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Ultra-Low-Voltage Operation of
CMOS Analog Circuits: Amplifiers,
Oscillators, and Rectifiers

C. Galup-Montoro, Member, IEEE, M. C. Schneider, Member, IEEE, and M. B. Machado, Student Member, IEEE

Abstract—This letter presents MOS analog circuits that can
operate with very low supply voltages. Operation of the MOS
transistor in the triode region is emphasized owing to the limited
voltages available. Special attention has been given to the proper-
ties of the zero-VT transistor due to its high drive capability at low
voltages. Simulation and measurement results for a Colpitts oscil-
lator prototype set up around a zero-VT MOSFET demonstrated
that the oscillator operates with supply voltages lower than the
thermal voltage kT'/q. Finally, ultra-low-voltage rectifiers using
diodes or diode-connected MOSFETSs operating in weak inversion
are analyzed.

Index Terms—Colpitts oscillator, energy harvesting, MOSFET
analog circuits, rectifier circuit, ultra-low-voltage circuits, zero-VT
transistor.

I. INTRODUCTION

S STATED by Prof. J. Rabaey, ultra-low-power circuit

design is synonymous with ultra-low-voltage (ULV) cir-
cuit design [1]. The need for portable and greener computing
is at the origin of ULV digital circuits operating with supply
voltages in the range of 100400 mV (see, for example, [2]
and references therein). There is still room for further sup-
ply voltage reductions since the fundamental supply voltage
limit for the proper operation of a CMOS inverter is 2 (In2)
(kT/q) = 36 mV for MOS devices with a subthreshold slope of
60 mV/decade [3]. For analog circuits, the minimum practical
supply voltage has generally been considered to be higher than
the minimum necessary for the operation of digital circuits [4],
but rectifiers and voltage multipliers have appeared recently
as an exception to this rule. In effect, recent studies [5], [6]
motivated by energy harvesting show that rectifiers and voltage
multipliers can operate efficiently even with input voltages
below the thermal voltage k7'/q.

The specificity of ULV circuits, powered by supply voltages
of, for instance, below 100 mV, is related to the fact that there
is not enough voltage headroom to operate MOS transistors in
saturation. For this reason, we will review MOSFET modeling
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in the triode region in Section II. In Section III, we summarize
the operation of the ideal common-source and common-gate
amplifiers operating in the triode region and in weak inversion
(WI), which is the most appropriate inversion level for efficient
ULV operation.

The choice of appropriate technology is of paramount im-
portance for ULV circuits. Enhancement-mode devices, such
as MOS transistors with threshold voltage in the range of
0.3-0.5 V, operate with very low current density for supply volt-
ages below 100 mV and thus are of very limited practical utility.
On the other hand, depletion-mode devices, such as MOSFETSs
or JFETSs, can supply relatively high-current densities for low
supply voltages, but they present two drawbacks: they are nei-
ther available in conventional technologies nor provide enough
voltage gain for low voltages. In between enhanced and deple-
tion devices, MOS transistors with zero or near-zero threshold
voltage are particularly suitable for ULV circuits due to their
current drive capability and sufficient voltage gain at very low
supply voltages. Section IV summarizes the characteristics of
zero-VT MOSFETs.

In Section V, we show that analog circuits, such as oscilla-
tors built around zero-VT MOSFETs, can operate with supply
voltages below kT'/q, a result previously reported in [7].

For ULV design, it is mandatory to use the correct physical
parameter of the devices. For a diode, for example, the satura-
tion current /s is the appropriate physical parameter and not the
threshold voltage, which is meaningless for ULV circuit design.
In Section VI, we summarize ULV operation of rectifiers imple-
mented with diodes or diode-connected MOSFETSs operating
in WL

II. MOSFET MODELING FOR ULV OPERATION

WI (or close to WI) is very attractive for ULV circuits
since the transistor voltage gain is maximum for the available
bias voltage. In WI, conservation of the purely diffusive drain
current along the channel [8], [9] leads to

W ve-v _Vs _Yp
Ip :unCém(thelfe C;‘“NT (e <f>f —e 45) @))

where Vg, Vg, and Vp are the gate, source, and drain voltages
referred to the bulk, respectively; y is the mobility; C! . is the
oxide capacitance per unit area; n is the slope factor; W/L is
the aspect ratio; and ¢, = kT'/q is the thermal voltage where k
is the Boltzmann constant, ¢ is the elementary charge, and 7" is
the absolute temperature.

ULV analog design needs the careful calculation of the
source (gms), drain (gm,q), and gate (g,,) transconductances,
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Fig. 1. Ideal common-gate and common-source amplifiers. I is an ideal
current source.

which can be readily calculated from (1) as

ol Vg -V —V,
Ims = — 78‘/1; = /"LnC(I)x(btelfe C?md)tT e q>tS (2)
ol Vg-Vp —Vp
Imd = ﬁ = :uncém(btelfe Ci]'d)t . € d)tD . (3)

Neglecting the variation of n with V, the combination of
(1)-(3) yields

8ID _ 9Ims — Gmd

Vg n @

Im =
Equation (4) represents the two essential features of the
MOSFET operating in the triode region: 1) The channel is
represented by two anti-parallel current sources controlled by
the source and drain voltages and 2) A gate voltage varia-
tion appears in the channel attenuated by n, which models
the capacitive divider constituted by the oxide and depletion
capacitances.

III. IDEAL COMMON-GATE AND
COMMON-SOURCE AMPLIFIERS

Using the model of the previous section for the MOSFET
operating in WI in the triode region, the voltage gains of the
common-gate and common-source topologies shown in Fig. 1
are, respectively

%
Apeg = =2 = T8 — "8 5)
4 9md
1 \s
Av,cs: Yo :gim:*<€q’£"s *1). (6)
i 9md n

For the common-source amplifier, the voltage gain equals
unity for Vpgs = (kT/q) - In(1 + n). Regenerative logic cir-
cuits require a voltage gain of at least unity for their proper
operation. Therefore, in the case of the “symmetric” CMOS
inverter, the minimum supply voltage Vpp =2 (kT/q) -
In(1 +n) deduced in [3] can be directly derived from (6).
For ideal MOSFETs (i.e., with zero depletion capacitance,
n = 1) Vbpmin = 36 mV at room temperature.

On the other hand, the common-gate amplifier provides a
voltage gain of greater than unity for Vpg > 0. As will be seen
later in this paper, this property of the common-gate amplifier
is very useful for lowering the supply voltage limit for the
operation of oscillators.

Av,cg=1.56 Av,cg=26
Av,cs =0.53 Av,cs =1.55 _’_9._———-'—‘—“'
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Fig. 2. Ip x Vps(Vs = Vp) characteristics for a zero-VT transistor with
W/L = 2500 pm/420 nm. The values of the common-gate and common-
source gains are 1.56 and 0.53, respectively, for Vgg =0 V and Vpg =
25 mV.
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Fig. 3. First-order approximation of the intrinsic cutoff frequency of the

zero-VT (W/L = 3 pm/0.42 mum), low-VT (W/L = 0.84 pm/0.12 pm),
and standard transistors (W/L = 0.84 pm/0.12 pm) of a 0.13 pm CMOS
technology. The transconductance g, was simulated for Vg = Vp = 0 and
Vp = VG =Vbbp.

IV. ZERO-VT MOSFETS

MOS transistors with zero or near-zero threshold voltage
are particularly suitable for ULV circuits due to their current
drive capability and sufficient voltage gain at very low supply
voltages, as shown in Fig. 2.

In order to compare the usefulness of MOS transistors in
relation to the available supply voltage, we can use the ratio
of the drain current to the transistor gate area as a figure of
merit or, equivalently, the transconductance-to-gate capacitance
ratio g,,/C,, which is proportional to the unit gain or cutoff
frequency fr of the device. Fig. 3 shows the value of fr for
zero-V'T, low-VT, and standard transistors in terms of the sup-
ply voltage for minimum-channel-length devices of a 0.13 um
CMOS technology. Nominal threshold voltages are 5, 245, and
340 mV, respectively. Current densities Ip/W for the three
types of transistors with Vgs = Vpg =50 mV are around
300 nA/pm, 980 pA/pum, and 140 pA/pm, respectively.
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Fig. 4. Schematic of the ES Colpitts oscillator and its simplified small-signal
model.

The graphs for the first-order approximation of the intrinsic
cutoff frequency in Fig. 3 clearly show the advantage of the
zero-VT transistor over the low-VT and standard transistors for
low supply voltages in applications where high-current drive
capability and/or high-frequency operation is a must. Note that
for supply voltages below 50 mV, the zero-VT transistor is
faster than the low-VT transistor by two orders of magnitude
and almost three orders of magnitude faster than the standard
transistor. On the other hand, for supply voltages of some
hundreds of mV, the speed of the zero-VT transistor becomes
lower than those of the other two transistors since its channel
length is around three times the length of the channel of the
other two transistors.

Two important applications that employ zero-VT transistors,
a ULV oscillator and a ULV rectifier, are shown next.

V. ULV CoOLPITTS OSCILLATOR

In the conventional Colpitts oscillator [10], the supply volt-
age is divided between the active device and a DC current
source (or resistor) connected to the active device. In order
to apply all of the available bias voltage to the transistor, we
adopted the topology of Fig. 4, in which Lo substitutes the
DC current source of the conventional Colpitts oscillator. This
topology is called the enhanced-swing (ES) Colpitts oscillator
because inductors L; and Lo in series with the transistor
channel allow the source/drain terminals to swing beyond the
supply rails [11]. G and G5 model the losses of inductors L
and Lo, respectively.

A. Circuit Analysis

The detailed analysis of the ES Colpitts is cumbersome [12]
owing to the second tank composed of Ly and Cs. In order to
obtain some insight for circuit design, we adopted the simplified
approach of considering the capacitive feedback divider (C
and C5) as a transformer-like network with a turns ratio of
1:C1/(Cy + C2)[10]. The resulting simplified second-order
resonator circuit is shown in Fig. 5.

Va
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eq 1 (C1+Cz) ( 2 g ) Leq L1 (C1+C2 L2

Fig. 5. Second-order small-signal model of the ES Colpitts oscillator.

As is clear from the equivalent circuit of Fig. 5, the oscillator
start-up condition is achieved when the real part of the tank
conductance is negative, which gives

Cy o C; Cs
. 1+— — 24—+ —-— .
gm,5>< +Cl)gmd+CZG2+( +C2+01)G1 )

The above expression is a generalization of the result pre-
sented in [7], since it explicitly includes the effect of the
losses of Lo on the start-up condition. For the classical Colpitts
oscillator, in which the transistor operates in saturation, G5 and
gmd can be neglected. Thus, the transconductance necessary
for oscillation is given by the last term in (7), which has a
minimum value of 4G, when C; = C5. The optimum value of
the capacitor ratio that minimizes (7) extends the result of [7]

as shown below
@ |G+ Gy
Cl 9md + Gl .

In the hypothetical case of ideal inductors and capacitors
(G1 = G5 = 0), it follows from (7) that the open-loop gain
(gms/gma times C1/(C1 4+ C2)) must be greater than unity.
In this hypothetical case, for which the losses are only due
to the transistor, the limit for the minimum supply voltage
for oscillation startup, which is obtained by combining (5)

and (7), is
kT C
VbDlim = 7111 <1 + 2) )

®)

2 ©))

For C7 = Cs, Vppiim equals the voltage drop of a transistor
at the Meindl limit [3], but for Cy < C4, the value of Vppjim
given by (9) is below it. Condition (9) would be observed for
high-quality-factor passive devices, as is clear from (7).

For the oscillator in Fig. 4, assuming that the drain voltage
is a sinusoidal signal of peak amplitude A, and that the drain
current ip > 0 at all times, we should have vpg > 0, which
implies that

Vop — Aa(1—a) > 0 (10)
where « = C/(Cy + C3). Therefore, in the limit case, the
maximum value of the amplitude of oscillation is

Vbp

Ad,max = .
1-«a

(11)
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Fig. 6. Experimental drain voltage of the ES Colpitts oscillator of Fig. 4 for
VDD =15 mV and Cg/cl =0.12 (Cl = 3.6 nF, CQ =0.44 nF) with a
temperature of around 23 °C.

B. Experimental Results

We designed a zero-VT transistor with a large aspect ratio
(2500 m/420 nm) in a 130-nm technology. The zero-VT
transistor along with a large aspect ratio were chosen for
obtaining a high transconductance (10 mA/V) at very low
voltages (Vps = 10 mV and Vs = 0 V), which is appropriate
for many designs. In relation to the transistors, this 130-nm
technology can be regarded as ideal for ULV applications, since
a technology with a shorter channel length could introduce
more drawbacks than benefits for ULV operation. On the other
hand, passive devices, particularly inductors, have low quality
factors. Due to the losses of on-chip inductors, the minimum
supply voltage to sustain oscillations (at 800 MHz) in an
integrated Colpitts oscillator is around 50 mV. In this paper,
in order to explore the ULV design space, we combined the
integrated transistor with off-chip passive devices. The nominal
inductances of the inductors are 10 mH with quality factors
of around 90. Several combinations of values of C; and Cs
were chosen to explore the low-voltage limit of operation
of the oscillator, while keeping the oscillation frequency at
around 110 kHz.

Fig. 6 shows the drain voltage oscillation obtained experi-
mentally for Cy/C = 0.12 and a supply voltage of 15 mV. The
peak-to-peak drain voltage is around 400 mV. The simulation
results indicated a minimum supply voltage of 8 mV.

VI. RECTIFIER AT ULV

Rectifiers are the basic building blocks of voltage multipli-
ers, essential components for energy-harvesting circuits. The
voltage level available from ambient energy sources (excluding
light) is generally below 100 mV. The purpose of this section is
to analyze the rectifier for input voltages that can be as low as
the thermal voltage.

To simplify the mathematics, let us assume that the input
signal for the rectifier of Fig. 7 is a symmetric square wave,
with a 50% duty cycle. We will also assume that the diode can
be characterized through the Shockley (exponential) model, as

aVp
Ip = Ig [em _ 1} . (12)

+Vp —
e
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Fig. 7. Half-wave rectifier and voltage and current waveforms.

We will focus on the useful case in which the load capaci-
tance is large enough to assure a nearly constant output voltage.
In this case, the steady-state operation of the circuit, for a peak
input voltage greater than the thermal voltage, is illustrated in
Fig. 7. As is clear from the figure, the diode forward current
must be 277, + Is in order to make the average diode current
equal to the load current I,. Thus, the voltage drop in the diode,
according to (12), is

T I T o +1
sznk— In <1+P) My <1+L+S> . (13)
q Is q Is

Consequently, the output voltage of the rectifier is

kT
VO%Vp—njlnD(l—kIL/Is)]. (14)
In some electronic circuits, /s can be as low as 1 fA and I,
as large as 1 mA. Assuming that n = 1, we obtain, in this case

Vo = 26 -1n(2 - 10'?) 22 796 mV

which is a typical voltage drop for a silicon diode. On the other
hand, in a low-power/low-voltage application we can have, e.g.,
Is =I;, =1 pA. For n = 1 we obtain

Von =26 - 1H(4) =36 mV.

Thus, the voltage drop in a forward-biased diode can be
of the order of the thermal voltage, which is appropriate for
low-voltage and low-power circuits. For such low voltages,
(14) is not accurate but nevertheless gives the correct order of
magnitude (for details, see [6]).

A particularly interesting case of application of the rectifier
is the peak detector for which I, = 0. In this case, the output
voltage is simply

kT
Vong—nfan (15)
q
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Fig. 8. Power conversion efficiency of a half-wave rectifier.

As we have seen in Sections III and V, the voltage drop
(kT/q) - In2 appears in the models of other circuits, such as
amplifiers and oscillators operating at ULV.

We note here that the results of the rectifier circuit for a sine
wave input are similar to those obtained for a square wave input
(for details, see [6]).

The output voltage of the circuit in Fig. 7 for a sine wave
input with peak value equal to V4[6] is given by

LNEHE)

1

where v, = Va/ndy, iy = I1,/Ig, and I is the modified Bessel
function of the first kind of order zero. The power conversion
efficiency (PCE) of the half-wave rectifier in Fig. 7, which can
be derived from the considerations given in [6], is

_ = IO(”a) In ]O(Ua)
Va il+111(va) i+ 1 '

Pout o 1 il
Pin

PCE = a7

I, is the modified Bessel function of the first kind of order
one. The PCE given by (17) is graphically shown in Fig. 8
in terms of the normalized input voltage, considering the load
current as a parameter. For small input voltages, say below
3n¢y, the saturation current of the diode must be considerably
higher than the load current for an acceptable output, but
the PCE is very low. For energy harvesting, a PCE of 50%
(or even less) can be acceptable since the energy is available
for free.

In integrated circuits, the diodes are usually implemented
using MOS transistors. The different possible diode-connected
MOSFET topologies were discussed in detail in [13]. For
ultra-low-voltage rectifiers, zero-VI-MOSFETs [5] as well as
standard threshold transistors in deep wells in the DTMOS
connection have been used [14].

VII. CONCLUSION

We have briefly discussed amplifiers, oscillators, and recti-
fiers operating at ULV using an exponential law for the nonlin-
ear device (diode and MOSFET). We found that the minimum
supply voltage for the proper operation of these circuits can be
below the Meindl limit for logic inverters. We proposed the use
of zero-VT MOSFET for the operation of ULV analog circuits.
Moreover, we discussed the use of high-quality-factor passives
and the ES Colpitts topology for a ULV oscillator. Experimental
results showed that the resulting oscillator can operate with
supply voltages below k7'/q - (In 2).
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