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On the Limit of Operational Amplifiers’ Supply Volt age
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Resumo - O trabalho apresentado neste artigo analisa o
impacto da continua reducdo das tensdes de alimegé® e de
threshold dos transistores MOSFET nos circuitos anagficos.
O estudo incide sobre o amplificador operacional, lbco
principal dos sistemas analogicos, e procura estimgual sera
o valor minimo admissivel da sua tenséo de alimemg@o. Para
ultrapassar o facto de ainda n&o existirem tecnold@s
comerciais optimizadas para 0.5 V, utilizando simadores de
processo e de dispositivos, foi desenvolvida umactelogia
“virtual” que cumpre essa meta. Com base nesta teoiogia é
apresentado um amplificador operacional rail-to-ral que,
segundo os resultados das simulagBes, tem um desenip
similar ao que hoje pode ser obtido (para a mesmaofencia
consumida).

Abstract - Power-supply and threshold voltages are getting
smaller at every technology node. The impact of this
reduction in the main building block of analog ciraiits, the
operational amplifier, is studied. In order to devdop a
technology which is not yet available, extensive Terology
CAD (TCAD) simulations are performed. After process
optimization based upon digital circuit objectives, the
resulting transistor models are used to build a rdito-rail
(both at input and output) operational amplifier that can
operate from a supply voltage as low as 0.5 V. Theesults
suggest that the amplifier's performance is similarto what
we can obtain today at much higher supply voltagefor the
same power consumption).

[. INTRODUCTION
Today's standard voltages for powering portable

equipment span from 1.2 V (one NiMH cell voltage) t
3.6 V (one Lithium-chemistry based battery cellh&keas

be competitive, namely in the above mentioned
bionics [2]. Therefore designing the ultimate low
voltage/low-power consumption operational amplifigre
main building block of analog systems, is a critisaue in
this area (and surely in many others). This papdresses
the impact of the foreseeable power-supply voltage
reduction in the performance of operational amgigfi It

is organized as follows: the evolution of the CMOS
technology is discussed in section Il; the simaolati
methodology is explained in section Ill; the arfipli
circuit is presented is section IV; and finally tlesults are
shown in section V, where some conclusions are mraw
and future working directions are put forward.

II. TECHNOLOGYTRENDS

There are several reasons for the continuous supply
voltage reduction that started in the early 90’snolg
others, it was the absolute necessity of diminighine
dissipated power to limit the integrated circuits’
temperature and to guarantee the reliability ofiakes:
The latter reason more than being a consequentieeof
first one, results from the thinner oxide thickndhat
comes along with technology scaling. Indeed, th&lex
thickness is a cause for one of the most challenigsues

the next technology nodes has to cope with: a sharp
increase in the transistor's leakage current. Hiekhess

is reduced in order to control the Short-Channdédi$
(SFE), but as a side effect, it imposes a highde ga
leakage current [3]. Other leakage sources of €uhnd
transistors are the subthreshold current of an OFF
transistor between source and drain, the reveese-bi
source/drain junction leakages, the Gate InducedinDr
Leakage (GIDL) and punchthrough [4]. The sum eftect

almost all portable equipment takes advantage fromall these leakage currents, even with the intradocof

advances in the continuous voltage/power reductbn
integrated circuits, there are applications thahaed the
ultimate energy efficiency. Among others, bioelentc

new high dielectric (the so called high-K) matesjahetal
electrodes, channel optimization (halo implantation
retrogade wells) and other techniques, is expdotedach

devices implanted in the human body (bionics) and an unacceptable level, which will ultimately meae £nd

equipment to be powered from a single solar-ceitfot
voltage is about 0.5V [1]) require operating vg#a
lower than the current state of the art.

The driving force for voltage/power reduction iseth
continuous search for higher
efficiency of digital CMOS circuits. But although is a
common place to say the world is getting more aodem
digital, there are applications where analog isvimg to

of the conventional bulk CMOS technology [5].

According to the 2005 International Technology
Roadmap for Semiconductors (ITRS) [6] conventional
bulk CMOS technology will phase off in 2013-2014rtge

performance/power replaced by Ultra-Thin-Body Full Depleted (UTB-FD)

and Double-Gate (DG) technologies. But the same
document predicts that until that date the conoeati
bulk CMOS will continuously be updated namely imts
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Fig. 1 - Supply-voltage and threshold voltage drgsi.

of power-supply and threshold voltages (Fig. 1)tidéo
that it shows data for both high performance lagid low
standby power applications (as obtained from [6]).

Most of the studied impact of these changes isaélto
digital high performance circuits (e.g., [7]) arab$ effort
is put into analog circuits. This paper addresdes t
possible performance of operational amplifiers vimgkat
ultra low voltage power supplies implemented in rnea
future technologies. This is achieved by designarg
operational amplifier capable of working properlithwa
power-supply voltage as low as 0.5 V.

Extensive Technology CAD (TCAD) simulations were
used to create such a technology: process simulatio
build the transistors, device simulation to extréuogir
electrical parameters and finally a circuit simafatio get
benchmark results. Notwithstanding the
weaknesses of this methodology, it still can preseful in
giving leads to what can be expected to happerfiruae
not too far!

I1l. SMULATION METHODOLOGY

Reference [6] predicts a power-supply and threshold

voltages for high performance logic of about 0.%Nd
160 mV, respectively (in the later years). The ¢ted
technology should have about the same values dhen
digital circuits are the main driving force in VLSI
evolution and not to be optimized for analog citgui

However, analog transistors do not need to have the 0

shortest channel length possible. This is the reagoy
the transistors used in this work have % channel
length. Using larger transistors also makes thecqs®
simulation task easier as patterns, by being macdhet
than the minimum feature sizes, minimize possilbtegss
simulator inaccuracies.

These simulators lay typically in TCAD frameworksda
are capable of simulating the flow of single praceteps

to produce complete CMOS devices. Examples of TCAD

frameworks come from both universities [8,9] and
Electronic Design Automation (EDA) companies [1Q,11
In this work the implemented technology used adgdnc
features to control Short-Channel Effects, namaln-t
tubes, halo implants, salicided gate-poly and tienc
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Fig. 2 - Profile of the net-doping after threshold adjusttieplants
(the simulation grid is also presented).

isolation. Fig. 2 displays the net-profile of a Nld@nd a
PMOS transistor that are aligned along the x-afiera
applying the threshold adjustment implants. The
simulators are also capable of calculating anadirgdi the
simulation grid, which is also present in the figuA
complete description of the process steps involaethe
development of the final devices is beyond the scop
this paper. However a good description of the sdver
process steps can be found in [12].

After process simulation the electrical parametars
obtained from device simulators. Several hundred
simulations with MINIMOS [9] for many different béa

inherent conditions were performed to generate tables witiind

current and terminal charges (see Fig. 3).
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Fig. 3 - Top: drain current vs. drain-source vaoitgat different \);
bottom: terminal charges vs. gate voltage.
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TABLE I.
MOSTIMPORTANT TRANSISTORPARAMETERS (L= 0.5um).
NMOS PMOS
VDD 05V 05V
Vthreshold 0.25V 0.25V
lon 17pA 26 YA
loff 2.8 nA 1nA

Bearing in mind the surmise that digital circuite dhe
main driving force of CMOS, the process was optadiz
primarily to give the highest lon/loff current ratiOther
optimization objectives were equal threshold vatagnd
equal lon currents for NMOS and PMOS transistoss, a
they are important to achieve the fastest switclsipged.
The device parameters obtained for 5 transistors are
summarized in Table I.

Although symmetric threshold voltages were achieved
the equal drain currents objective was not. Needets
this is not a significant obstacle since large clehfength
(0.5um) transistors would not be used in logic circuits.
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Fig. 4 - Rail-to-rail input stage.

is the drain-source saturation voltage). Howevetoin
power technologies the concept of threshold voliaget
so precise. Indeed, in weak inversion transistorshased

Another consequence of large channel length is theat very low drain currents and saying that suchsisdor is

increased threshold voltage. This is also acceptablit

on or off is not straightforward! Weak inversiortle key

causes lower power consumption due to reducedig reduce the supply voltage; for a drain currdrit pA or

subthreshold leakage currents.

The operational amplifier circuit described in thext
section was simulated with a table-driven circiitidator
that used data obtained from the device simuldtbese
data could also be used by parameter extractids foo
simulators that implement BSIM or EKV models. A 3D
model of the interconnections was build to extract
parasitic capacitances and wire resistances whiere w
added to the circuit’s netlist to precisely obthandwidth
and stability results.

IV. CIRCUIT DESCRIPTION

This work aims for the design of an operational Efiep
capable of working with power-supply voltage of yonl
0.5V without using any special circuit techniques:
e.g. in-chip voltage multiplication [13], floatimgate
techniques [14] and threshold voltage tuning [2&]such
supply-voltage dynamic range is a principal concand
the use of rail to rail input and output stagemadatory.

For ultra-low-power applications, the output shoualat
by definition be too loaded, and therefore the trgtage
turns out to be the most difficult to design. Alikaown
technique to achieve rail-to-rail operation is tage two
complementary differential pairs in parallel (sag.H).
When the input common voltage approaches the negati
rail, the PMOS transistors will be convenientlydsd and
the NMOS will be off. A complementary behavior is
obtained when the input common mode voltage is
approaching the positive rail. In the middle both
differential pairs will be active and will contriteito the
overall gain of the stage.

For typical circuits in strong inversion a powepply
voltage VDD-VSS greater thad®Vy, + 2Vpgy IS Necessary
to proper operationv, is the threshold voltage antsx

less and a transistor width of léh the gate-source
voltage is smaller than they\feported in Table I.

A known problem of fixed biased complementary input
stages is the change of the transconductance as the
common mode input voltage varies, reaching a maximu
when both pairs are active. However in weak inegrsi
this problem can easily be overcome by keepingstira
of the tail currents constant (as the transcondgetas
proportional to the drain current).

For low-voltage circuits it is also important to oé
transistor stacking such as that found in cascode
configurations. The circuit of Fig. 5 is also whk#llanced,
an attractive feature to low-voltage operation (vehgood
current mirrors are not available) even if the eantr
consumption is slightly higher (there is one exiranch
(transistors M106 and M107) wasting current (in
comparison to a 2-stage Miller transconductor)islto
notice the possibility of connecting together thepots of
two of these circuits (one with a NMOS input antest
with  a PMOS input) effectively adding their
transconductances. This can be seen in Fig. 6eiptiag
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Fig. 5 - Balanced transconductor
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Fig. 6 - Complete schematic of the low-voltage,-loower operational amplifier.

Fig. 7 — 3D model of the operational ampilifier.

the complete schematic of the proposed operationalffirst stage it turned out that the input transcardoce
amplifier. The constant total bias current functien changest5% with the input common mode voltage. This
performed by M401 and mirror M402-M403. value is quite good and was confirmed with several
Fig. 6 also shows that the output stage is a simpletransient simulations (like in Fig. 8) for all theput range
inverter. This solution is simple, it is rail-toilrand boosts  that displayed similar overshoot/undershoot. Theeeethe
the overall gain to more than 60 dB. The most s&rio

disadvantage is the dependence on the drain cuofent 0.5
M501 and M502 with the supply voltage. But for
VDD-VSS less than 0.7 V this is not too much a feob 04| R

To check the frequency response and stability prab)
the 3D model of the opamp interconnections wasdbuil
(fig. 7). After parasitics’ extraction, it turnedubthat a

10 pF capacitor connected between the output gnd of
the output stage (named Cc in fig. 6) was needed to
perform the frequency compensation. For highergdic

can obviously be reduced.

Node voltage (v)
o e
N w
77/

V. RESULTS ANDCONCLUSIONS

0 1e—‘06 2e-06
Results presented here are obtained from circuit Time (s)

simulation of the circuit shown in Fig. 6. Regaglithe Fig. 8 - Transient response to a step (gain= k4d€5 pF)
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TABLE Il
MOSTIMPORTANT OPAMP DATA (Cioap= 5 PF).
Parameter Value
Power-supply voltage 05V
Input and output swing Rail-to-rail
Low frequency gain 64 dB
Unity-gain frequency 5 MHz
Slew-rate 0.9 Vius
Total power comsumption | 15uwW
Area 0.094 mm2

frequency stability is not changing with the ingommon
mode voltage.

The simulations also demonstrated proper performanc
of the operational amplifier for supply voltagesgtner
than 0.5 V. But above 0.7 V the bias current indhgout

(8]
(9]
[10]
[11]
[12]

[13]

transistors starts to increase, degrading the powerl4]

efficiency of the amplifier; this could be solvedthva
more complex output stage. The gain also changestab

10% with VDD ranging from 0.5V to 0.7V, but an
obtained minimum value of 64 dB is already enough f
the majority of applications.

Table Il resumes the most important results of the
operational amplifier. It is to remark that theveleate is
strongly dependant of the bias current and thegefan be
traded with a power consumption penalty. Howevés th
trade is strongly limited in this design as thepuit
transistors should always stay in weak inversion.

These results presage good possibilities as reghals
feasibility of designing ultra-low-voltage operatad
amplifiers in deep sub-micron technologies. To clatep
this work and be able to extend its forecast cdpiabi
further in time, a similar study is required for B-FD
and Dual Gate technologies.
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