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Exploiting the Vth behavior to design CMOS
Voltage References and Temperature Sensors
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Abstract— The objective of this work is to design a CMOS
voltage reference and a temperature sensor based on threshold
voltage summation. An original circuit architecture was used. The
circuit uses a threshold voltage extractor, a start-up and an
operational amplifier. The circuit was fabricated using a 0.35 um
CMOS technology and presented a variation of 11 ppm/°C in the 27
%C to 120 °C temperature range. The temperature sensor presented a
sensitivity of 1mV/ °C when operated in the same temperature
range.
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THE necessity of stable and reliable voltage references is

well known in integrated circuit design. In ADC [1] and
DAC [2] converters, voltage regulators, Frequency Doublers
[3] and other circuits where the temperature influence is a
limiting factor, the voltage references play a fundamental
role.

Bandgap circuits have been extensively used in this kind of
application. In CMOS integrated circuits the vertical bipolar
transistors can be used to design a bandgap reference or an all
CMOS technique can be used to make the voltage reference,
as it will be presented in this paper.

To study the drain current dependency of the MOS
transistor with temperature it is necessary to consider two
parameters; the threshold voltage (Vth) and the mobility (W).

The threshold voltage of the MOS transistor is modeled using
equation (1) [4].
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= O&F is the Fermi potential of the substrate. It’s
modeled by equation (2).

(~)

Qg is equal the quantity of charges per area unit
within the superficial depletion region. This quantity
is found using equation (3).
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= Qss is the charge density in superficial state per area
unit.
= &, is the difference of the work function between
metal and semiconductor.
= C, is the oxide capacitance per area unit. It is found
using equation (4).
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Cg is the magnitude of the impurity concentration of
the substrate.

Deriving Vth with temperature it’s possible to found
equation (5).
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So, observing equation (5) it is possible to see that Vth is
proportional to 1/T. Exploiting this characteristic it is
possible to obtain voltage references stable in temperature, as
well as temperature sensors. In the following sections will be
shown the design of a voltage reference using this
characteristic of dVth/dT.

II. PROPOSED VOLTAGE REFERENCE

The developed circuit is shown in Fig. 1, where it is
possible to see three basic blocks: the threshold voltage
extractor, the start-up circuit and the operational amplifier.

The Vth extractor generates the bias current through the
transistor M1Vth. In this transistor, the Vgs voltage is the
Vgs voltages summation of the transistors M1B and M2B
minus the Vgs voltage of the transistor M1A. Therefore,
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through the correct currents choice in these three transistors,
a voltage equal Vth is obtained in the Gate/Source terminals
of the transistor M1Vth. So, the bias current of the Vth
extractor is a function of the Vth voltage. As the bias voltage
is generated inside this circuit and it is not a direct function
of VDD, the circuit may not start. Therefore, it is necessary to
use a start-up circuit to guarantee that the circuit will not stay
in a OV condition. The operational amplifier is used as a
current buffer, to improve the output current drive capacity.

The bias current of the Vth extractor is mirrored to
transistor MG206. So, in the gate of the transistor MG211 it
is generated a voltage equal 2Vth, resulting in a current
proportional to Vth, as showed in equation (7). The same
occurs in transistor MG111.
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The currents flowing in transistors MG211 and MG111,
proportional to Vth, are mirrored to transistors MG25 and
MR25 and added in node V25. The transistor MG25 is in the
linear operation condition and its drain current is found using
equation (8). The voltage Vgsyros and the current Iyros can
be found multiplying the current Ly, by the coefficients of
the current mirrors. So, through the substitution of these
values in equation 2, it’s possible to find equation (9).
Equations (10) and (11) describe the coefficients used in
equation (9). Equation (12) models the mobility variation
with temperature [5]. It is possible to observe that, as the

temperature increases, the mobility decrease, thus, V25
increase.
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Voltage reference schematic.
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So, in V25, a voltage with positive temperature coefficient
is obtained (equation 8) and it’s possible to adjust its slope

q] t L;
using the current mirrors of the circuit. g L“__ 2
Equation 13 models the output voltage Vref. As showed, a @
the voltage Vthn decrease as temperature increases. So, as the . : g
, : Operational : T u
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Fig.2 Trimmer Schematic.

Fig.3 Voltage Reference schematic (with trimmers).
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IV. LAyour

The circuit was designed and the layout was made using
the 0.35um AMS (Austria Micro-Systems) technology. High
voltage transistors were employed, allowing the circuit to
operate using VDD = 5V.

Three micrographs of the circuit are shown in Fig.4 to Fig.
6. The total circuit area is 0.74mm’. Inter-digitated
transistors were used in some points of the circuit to save
area.

7= 7117]171 n " e

F1g 6 Voltage reference layout (Vlew 3).

V. EXPERIMENTAL RESULTS

The circuit achieved a 1mV of variation when tested in a
temperature range of 27°C to 120°C. This variation is
Fig.4 Voltage reference layout (View 1). equivalent of 11 ppm/°C. The entire circuit consumption was
91uA using VDD = 5V. In Fig. 7 it is shown four results of
the variation of Vref with temperature using four different
combinations of the trimmers.

SeEIBBLIe Fig.8 shows the measurements made in node V25. It is
— possible to observe the linear behavior of this voltage in
¥ temperature. This characteristic can exploited to design
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temperature sensors.
In Fig.9 it is shown the output voltage was measured using
different values of VDD. The voltage reference stopped

- : working when a VDD of 3.25V was used.
Fig.5 Voltage reference layout (View 2). &
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Fig.7 Experimental results (Trimmers).
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VI. PROPOSED TEMPERATURE SENSOR

The proposed temperature sensor is shown in Fig.10. Its
layout is shown in Figs. 11 to 13.

It uses the well defined characteristics of the threshold
voltage of the CMOS transistor to generate an output
proportional to the temperature. In equation (5) it is shown
how the threshold voltage behaves as a function of the
temperature. So, the most important part of the circuit is the
threshold voltage extractor. It generates its bias current
through the transistor M1Vth. In this transistor, the Vgs
voltage is the Vgs voltage summation of the transistors M1B
and M2B minus the Vgs voltage of the transistor M1A. So, it
is possible to obtain equation (14).
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Analyzing equation (14) it is possible to conclude that
using the same aspect ratio in M1A and MIB and a current
Ip; four times higher than Ip, a voltage equal Vth is generated
in M1Vth. Another possibility is to use the M1B aspect ratio
four times lower than M1A and equal current values in Ip,;
and Ip,.

+Vth (14)
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Fig.10 Temperature Sensor schematic.
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As the bias voltage is generated inside this circuit and it
is not a direct function of VDD, the circuit may not start and
it is necessary to use a start-up circuit to guarantee this circuit
will work properly.

In Fig.14 is shown the response of the circuit in a range of
27 to 120 degrees Celsius. This variation is equivalent of
ImV/°C.

Fig.11 Temperature Sensor layout (View 1).

F1g 13 Temperature Sensor layout (View 3).
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Fig.14 Experimental results.

VII. CONCLUSION

The layout was designed aiming a maximum density to
avoid temperature gradients.

In both circuits it was not used ESD (electrostatic
discharge) protection in the bonding pads. The reason for that
was to avoid any kind of influence from protection devices.

High resistivity poly resistors were used because of two
reasons: its low area consumption, and its non-linearity. It
was verified in simulations the non-linearity of the poly
resistor improves the reference voltage stability in
temperature.

The measurements showed that the proposed voltage
reference presented a performance comparable to the bandgap
references [6].

The temperature sensor achieved a linear response with
temperature. This feature shows its potential as an on-chip
sensor. The trimmer circuitry can be used to adjust the curve
inclination. In the case showed in Fig.14 it was adjusted to a
coefficient of ImV/°C.

REFERENCES
[11 J. HAZE, R. VRBA, L. FUJCIK, M. SKOCDOPOLE, "Low Power SC
Pipelined ADC Using Op-Amp Sharing Approach”, WSEAS
TRANSACTIONS on CIRCUITS AND SYSTEMS, Issue 9, Volume 3,
November 2004.

Issue 3, Volume 3, 2009

[2] MIRCEA TOMOROGA, LUCIAN JURCA, "Study of Matching Errors in
Unit Element Approach of Current-Steering Segmented DAC Design",
WSEAS ICOSSSE'07, November 2007.

[3] HWANG-CHERNG CHOW and HSING-CHUNG LIANG, "Novel
Frequency Doubler Circuits and Dividers Using Duty Cycle Control
Buffers", 9th WSEAS International Conference on CIRCUITS, July 2005.

[4] A. S. Grove and D. J. Fitzgerald, “Surface effects on p-n junctions:
Characteristics of surface space-charge regions under non-equilibrium
conditions, Solid State Electronics, vol. 9, pp. 783-806, August 1966.

[5] Luis Toledo, Walter Lancioni, Pablo Petrashin, Carlos Dualibe, Carlos
Vizquez, "A new CMOS voltage reference scheme based on Vth-difference
principle”, Circuits and Systems, May 2007. ISCAS 2007.

[6] Ka Nang Leung and Philip K. T. Mok,"A CMOS Voltage Reference Based
on Weighted Difference of Gate-Source Voltages between PMOS and
NMOS Transistors for Low Dropout Regulators”, Solid-State Circuits
Conference, 2001. ESSCIRC 2001. Proceedings of the 27th European
Volume , Sept. 2001.

Wellington Avelino was born in Brasilia, Brazil. He received his diploma in
Electrica Engineering from the State University of Sdo Paulo (UNESP -
Universidade Estadual Paulista), Ilha Solteira, Sdo Paulo, Brazil in 2002.
Currently he is an integrated circuit designer of the Technology Center Renato
Archer (CTI - Centro de Tecnologia da Informacdo Renato Archer) and he is
working towards his Ph.D. degree at the Univesity of Campinas (UNICAMP),
Brazil. His current research interests include RF integrated circuit design,
advanced transceiver design and analog integrated circuit design.

José Antonio Siqueira Dias was born in Santos, SP, Brazil on October 15,
1954. He received the B.S, M.S. and Ph. D. degrees, all in electrical engineering,
from the University of Campinas, UNICAMP, in 1979, 1982 and 1985,
respectively. From 1980 to 1982 he was associated with the Laboratério de
Eletronica e Dispositivos - UNICAMP in the area of solid state device processing
and semiconductor devices modeling. In 1983 he joined the the School of
Electrical and Computer Engineering — FEEC/UNICAMP, where he is currently
the Head of the Department of Electronics and Microelectronics. His current
research interests are in the areas of analog integrated circuit design, electronics
instrumentation, signal conditioning, smart sensors and fiber optics sensors.
Wilmar Bueno de Moraes was born in Caiapdnia, GO, Brazil on December
31, 1939. He received the B.S in electrical engineering from the National School



INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

of Engineering, ENE (currently known as UFRJ), Rio de Janeiro, Brazil, in
1966. He received the M.S. and Ph. D. degrees from the University of Campinas,
UNICAMP, in 1975 and 1980, respectively. From 1974 to 2004 he was
professor of the University of Campinas, working with electronic devices.
Currently he is an integrated circuit designer of the Technology Center Renato
Archer (CTI - Centro de Tecnologia da Informacdo Renato Archer). His current
research interest is analog integrated circuit design.

Issue 3, Volume 3, 2009 118





