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Abstract—This paper presents a simple circuit technique to
reduce gain variability with PVT variations in cascode amplifiers
using a body-biasing scheme, while enhancing the overall gain of
the amplifier. Simulation results of a standard telescopic-cascode
amplifier, in two different nanoscale CMOS technologies (130 nm
and 65 nm) show that the proposed compensated circuit
amplifier exhibits a (DC) gain variability smaller (below = 0.5
dB) than the original (uncompensated) circuit, while reaching a
gain enhancement of about 3 dB. The required auxiliary biasing
circuit dissipates around 5% of the main amplifier circuit.

Index Terms—amplifier, body-biasing, cascode, CMOS analog
circuits, PVT compensation

I. INTRODUCTION

OS devices are scaled down to increase speed and
reduce area. However, this leads to short channel
effects, which reduce the intrinsic gain. Therefore, high gain
OpAmps are harder to design and cascode techniques are more
difficult to employ [1], due to the supply reduction.
In analog CMOS circuit design, the transistor is
preferentially used in saturation. The intrinsic gain of a MOS
transistor is given by

Avi = gm/gds (1)

where g,, is the transconductance and ggs is the output
conductance.

For a MOS device in saturation, assuming an approximate
square law for the drain current, the transconductance is

gm = UCox(W/L)(Vgs — Vo)? 2

where  is the carrier mobility, Cgy is the oxide capacitance
per unit of area, W and L are the width and length of the
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transistor, V; is the threshold voltage, and Vgg is the biasing
gate source voltage. With a short channel, if Vpg increases V;
decreases, thus increasing the drain current. This gives rise to
an increase of ggqs. Thus, despite the increase of
transconductance with scaling, the intrinsic gain is reduced
[1]. This is illustrated in Table 1.

TABLE L
IBM DIGITAL CMOS TECHNOLOGY [2]
Node nm 250 180 130 90 65
L nm 180 130 92 63 43
Vbp \Y 2.5 1.8 1.5 1.2 1

Vin \Y 0.44 0.43 0.34 0.36 0.24
gm (peak) puS/um 335 500 720 1060 1400
s puS/um 22 40 65 100 230

8m/8ds - 15.2 12.5 11.1 10.6 6.1

The temperature variation leads to a decrease in both the
carrier mobility and the threshold voltage. In regards to the
latter, it may decrease from 2 mV up to 4 mV for every 1° C
rise [3]. As seen in (2), both these factors will have a direct
effect on the transconductance of a transistor.

Also, process corners refer to the variation of fabrication
parameters used in applying an integrated circuit design to a
wafer. If a circuit running on devices fabricated at these
process corners does not function as desired, the design is
considered to have inadequate design margin.

Operational and transconductance amplifiers are, most
probably, the most active building-block in analog and mixed-
signal integrated circuits used in wireless and wire line
communication systems. The work presented in this paper can
provide improved energy efficient circuit amplifier
architectures, robust to temperature and supply variations.
This ensures that a circuit manufactured to work, will perform
as expected, regardless of the environment conditions.

In this paper we present a circuit technique to reduce gain
variability with temperature, supply and process variations in
cascode amplifiers using a body-biasing circuitry and at the
same time increase the overall amplifier gain by about 3 dB.

In section II we will describe the traditional cascode
amplifier. In section III we present the PTAT body-biasing
circuit, which is used to bias the cascode amplifier. In section
IV we present the simulation results and finally in section V
we draw the conclusions.
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II. CASCODE AMPLIFIERS

A single-stage operational transconductance amplifier
(OTA) has usually a cascode configuration [4].

We consider a traditional cascode amplifier, shown in
Fig. 1. The gain of this circuit is given by

Ay = g1 [ ()] IR 3)

where Ry is the resistance of the biasing current source, whose
value is 100 pA and 150 pA for 65 nm and 130 nm
technology, respectively. The positive supply voltage is 1.2 V.

Fig. 2 shows the variations g, g4s and the intrinsic gain of
transistor M, (g,/8qs) for 65 nm and 130 nm.
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Figure 1. Cascode Amplifier. All transistor sizes (W/L) are in pum. Sizes
without brackets are for a 65 nm technology and those within brackets are for
a 0.13 um one.
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Figure 2. Parameter variation with temperature for both node technol ogies.

III. PROPOSED SOLUTION

The proportional-to-absolute-temperature (PTAT) -circuit
used in this paper is shown in Fig. 3. This is the “constant
transconductance” bias circuit, proposed in [4], [5].

We investigate the variation with temperature of the
voltages Va, Vg, and V¢, when all the transistors are matched
and R; =2 kQ.
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Figure 3. Constant Transconductance Bias. All transistor sizes (W/L) are in
um. Sizes without brackets are for a 65 nm technology and those within
brackets are for a 0.13 pm one. The supply voltage is of 1.2 V.

The variation of V4 is deemed irrelevant, since it varies less
than 5 mV for the temperature range (-40 °C to +85 °C). For
both technology nodes, Vi decreases with temperature while
V¢ increases, as shown in Fig. 4.

550***********************7****‘*****:
500!;-__ﬁ_i;;;;; |
= 450 - — — — — — ——— — — — ,—,-,-,—;::jt-,-_‘-----‘-' ‘
E —==-V_ @ 65nm
400------"-"-"-"-"-"-"—-"—"—-"—-"—-"—-"—-——-— B
850 == mimi S LoD =r=u= Vg @ 130 NM
300 T me——— e ———— -t |
-40 20 0 20 40 60 80 100
Temperature (°C)
720 7777\777777777V77777\77777__i_lf—fiiif
710 7777\777747777pff_7_7_\_.¢-7-J1'7777p7774
! Y L
T I R e
B L0 e et i Bl Sl i
Eego B i G mmEe -
¢ e B e
660 i_‘1+7_::717'7777:77777:777 Ve @ 65nm
650~ — - —i- - - -t - - - - | ==V @ 130 nM
1 1 1 1
-40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 4. Voltage variation at the gate of M, and M; (for both node
technologies).

The cascode amplifier (Fig. 1) with body-biasing by the
circuit of Fig. 3 is shown in Fig. 5. The Iz current source is
replaced with a current mirror, and every biasing voltage
source is replaced with a MOSFET in diode configuration.

In section II we have plotted the variations of g, and g4s in
65 nm and 130 nm. The main objective is to choose one of
these voltage variations and apply it to the bulk of the M,
transistor of the cascode circuit, biasing it in order to reduce
the variability of the intrinsic gain, thus narrowing the
variability of the overall gain, and increase the total gain of the
circuit. The voltage Vy is used, since it decreases with
temperature (for either technology), as seen in Fig. 4. If it is
applied to the bulk of the M;s transistor, it reduces the
amplifier gain variability.

After replacing the current source with the current mirror,
the MOSFETS that compose it also needed to have a
temperature-independent behavior. Thus, the bulk of Mj;
should be connected to a symmetrical voltage to that applied
to the bulk of M,. In order to do so, a mirrored version of the
“constant transconductance” bias circuit was designed. The
bulk of the M, is directly connected to Vpp, thus avoiding the
body-effect on this transistor.
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Figure 5. Telescopic-cascode with body-biasing circuitry. All transistor sizes (W/L) are in pm. Sizes without brackets are for a 65 nm technology and those

within brackets are for a 0.13 um one.

Figs. 6 and 7 present the variations of the transconductances
transistors,

of the My, when using body-biasing

compensation.
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As it can be seen, the intrinsic gain of the M, transistor has
a lower variation than that obtained when no body-biasing
technique is used (Fig. 2), for both node technologies.
Furthermore, the g4 of the M; transistor also reduces its value
while g,,, increases, thus boosting the gain.

IV. SIMULATIONS AND RESULTS

All simulations are performed using BSIM3v3 models for
standard logic 65 nm and 130 nm CMOS technology. A
supply voltage of 1.2 V is used and and the process variations
considered are slow-slow (ss), typical-typical (tt) and fast-fast
(ff'). The temperature range is from -40 to +85 °C.

In Fig 8, the gain of the circuit is plotted, for both
technology nodes, with and without body-biasing technique.
For both technology nodes the gain variability is lower when
using the body-biasing circuitry. Furthermore, there is an
enhancing of the gain by about 3 dB, as expected, as it was
explained in section III. Therefore, lower gain variability can
be achieved without degrading the overall gain of the amplifier.

With regard to supply variation, Fig. 9 shows that with a
variation of + 5% (1.14 V to 1.26 V) of the supply voltage, the
body-biasing circuitry leads to a lower variability for the gain
(below 1 dB). Some traces can be superimposed.
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Figure 8. Overall gain variability with temperature for both technologies
node (with and without body-biasing technique). [6]
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Effect of Supply Variation @ 65 nm (1.14 - 1.26 V)
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Figure 9. Overall gain variability with temperature & supply variation for
both technologies node (with and without body-biasing technique). [6]

Concerning process variation, Figs. 10 and 11 show that for
the processes considered (ss, tt and ff), there is always an
enhancement of the gain by about 3 dB. For most of the cases,
the (DC) gain variability is below + 0.5 dB (except for process
ff, at 130 nm node technology, where the variability is higher
than that without body-biasing).

This body-biasing circuitry requires only an extra current
consumption of about 5% to 7% (for both technologies) of the
total current consumption of the amplifier. This results in low
power consumption, for both node technologies, froma 1.2 V

supply.

V. CONCLUSIONS

This paper presented a simple circuit technique to reduce
gain variability with temperature, supply, and process
variations in cascode amplifiers using a body-biasing scheme,
and at the same time, enhance the overall gain of the amplifier.

Simulation results of a standard telescopic-cascode
amplifier, in two different nanoscale CMOS technologies (130
nm and 65 nm) have shown that it is possible to obtain
process-supply-and-temperature-compensation.

The simulated DC gain has low variability (below + 0.5 dB)
while it is enhanced by 3 dB, over all PVT corners. This
shows that higher gain can be obtained while also achieving
lower gain variability.

REFERENCES

[1] J.P. Oliveira, J. Goes, Parametric Analog Signal Amplification Applied
to Nanoscale CMOS Technologies, 2012™ ed. Springer, 2012.

[2] Pekarik, J.; Greenberg, D.; Jagannathan, B.; Groves, R.; Jones, J.R;
Singh, R.; Chinthakindi, A.; Wang, X.; Breitwisch, M.; Coolbaugh, D.;
Cottrell, P.; Florkey, J.; Freeman, G.; Krishnasamy, R.; , "RF CMOS
technology from 0.25um to 65nm: the state of the art," Proc. of the
IEEE Custom Integrated Circuits Conf., pp. 217- 224, Oct. 2004.

[3] N.H.E. Weste e K. Eshraghian, Principles of CMOS VLSI Design, 2nd
ed. Addison Wesley, 1994.

[4] T.C. Carusone, D. A. Johns, K. W. Martin, Analog Integrated Circuit
Design, 2nd ed. Wiley, 2011.

Effect of Process Variations (ss)

586k - —-—-—-—-—-—-"—-"——-——-——-"—————-————— = Process ss with Body-Biasing
===== Process ss without Body-Biasing

Temperature (°C)
Effect of Process Variations (tt;

Temperature (°C)
Effect of Process Variations (ff)

Temperature (°C)

Figure 10. Overall gain variability with temperature & process variation for
65 nm (with and without body-biasing). [7]

Effect of Process Variations (ss) @ 130 nm

Temperature (°C)
Effect of Process Variations (tt) @ 130 nm

,,,,,,,,,,, = Process tt with Body-Biasing

L - - — — — — — — | === Process tt without Body-Biasing
et ————————E= mpmtmTEEIS e |
777777777777 |
I |

50 100

Temperature (°C)
Effect of Process Variations (ff) @ 130 nm

Process ff with Body-Biasing
Process ff without Body-Biasing

Temperature (°C)

Figure 11. Overall gain variability with temperature & process variation for
130 nm (with and without body-biasing). [7]

[5] B. Razavi, Design of Analog CMOS Integrated Circuits, 1st ed.
McGraw-Hill Science/Engineering/Math, 2000.

[6] N. Pereira, L.B. Oliveira, J. Goes, and J. Oliveira, “Cascode amplifiers
with low-gain variability using body-biasing temperature and supply
compensation”, in Mixed Design of Integrated Circuits and Systems
(MIXDES), 2013 Proceedings of the 20th International Conference,
2013, pp 209-212.

[7] N. Pereira, L.B. Oliveira, and J. Goes, “Design of Cascode-Based
Transconductance Amplifiers with Low-Gain PV T Variability and Gain
Enhancement Using a Body-Biasing Technique”, in Technological
Innovation for the Internet of Things, L. M. Camarinha-Matos, S.
Tomic, and P. Graga, Eds Springer Berlin Heidelberg, 2013, pp 590—
599.



102 PEREIRA et al.: CASCODE AMPLIFIERS WITH LOW-GAIN VARIABILITY AND GAIN ENHANCEMENT USING A BODY-BIASING ...

Nuno Pereira was born in Lisbon, Portugal, in 1989.
He received the M.Sc. degree in electrical engineering
from the Faculdade de Ciéncias e Tecnologia of the
Universidade Nova de Lisboa (FCT/UNL), Lisbon,
Portugal, in 2013. His research interests are in the
areas of the design of analog CMOS circuits for RF
systems and data converters.

Luis B. Oliveira (S’02-M’07) was born in Lisbon,
Portugal, in 1979. He graduated in electrical and
computer engineering and obtained the Ph.D. degree
from Instituto Superior Técnico (IST), Technical
University of Lisbon, in 2002 and 2007, respectively.
Since 2001 he has been a member of the Analog and
Mixed-Signal Circuits Group at INESC-ID. Although
his research work has been done mainly at INESC-ID,
he has had intense collaboration with TUDelft, in The
Netherlands, and University of Alberta, in Canada. In
2007, he joined the teaching staff of the Department
of Electrical Engineering of Faculdade de Ciéncias e Tecnologia,
Universidade Nova de Lisboa, and is currently a researcher at CTS-
UNINOVA. His current research interests are on RF oscillators, PLLs, LNAs,
Mixers, and other building blocks for RF integrated transceivers.

Prof. Oliveira has several publications in international journals and leading
conferences and he is the first author of “Analysis and Design of Quadrature
Oscillators” (Springer, 2008).

Jodo Goes (S’95-M’00-SM’09) was born in
Vidigueira, Portugal, in 1969. He graduated from
Instituto Superior Técnico (IST), Lisbon, in 1992. He
obtained the M.Sc. and the Ph.D. degrees,
respectively, in 1996 and 2000, from the Technical
University of Lisbon and the ‘Agrega¢do’ in 2012
from Universidade Nova de Lisboa (UNL). He has
been with the Department of Electrical Engineering
(DEE) of the Faculty of Sciences and Technology
(FCT) of UNL, since April 1998 where he is
currently an Associate Professor. Since June 2012 he
has been heading the Department. Since 1998 he has been a Senior Researcher
at the Center for Technology and Systems (CTS) at UNINOVA.

In 2003 he co-founded and served as the CTO of ACACIA Semiconductor, a
Portuguese engineering company specialized in high-performance data
converter and analog front-end products (acquired by Silicon and Software
Systems, S3, in Oct. 2007). Since Nov. 2007 he does part-time consultancy
work for S3. From March 1997 until March 1998 he was Project Manager at
Chipidea S.A. From December 1993 to February 1997 he was a Senior
Researcher at Integrated Circuits and Systems Group (GCSI) at IST doing
research on data converters and analog filters. Since 1992 he has participated
and led several National and European projects in science, technology, and
training. His scientific interests are in the areas of low-power and low-voltage
analog integrated circuits and data converters.

Prof. Goes has supervised 7 Ph.D. and 14 M.Sc. theses, and he has published
over 100 papers in international IEEE Journals and leading Conferences, and
he is co-author of 5 books.

Jodao P. Oliveira (S°95-M’97) was born in Paris,
France, in 1969. He graduated in 1992 at Instituto
Superior Técnico (IST) of the Technical University of
Lisbon, where he also has received the M. Sc. degree
in Electrical Engineering and Computer Science in
1996. He obtained the Ph. D. degree, in 2010, from
the Universidade Nova de Lisboa (UNL). He has been
with Department of Electrical Engineering of the
Faculty of Sciences and Technology (FCT) of UNL
as an Assistant Professor of microelectronics since
2003. Since 2004 he has been a Senior Researcher of
the Centre for Technology and Systems (CTS) at UNINOVA. Since 2003 he
has been a co-founder of MOBBIT Systems SA, a specialized system design
Portuguese engineering company. From 1996 to 2003 he worked at the
telecommunications industry in the area of 2G and 3G radio terminal
equipment and switched packet data. Between 1992 and 1996, he was a
Research Engineer at the Integrated Circuits and Systems Group (CGSI) at
IST where he developed his work in the area of switched current-mode ADC
and filters. His current research interests include, ultra-wideband radio,
wireless sensor systems and mixed-signal integrated CMOS circuit design in
digital technologies, namely, by using MOS parametric-based signal
processing.



