The design technique is achieved by the combination
of a fully differential transconductor and an electronically variable current gain stage. The transconduc-
eywords:
alanced output operational
ransconductance amplifier (BOTA)
MOS transconductor
lectronically tunable OTA

tance gain of the proposed BOTA can be linearly tuned by an external bias current for more than 4 decades,
with less than 4% nonlinearity for the linear input-voltage range of about 0.2 Vpeak. The OTA is designed
in 0.5 �m AMIS technology. The performance of the proposed circuit is discussed and confirmed through
application example and PSPICE simulation results.

© 2010 Elsevier GmbH. All rights reserved.
inearly tuned

. Introduction

Operational Transconductance Amplifiers (OTAs) or voltage-to-
urrent converter circuits are the essential active building blocks
f many analog applications such as amplifiers, multiplier, active
lters and sinusoidal oscillators. Moreover, they can also be applied

n automatic gain control and analog multiplier circuits when the
ransconductance gain of the OTA can be electronically and lin-
arly varied. There have been several approaches of designing
unable linear CMOS OTA. Those approaches are claimed to achieve
he linear operation in the square law of the I–V characteristic
f MOS transistors [1–4]. However, most of them are functioning
n voltage-controlled mode. Their controllable voltage ranges are
ather limited and only narrow linearly transconductance ranges
re achieved. In the past, a current-controlled CMOS transconduc-
or was presented in [5]. But the transconductance linear tunable
ange is narrow due to the MOS transistors are working in the
eak-inversion region. On the other hand, an Electronically Tun-

ble Operational Transconductance Amplifier (EOTA), where its gm

an be linearly tuned for a 3-decade range, has been proposed [6].
owever, its structure is quite complicated due to the use of 3 CMOS
TAs.

Recently, a tunable CMOS-based balanced output OTA (BOTA)

as received some attention [7–9]. It has been demonstrated that
lters that realized by using BOTA provide more simplify structures
nd perform better performance in higher frequency range than

∗ Corresponding author. Tel.: +66 045 353354; fax: +66 045 353333.
E-mail addresses: khanittha.k@ubu.ac.th, khanitth@yahoo.com (K. Kaewdang),

swanlop@kmitl.ac.th (W. Surakampontorn).

434-8411/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.aeue.2010.10.005
the single output OTAs [10–12]. However, since there transconduc-
tance gains were controlled by DC voltages, narrow voltage control
ranges were available. It is the objective of this paper to propose
a new technique to realize a wide linearly current tunable CMOS
BOTA. The design method is based on the used of a fully differen-
tial transconductor and a variable current gain cell that is modified
from a current-mode translinear circuit. The proposed BOTA is sim-
ple and suitable for implementation. The BOTA characteristics are
verified through PSPICE simulation results. In addition, a current-
mode tunable BOTA-based biquad filter is used to demonstrate the
usefulness of the proposed BOTA.

2. Circuit descriptions

Fig. 1(a) shows the symbol of a BOTA, which is a device that
accepts two input voltages and provide balanced output currents.
A new approach to realize a CMOS BOTA that its transconductance
gain can be electronically and linearly varied in a very wide range
is shown in the building block diagram of Fig. 1(b). It is designed
by the cascade connection of a transconductance cell and an elec-
tronically tunable current gain cell. Since the key circuit building
block in this approach is the electronically current-tunable current
gain cell, we will therefore firstly introduce a method to realize a
current gain cell that its current gain can be electronically varied
in very wide range. Then to realize the BOTA, a fully balanced dif-
ferential amplifier is use as the transconductance cell. In this work,

it is generally assume that all MOS transistors are operating in the
saturation region, hence the individual functions of the circuits are
derived from the approximate square-law characteristic of MOS
transistors in saturation.

dx.doi.org/10.1016/j.aeue.2010.10.005
http://www.sciencedirect.com/science/journal/14348411
http://www.elsevier.de/aeue
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Fig. 1. Building block of the pr

.1. Electronically current-tunable current gain cell

Let us consider the schematic circuit diagram of the proposed
lectronically current-tunable current gain cell shown in Fig. 2,
here the operation of the circuit is based on the square-law char-

cteristic of MOS transistors biased in the saturation region. The
ircuit is modified from the current gain amplifier of Ref. [13] by
dding the current source IX and a dual-output current mirror in
rder to provide electronically property. Transistors M1–M3 and
9–M11 function as current squarer circuits. Transistors M17 and
18 and the current source IY formed as the current-controlled

ias circuit that provides a voltage bias VREF to M3 and M11. The
ual-output current mirrors M4–M6 and M12–M14 have current
ain ratios equal to 1:n. Let us assume that differential input signal
urrents iin and −iin are injected into points B1 and B2, respec-
ively. The input signals are added with the DC currents IX form
he current source IX and the dual-outputs unity gain current mir-
ors M19–M21. Therefore, the differential input currents that flow
nto points C1 and C2 are Iin1 = IX + iin and Iin2 = IX − iin, respectively.
y using the square law of MOS transistors operating in the satu-
ation region, the currents I1 and I2 of the current squarer circuits

an be, respectively, expressed as [13]

1 = 2IY + (IX + iin)2

8IY
(1)

VSS

B1

M20 M21M 19

M 1 M 2

M3

M4 M5

M6

M7 M8

M

IX A1C1

I1

Iin1

VDD

iout+

Fig. 2. Electronically current-t
d balanced output CMOS OTA.

I2 = 2IY + (IX − iin)2

8IY
(2)

The current I1 and I2 are multiplied n time by the current mirrors
M4–M6 and M12–M14, respectively, and then subtracted to produce
differential output currents iout

+ and iout
− at the ports A1 and A2,

respectively. The differential output currents iout
+ and iout

− can be
given by

iout
+ = −iout

− = n(I1 − I2) =
(

nIX
2IY

)
iin (3)

or

iout
+ =

(
nIX
2IY

)
iin = ACiin (4)

where to keep all devices in the on state, the condition
∣∣IX∣∣ +

∣∣iin∣∣ ≤
4IY must be satisfied. AC is the current gain of the current gain cell
and can be expressed as

AC = nIX
2IY

(5)

From (4), if IY is fixed, the output current iout can now be elec-

tronically and linearly varied by the external DC currents IX. Note
that, the parameter n is included in order to increase the dynamic
range of the current gain AC. In this case the maximum value of
AC is limited by AC(MAX) ≤ 2n. From the circuit of Fig. 2, since it is

B2
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M10

M 11

M 12M 13
14
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M15

M 16

M17

M18

C2A2

I2

Iin2

IY

iout-

unable current gain cell
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Fig. 3. CMOS differential transconductor.
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−
√

IB ≤ vin ≤
√

IB (10)
ostly composed of current mirror circuits, therefore the error of
he current gain cell is due to mismatch between the transistors
13,14]. This error can be improved if high-performance current

irrors such as a Wilson current mirror or a cascode current mirror
s employed.

.2. Fully balanced differential transconductor

A fully balanced differential transconductor structure is shown
n Fig. 3. Let M22 and M23 are perfectly matched, the current mir-
ors have unity current gains and all transistors are operated in
aturation region. vin is the small signal differential input voltage
vin = V1 − V2), i+o and i−o are the differential output currents and IB
s the bias current. The differential output currents can be given by

+ − �nC ′
ox

(
W

) √
4IB 2
o = −io = I2 − I1 =
2 L

vin �nC ′
ox(W/L)

− vin (6)

VSS

B1

M20 M21M19

M1

M

M4

IX C1

I1

Iin1

VDD

V1 V2
i1 i2

IB

M22 M23

M24

M25M26

M27

M28 M29

M30 M31
M32

M33

Transconductance cell Ba

io-
io+

Fig. 4. Complete schematic diagr
Fig. 5. An electronically and linearly tunable current-mode biquad filter.

The transconductance gain (gm) of the fully differential
transconductor can be derived by taking the derivative of (6) with
respect to vin, yielding

di+o
dvin

∣∣∣∣
vin=0

=
√

�nC ′
ox

W

L
IB (7)

Therefore, the transconductance gain can be defined as

gm =
√

2KIB, −
√

IB
K

≤ vin ≤
√

IB
K

(8)

where K = (�nC ′
ox/2)(W/L) is the transconductance parameter, �n

is the mobility of the carrier, Cox is the gate-oxide capacitance per
unit area, W is the effective channel width, L is the effective channel
length. Thus we can obtain the following equation for a small signal
input:

i+o = gmvin =
√

2IBK · vin (9)

It should be noted that the transconductance gain (gm) of the
transconductor shown in Fig. 3 will provide low harmonic distor-
tion if the input voltage is limited in the range of
K K
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am of the proposed BOTA.
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can be given as

ω0 =
√

gmo1gmo2

C1C2
and Q =

√
gmo1C2

gmo2C1
(17)
Fig. 6. DC transfer charac

.3. Complete balanced output CMOS OTA

Based on the approach of the Fig. 1, the schematic circuit dia-
ram of the proposed wide linearly and electronically tunable range
MOS BOTA is shown in Fig. 4. The circuit is simple and suitable
or implementing in integrated circuit form. From Eqs. (3) and (4),
nd since i+o = iin the output current of the proposed circuit can be
xpressed as

+
out = AC · i+o (11)

From Eqs. (5), (9) and (11) the output current of the proposed
OTA can now be expressed as

+
out =

√
2KIB · nIX

2IY
· vin (12)

If gmo is the transconductance gain of the BOTA, it can be shown
hat

mo = n
√

2KIB
2IY

IX = KT IX (13)

here KT = n
√

2KIB/2IY . The term KT can usually be kept constant.
q. (13) clearly indicates that the transconductance gain of the pro-
osed transconductor can be electronically and linearly tuned by
he bias current IX. Since the current

∣∣Ix∣∣ +
∣∣iin∣∣ should be limited
o be less than 4IY, therefore, for a wide current tunable range, the
ias current IY should be a high constant current. It worth noting
hat the input dynamic and nonlinearity range is not affected by
he adjustment of IX.

Fig. 7. Transconductance gain linearly tuned range.
cs of the proposed BOTA.

3. Application example

In this section, in order to demonstrate its application and use-
fulness, the proposed BOTA is employed to realize a current-mode
electronically tuned biquad filter. Fig. 5 shows the current-mode
biquad filter that constructed by using 3 BOTAs [15]. The circuit
analysis yields the following transfer functions.

Io(s) = Ii1gmo1gmo3/C1C2 + Ii2gmo3s/C2

s2 + gmo2s/C2 + gmo1gmo2/C1C2
(14)

where Ii1 and Ii2 are the input signal currents and Io is the output
signal current of the filter. From Eq. (14), the circuit can realize a
low-pass filter if Ii2 = 0 and the band-pass filter if Ii1 = 0, where there
transfer function can be, respectively, expressed as

Low-pass filter :
Io(s)
Ii1(s)

= gmo1gmo3

C1C2s2 + C1gmo2s + gmo1gmo2
(15)

Band-pass filter :
Io(s)
Ii2(s)

= C1gmo3s

C1C2s2 + C1gmo2s + gmo1gmo2
(16)

The cut-off frequency ω0 and the quality factor Q of the filter
Fig. 8. The frequency response of the proposed transconductor.
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Fig. 9. Simulated frequency response of the BO

Table 1
The transistor dimensions.

MOSFETs W (�m) L (�m)

Q

ω

e
a
b
q
c

4

P
t
v
p
s
V

p
v

M1–M4, M7–M12, M15–M33 2.5 0.5
M5, M6, M13, M14 25 0.5

Setting gmo1 = gmo2 = gmo by given that IX1 = IX2 = IX, then ω0 and
can be rewritten as

0 = gmo√
C1C2

= KT IX√
C1C2

and Q =
√

C2

C1
(18)

Eq. (18) indicates that the filter cut-off frequency ω0 can be
lectronically and linearly tuned. In addition, it is also provide the
dvantage that the cut-off frequency ω0 and the quality factor Q can
e orthogonally tuned. This can be achieved by firstly determine the
uality factor Q by setting the capacitance ratio C2/C1 and then the
ut-off frequency is tuned through gmo by the DC bias current IX.

. Simulation results

The performance of the proposed BOTA is verified through the
SPICE simulation. All the CMOS transistor is simulated by using
he model parameters of MOSIS 0.5 �m AMIS CMOS process with
tn = 0.67 V and vtp = −0.91 V. For the proposed circuit in Fig. 4, the
arameter n is set to n = 10 and the dimensions of all CMOS tran-
istors are listed in Table 1. The power supply voltages are set to

DD = −VSS = 1.5 V.

Fig. 6 shows the simulated transfer characteristic of the pro-
osed BOTA. The plots show the output current iout versus the input
oltage vin for the controlled current (IX) in the cases of 400 �A,

3.1.0M300K100K30K10K
0

50u

100u

150u

I o
, A

200u

Freq

Fig. 10. Simulated frequency response of the BO
TA-based low-pass filter with tuning f0.

600 �A, 800 �A and 1 mA, where IB and IY were set to 100 �A and
400 �A, respectively. These plots demonstrate that the transcon-
ductor can linearly convert the input voltage into output signal
current with nonlinearity of less than 4% for the input voltage (vin) in
the ranges of −200 mVpeak to 200 mVpeak. The results were agreed
with the prediction value from Eq. (14). For example, in the case
of the DC bias current IX = 1 mA, IB = 100 �A, IY = 400 �A, vin = 0.2 V,
�nC ′

ox/2 = 5.78 × 10−5 A/V2 and W/L = 10, the transconductance
gain gmo = 8.5 × 10−4 A/V where iout = 170 �Apeak.

In the Fig. 7 is the plot of the relation between the transcon-
ductance gain gmo and the bias current IX. It is measured by fixing
vin = 0.2 Vpeak, IB = 100 �A and in the case of IY = 200 �A, 300 �A and
400 �A, respectively, by varying IX from 100 nA to 5 mA. The result
shows that the transconductance gain gmo can be linearly tuned by
the bias current IX over the current range of 100 nA to 1.6 mA, where
the simulated conversion errors are less than 3.7%. It is also shown
that the simulated and calculated data are in a good agreement. The
results clearly demonstrated that the BOTA transconductance gain
can be linearly and electronically tuned for a 4-decade range. Noting
for the cases of IY = 200 �A, IY = 300 �A and IY = 400 �A, respectively,
the tunable ranges are limited by about IX ≈ 0.8 mA, IX ≈ 1.2 mA
and IX ≈ 1.6 mA, respectively. This confirm the condition that the
current

∣∣IX∣∣ +
∣∣iin∣∣ should be limited to be less than

∣∣4IY
∣∣. The

achieved THD of the output current is found to be less than 1.4%
for an input sinusoid with peak amplitude of 0.2 V and 50 MHz
frequency. The total power consumption is 20 mW with ±1.5 V
supply voltage in typical situation. The frequency response of the

BOTA is also demonstrated in Fig. 8 where the −3 dB bandwidth of
about 780 MHz is achieved. In addition, the CMRR of the proposed
transconductor is depended on the differential CMOS transconduc-
tor [16], where CMRR = 2gm(M23)RBgm(M27)(ro(M29)//ro(M31)) and RB is

1.0G300M100M30M10M0M
uency, Hz

TA-based band-pass filter with tuning f0.
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he output impedance of the current source. From the simulation
esult, the CMRR is about 90 dB.

The frequency responses of the BOTA-based second-order
iquad filter, for a low-pass function and band-pass function, are
hown in Figs. 9 and 10, respectively. The quality factor is kept
onstant to Q = 0.707 by chosen C1 = 20 pF and C2 = 10 pF and
he cut-off frequency f0 is tuned by the bias current IX (given
X1 = IX2 = IX3 = IX). The responses show that in the case of the input
ignal current is 200 �Apeak and IX = 400 �A, 600 �A, 800 �A and
mA where IY = 400 �A is kept constant, the cut-off frequency (f0)
f the low-pass and band-pass filter are about 4 MHz, 6 MHz, 8 MHz
nd 10 MHz, respectively. In comparison with the predicted val-
es, the f0 that calculated from Eq. (18) using the same cases as the
imulation values are at 3.8 MHz, 5.7 MHz, 7.6 MHz and 9.6 MHz,
espectively. We can found that the simulation values are deviated
rom the calculated values with the error of less than 5%. It should
e noted that the parasitic poles of CMOS BOTA influence the per-
ormances of the filter, however this results also demonstrate that
he cut-off frequency can be linearly tuned by the DC bias current
X of the transconductors without effecting the Q.

. Conclusions

In this work, a novel circuit technique based on the combination
f a transconductance cell and the new current-tunable current
mplifier to realize a CMOS BOTA has been proposed. The BOTA
ransconductance gain gmo can be electronically and linearly tuned
ver more than 4 decades by the external DC bias current IX, with
he transconductor’s nonlinearity of less than 4%. The simulated
esponses with PSPICE have been quite good over the frequency
ange of about 780 MHz, with low power consumption. We also
emonstrate that an electronically tuned current-mode biquad fil-
er using the proposed BOTA provides the response closed to the
heoretical prediction.
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