Design of very low voltage CMOS rectifier circuits
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Abstract— This paper presents a simple analytical model of
the basic rectifier circuit for very low voltage operation based
on the Shockley (exponential) law of the diode. The main
alternatives for the implementation of diodes in CMOS
technologies and the calculation of the equivalent diode
parameters for low voltage operation are summarized. The
model of the half-wave rectifier for very low voltage is verified
with measurements on a circuit built with a 1N4148 diode. The
main diode implementations using MOS transistors of a 0.13 pm
technology operating in weak inversion are analyzed and a very
simple design procedure is suggested.

I. INTRODUCTION

The demand for rectifier circuits that can efficiently operate at
very low voltages is increasing as a consequence of the
growing interest for RFID tag chips [1]. Low-voltage
rectifiers are also used to process energy harvested from
vibrations [2] or even from the body movement [3]. The use
of energy harvesting has also been considered for biomedical
devices [3]. In many energy harvesting devices, a rectifier
circuit generates the dc voltage from a received ac or rf
voltage. Since in these applications the ac voltages are
usually not larger than a few hundred milivolts, a voltage
multiplier circuit (Fig. 1) is used to obtain a dc voltage of the
order of 1V.

II. PREVIOUS WORK

In our previous work [2] we designed voltage multipliers
using MOS transistors operating as diodes in the AMIS 0.5
um and AMS 0.35um technologies. Tests on the fabricated
chips indicated requirements of minimum input voltage of
400m Vo and 150 mV e for the chips in the AMIS 0.5um
and AMSO0 0.35um, respectively. Since there is no available
analytical model for the rectifier operating at very low
voltage, our previous designs were obtained after the
simulation of many alternatives. The industrial need for a
useful exploration of the available design space for low
voltage rectifiers motivates the present work. Since the design
of the voltage multiplier of Fig. 1 can be reduced to the design
of the half wave rectifier of Fig. 2 [1] we will in the following
focus on the performance of the topology of Fig. 2.
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Fig.1 N-stage voltage multiplier.

III. HALF-WAVE RECTIFIER

Fig. 3 illustrates the steady-state operation of the half wave
rectifier of Fig. 2 for an input peak voltage Vp of 600 mV.
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Fig. 2 Half-wave rectifier circuit with a dc current load.

In Fig. 3a the load voltage is nearly constant and, as a
consequence, the peak diode current occurs simultaneously
with the peak input voltage. In Fig. 3b and 3c, the ripple
voltage AV and the phase difference between the peaks of
input voltage and diode current A@, which depend on the

load current, are shown. For the low voltage operation
illustrated in Fig. 3, a constant voltage drop model of the
diode is clearly inappropriate, and we must use the Shockley
(exponential) diode model:
Vin

ip=1Ig-|e™ -1 (1)

Vp :VP~cos(aJ~t)—VL 2)
where I is the diode saturation current, ¢ is the thermal
voltage, n is slope factor and ¥, is the load voltage.



To calculate the DC current I}, we integrate (1) over one
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Once we have found the conduction angle, the voltage ripple
(©) AV, shown in Fig. 3b and 3c, can be calculated as
Fig. 3 Input and output voltage and diode current of the rectifier of AV =~ ﬂ 1 _H_C (11)
Fig. 2 for (a) [,= 200 nA, (b) I;=1pA, (c) [,=4pA. C 27

The diode parameters are /s =4.4 nA and n 4, =45 mV, C=150nF,
f=120Hz, AVcalc. (fig.3b) = 46mV, AVcalc. (fig.3¢) = 182mV .
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Fig.4. Simulated diode current that illustrates the definition of the
conduction angle Oc.

Results of measurements of the half-wave rectifier using a
diode 1N4148 are shown in Figs. 5 - 7 and in Table I.
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Fig. 5 Measured input and output waveforms on half-wave rectifier
built with the IN4148 diode. Vp=400mV 1;=200nA. C=150nF.

In Fig. 6 we can observe the fair fitting of eq. (8) for the ouput
voltage of the rectifier with the IN4148 diode for low values
of the input voltage and for a wide range of output currents.
Fig. 7 shows that the conduction angle is insensitive to load
current. Finally, in Table I we summarize the comparison
between experimental data and analytical model for
[;=200nA.

TABLEI
COMPARISON BETWEEN MEASUREMENTS AND CALCULATION ON THE
HALF WAVE RECTIFIER FOR IL=200nA.

Vp =04V Vp =0.6V Vp=1.2V

VL calc. (8) 133mV 324mV 908mV
VL meas. 112mV 340mV 906mV
Vpmax calc.(8) 266mV 276mV 291mV
Vpmax Meas. 284mV 310mV 311mV
Ip calc.(9) 1.6pA 1.9uA 2.6pA
Ip meas. 1.5pA 1.8uA 2.5uA
Oc calc.(10) 77° 63° 44°

Oc meas. 74° 65° 47°
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Fig. 6.Comparison between measured and calculated output voltage V. of the
half-wave rectifier vs. load current
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Fig. 7. Comparison between measured and calculated diode

conduction angle of the half-wave rectifier vs. normalized input
voltage.

IV. IMPLEMENTATION OF DIODES IN CMOS
TECHNOLOGIES

Figure 8 shows the two possible topologies for the MOS
transistor connected as a diode. It is important to note that the
diode current is composed by the channel current plus the
current of the extrinsic diode. The disadvantage of the MOS
transistor in the usual connection, with the bulk (B) tied to the
source (S) (Fig. 8a), is the high reverse current. In effect, the
reverse current of the device in Fig. 8a is due to the direct
current in the extrinsic diode which increases exponentially
with the increase of the magnitude of the reverse bias. To
avoid the high reverse current of the conventional MOS
diode, the DTMOS (Dynamic Threshold voltage MOSFET).
connection can be used. In effect, in the DTMOS connection
of the MOSFET, with the gate (G) tied to the substrate (Fig.
8b), the channel and the extrinsic diode are in parallel. The
DTMOS connection can be used for p channel transistors in
an n-well process or for the nMOS transistors in p- or
triple-well processes. To model the MOS diodes, we will use,
for the sake of simplicity, the weak inversion model, which is
appropriate for low voltage operation.

The drain to source current is expressed [6] by:
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where u is the carrier mobility, C o the oxide capacitance
per unit area, W/L the transistor aspect ratio, n the transistor
slope factor and V7o the threshold voltage.
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Fig. 8. The two possible connections of a MOS transistor as a diode.

For the DTMOS connection of Fig. 8b, we have from (12)

-V, v
I,=—1I,-e"" |e” -1 (14)
L
where v = -Vs and the saturation current Ig of the
implemented diode is given by
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L

Since for the DMOS Vg = Vpg = 0, the DTMOS diode
behaves as an ideal diode with ideality factor n = 1 for low
voltage (weak inversion) operation, as shown in (14). It is
interesting to observe that the /g current in (14) corresponds to
the saturated drain current of the transistor with Vgg= Vgp=0.
As is clear from (15), to obtain a diode with high /g saturation
current, for efficient low voltage operation, we must use a
technology with a low V7y and design the adequate
geometric factor W/L. Finally, the simulated characteristics of
some of the diode structures available in a 0.13 pm
technology are shown in Fig. 9.
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Fig 9 I-V characteristics for some diode connected transistors in a 0.13 pm

technology Junction Diode: n¢t=37mV

V. SUMARY

A simple analytical model for the low voltage rectifier was
presented. Equation (8) allows determining the minimum
peak input voltage for a given diode and load requirements.
Conversely, the knowledge of the input voltage allows
determining the diode I-V characteristics for the load
requirements. We have also shown that the conduction angle
of the diode is independent of the load current. The analytical
model, when used with data extracted from the simulated
characteristics of MOSFET diodes, allows the rapid
exploration of the design space of low voltage rectifiers in
CMOS technologies. In its simplest form the design consists
of the two following steps: first, determine /g from the
rectifier requirements using (8); second, calculate the
transistor aspect ratio from (15).
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