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Abstract: A low voltage, high dc gain and wideband load compensated cas-
code operational transconductance ampli�er (OTA), using an active positive
feedback with feedforward technique and frequency-dependent current mirrors
(FDCM), is presented and analyzed. Such techniques stand as a powerful
method of gain, bandwidth and phase margin enhancements. In this paper,
a frequency-dependent current mirror, whose input impedance increases with
frequency, is used to form the feedforward path at the input of the current
mirror with a feedforward capacitor. By using these techniques, the gain band-
width product of the ampli�er is improved from 115 MHz to 194 MHz, the
phase margin is also improved from 85Æ to 95Æ and the gain is enhanced from
11 dB to 93 dB. This ampli�er operates at 2.5 V power supply voltage, drives
a capacitive load of 1pF and gives a power dissipation of 7 mW. The predicted
performance is veri�ed by simulations using HSPICE tool with 0.8 �m CMOS
AMS parameters.
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1 Introduction

Recently, signi�cant e�orts have been invested in reducing the power con-
sumption of the operational ampli�ers and in developing circuits that oper-
ate with extremely small voltage supplies. The trend toward implementing
systems with low supply voltages has created challenging task in the design
of modern analog circuits. The realization of high-speed, high gain, large
gain-bandwidth product, and low power ampli�ers [1, 2] demands innovative
circuit design techniques and advances in integrated circuits process technol-
ogy. CMOS technology becomes attractive even for some applications that
were traditionally built with bipolar transistors. As MOS channel length
decreases, the transistor cut-o� frequency ft increases and the realization of
CMOS wideband ampli�ers becomes more feasible [3, 4, 5]. For these, many
techniques are presented to design CMOS wideband ampli�ers and optimize
these latter for minimum power consumption [2, 4]. CMOS technology can
o�er a higher level of integration and has the ability of operating at relatively
low supply voltages.

In the design of wideband ampli�ers both in bipolar and CMOS tech-
nology, a folded cascode con�guration has been widely used [3, 4, 6, 7, 8].
The reason is that the output capacitance has the same function as the
compensation capacitance in this con�guration. The use of a current mir-
ror is very advantageous for low-voltage wideband ampli�er compared to a
folded cascode con�guration, since the latter requires an additional VDSsat
for the common gate transistor. This VDSsat reduces the available output
voltage swing, which is not negligible, especially for a low-voltage wideband
ampli�er. The �nite drain-source conductance has a large e�ect on the spec-
i�cations of the CMOS analog integrated circuits [9]. As a result, the smaller
g0 is, the better the open loop spec is. A widely known technique to increase
this g0 is the use of the folded cascode con�gurations. However, the gate
of cascode transistors must be correctly biased so that all transistors are
always in saturation [9]. The saturation voltage VDSsat of a MOS transistor
is assumed to be VDSsat = VGS�Vth. To avoid problems with transistor mis-
matches in the current mirrors, all transistors must work in strong inversion.
Considering the frequency characteristic and output impedance, the current
mirror produces a lower nondominant pole and a lower output impedance as
compared to folded cascode con�guration. Furthermore, reported improve-
ments using feedforward techniques have been based on the folded cascode
con�guration [6, 10]. The improvement of the high-frequency characteristics
and the realization of high-output impedance are key issues in applying the
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current mirrors to a low-voltage wideband ampli�er. However, the unity-
gain frequency of the most of conventional operational ampli�ers is limited
to several megahertz. In order to increase the GBW and the phase mar-
gin of ampli�ers, feedforward technique [6, 11, 12] with frequency-dependent
current mirrors [13] have been used. A classical approach, which increases
the gain of a circuit without a�ecting the frequency characteristics, is the
insertion of cascode stages. This technique is widespread for CMOS ampli-
�ers, since the high output impedance of a cascode driving a MOS gate can
accomplish very high voltage gains. The cascode stages reduce the output
voltage swing by its drain-source voltage. This again demands a high supply
voltage.

In this paper, a CMOS OTA that operates at low supply voltage, uses
an active load with positive feedback [14] for both gain and bandwidth en-
hancements. This increase in the gain and the bandwidth is a direct result
of an increase in the e�ective transconductance of the OTA.

2 Low Voltage Load Compensated Cascode Operational

Transconductance Ampli�er

The feedforward approach on the conventional current mirror does not per-
form eÆciently, because most of the high-frequency (HF) components of an
input current 
ow through the diode connected input transistor, due to its
low-input impedance, whereas a little amount bypasses the current mirror
through a feedforward capacitor [11]. To eÆciently bypass the current mir-
ror for high frequencies, the input impedance of the current mirror should
be large, while this impedance should be small for low frequencies and DC.
Therefore, the frequency- dependent current mirror (FDCM) [13] is required
for e�ective feedforward. Thus, a resistor is connected between the drain
and the gate nodes of the diode-connected transistor, which forms a low
pass �lter with a gate-source capacitance CGS of the input transistor in the
FDCM. This resistor eventually delays the response but also introduces a
zero, which cancels that delay. For low frequencies and DC components, the
input impedance of the FDCM is low, since these components pass through
the low pass �lter. In this case, the FDCM operates as a conventional current
mirror, where these components do not 
ow into the feedforward capacitor,
which is equivalent to an open-circuit. For frequencies higher than the cut-
o� frequency of the low pass �lter, which is "1=RCGS", the input impedance
becomes higher since the drain-gate path is cut by the low pass �lter and
the transistor of the current mirror operates like a current source. In this
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alternate case, the feedforward capacitor behaves like a shortcircuit

Figure 1 shows a low voltage wideband load compensated cascode op-
erational transconductance ampli�er using an active Positive Feedback with
feedforward and the frequency-dependent current mirrors techniques.

Fig. 1. Wideband Load Compensated OTA using Positive Feedback with
feedforward and FDCM techniques.

The transconductance of an MOS transistor is given as follows:

� In weak inversion

gm =
IDS
nVT

(1)

where VT = kT=q, IDS is the drain-source current, VT is the thermal voltage,
k is the Boltzmann's constant, T is the absolute temperature (K), q is the
electron charge and n is the weak inversion slope factor.

� In strong inversion

gm =

r
2k
W

L
IDS =

r
2�Cox

W

L
IDS (2)

where W is the channel width, L is the channel length, k is the transcon-
ductance parameter, � is the mobility of carriers and Cox is the gate oxide
capacitance.

In order to obtain a large GBW, transistors with large transconductance
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are required. Therefore, the bias currents through the input transistors have
to be large.

The high-frequency component of the transistor M7 output current is
fed forward to the output node directly through the feedforward capacitor
Cf1 and bypasses the two simple current mirrors which are formed by the
transistors (M5, M6), (M3, M4), and the transistors (M12, M13), which are
respectively biased by the voltage sources Vn and Vp. The HF component
of the transistor M8 output current is fed forward to the input of another
frequency-dependent current mirror through the feedforward capacitor Cf2,
and is ampli�ed. A realization with NMOS input transistors is preferable
over the one with PMOS input transistors, due to the fact that PMOS input
transistors requires over 30% more supply current compared to a realization
with NMOS input transistors [4].

The high-frequency ampli�ers require a large transconductance to drive
the load capacitance up to high frequencies, and therefore consume a large
amount of power. Thus, it is worthwhile to minimize this power. The tran-
sistors M7, M8, which are in strong inversion, compose the �rst stage of the
ampli�er as well as the diode-connected transistors M2, M6, which are main-
tained in weak inversion. The second stage is formed by the transistors M3,
M4, M12 and M1, M5, M11, M13, which are respectively in strong and weak
inversion. The transistors M9, M10 form the positive feedback transistors.
The voltage gain of the ampli�er is given by

AV = AV 1AV 2 (3)

Where AV 1 and AV 2 are given by the following expressions:

AV 1 =
gm8

gm2

=
gm7

gm6

(4)

AV 2 =
1

2
Z0(gm1 + gm3) (5)

Z0 =
rds11gm11rds1 � rds12gm12rds3
rds11gm11rds1 + rds12gm12rds3

(6)

3 Simulation Results

In this section, we present the HSPICE simulation results. All of the simu-
lations are based on AMS 0.8�m CMOS process [15]. The dimensions of the
transistors are given in the Table 1. All p-channel transistors have their bulks
connected to VDD, and n-channel transistors have their bulks connected to
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VSS . The Table 2 summarizes the simulated characteristics of the ampli�er,
which drives a capacitive load of 1 pF. The ampli�er operates at 2.5 V power
supply voltage with a bias current of 800 �A by means of a simple current
mirror, and giving a power dissipation of 7mW. As illustrated in the table
2, the unity-gain frequency is enhanced from 115 MHz to 194 MHz and the
phase margin is improved from 85Æ to 95Æ. The gain of the designed OTA is
enhanced from 11 dB to 93 dB.

Table 1: Transistors dimensions for the ampli�er of Figure 1

Transistors W (�m) L (�m)

M1 282 1

M2, M5, M6 141 1

M3, M12 168 1

M4 84 1

M7, M8 900 0.9

M9, M10 160 1
M11 382 1
M13 641 1

M14, M15 348 1

The gain and phase response of the ampli�er with and without these
techniques are respectively shown in Figure 2 and Figure 3.

Fig. 2. Gain and Phase responses of the OTA with the techniques.



Low-Voltage, Low-Power and High Gain CMOS OTA ... 99

Fig. 3. Gain and Phase responses of the OTA without the techniques.

The equivalent input and output noise voltages at 100 MHz are given in
the Table 2. It shows that the added resistors and capacitors cause a little
deterioration of the noise performance.

Table 2: Simulated performance characteristics of the ampli�er
for CL = 1 pF.

Ampli�er using Ampli�er
Design techniques without
parameters (R = 5 k
, Cf1 the

= Cf2 = 0:1 pF) techniques

Power supply voltage 2.5 V 2.5 V

Power consumption 7 mW 7 mW

DC voltage gain 93 dB 11 dB

Unity gain frequency 194 MHz 115 MHz

Phase margin 95Æ 85Æ

Output Voltage swing �1.25 V �1.25 V

O�set voltage 5 mV 5 mV

Equivalent input

voltage noise 5.03 nV/
p
Hz 3.32 nV/

p
Hz

(@ 100 MHz)

Equivalent output

voltage noise 28.38 nV/
p
Hz 13.35 nV/

p
Hz

(@100 MHz)
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The DC transfer characteristic of the ampli�er for a capacitive load of
1 pF is shown in Figure 4.

Fig. 4. DC transfer characteristic of the ampli�er for a capacitive load
of 1 pF.

4 Conclusion

In this paper, a 0.8m CMOS low voltage wideband load compensated cascode
operational transconductance ampli�er, using an active positive feedback
with feedforward and frequency-dependent current mirror techniques, has
been presented and analyzed. These techniques have been applied to a 2.5V
wideband ampli�er. The essential pro�t and advantage of these techniques
is that the unity-gain frequency (GBW), phase margin and the gain are
improved, without sacri�cing the other design parameters, such as, power
consumption and output voltage swing. The obtained gain is suÆcient for
practical applications. This approach is eÆcient and viable to increase the
gain, the bandwidth and the phase margin of low voltage CMOS OTAs.
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