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An Accurate CMOS Temperature Sensor with a CDS Circuit "

KONG Moufu*

(State Key Laboratory of Electronic Thin Films and Integrated Devices ,University of Electronic Science and Technology of China ,Chengdu 610054 , China)

Abstract ; This paper presents a novel accurate CMOS temperature sensor with a correlated double sampling( CDS)
circuit designed, and simulated for thermal testing and monitoring chips in CMOS technologies. In this design, a
nine-MOS-transistor temperature sensor’s output current, which includes temperature characteristic integrated by a
capacitor, the integral voltage signal is sent to a CDS circuit to eliminate kTC noise and reduce 1/f noise of the
circuit. The new temperature sensor is compatible with standard CMOS technologies ,and the simulation results show
its good performances.
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A temperature sensor is an essential unit in many
integrated circuits ( ICs ) , especially in power devices
and power or thermal management chips. A large
variety of temperature sensors have been developed to
match these technical requirements. In the last couple
of years CMOS temperature sensors have become
increasingly popular because of rapid steady growth of
IC industry and the necessity of effective thermal
management in the power hungry and management
circuits''’. The basic and the most popular temperature
sensor is the bipolar junction transistor( BJT) which can
be used as a temperature sensor when operated in a
diode configuration,and can be realized in most of the
CMOS processes >

In the BJT solution,the base-emitter junction of a
substrate PNP

transistor is usually used as a
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conventional thermal diode whose collector is connected
to the ground in CMOS processes. The base-emitter
voltage V,, of a bipolar transistor decreases almost
linearly with temperature. The temperature coefficient is
approximately 2 mV/C!". Figure 1 shows the
conventional structure of integrated CMOS temperature
sensors by using PNP transistors as thermal diodes,and

the output voltage V, . can be calculated as follows:

out

KT R,
Vo= —1 —= 1
out be2 + q nn (1 +R3j ( )

Where K is Boltzmann’s constant, T’ is the absolute
temperature in Kelvin, ¢ is the elementary electric
charge and n is the emitter current density ratio of Q,
and Q,.
between the obtained voltage V,

out

Obviously, there is a linear relationship
and the temperature T

by choosing appropriate values of n, R, and R,.
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Fig.1 Conventional Structure of Integrated CMOS
Temperature Sensor
However, in this structure, the offset voltage of amplifier
A will cause large errors.

As for temperature sensors, the quality of the
lateral bipolar transistor depends heavily. In many
processes , especially when no attention has been paid
to optimize this device, the current gain of this
transistor is very low (< 5) and the leakage current
toward the substrate ( via the parasitic vertical bipolar)
is difficult to control; and for the vertical bipolar
substrate transistor in the temperature sensors, the
quality of this transistor is comparable to transistors in
standard bipolar processes. However the main problem
is the lack of a free collector terminal, which is
inherently connected to the substrate 7.

Recent researches showed that it is possible to
make temperature sensors using CMOS transistors
operating in weak inversion'®'’. And this paper
presents a novel in-chip temperature sensor solution
with CMOS transistors. A correlated double sampling
(CDS) circuit is designed which can eliminate kTC

noise and reduce 1/f noise of the sensor.

1 Circuit Design and analysys

1.1 Nine-Transistor Temperature Sensor

The new nine-transistor temperature sensor is
shown, exclusive of the CDS circuit,is shown in Fig. 2.
Mpl ~Mp4 and Mnl ~ Mn5 constitute a nine-transistor
temperature sensor, and the four P channel MOS
transistors Mpl ~ Mp4 constitute a cascade current
mirror. The current of N channel MOS transistors Mnl
and Mn3. This

temperature sensor utilizes the temperature dependence

is mirrored to transistors Mn2
of two parameters of the MOS transistor, namely, the
threshold voltage Vyy, and the gain factor 8. These de-

pendencies are on the order of *™*’

IV /9T~-1.8 mV/K (2)

R ] e
e

Mp3 Mp4 vV,

Ml Mn2 ' v,

Temperature sensor

CDS circuit

Fig.2  Schematic of Proposed Temperature Sensor

LB
B ar~0-5%/K (3)
B=pC, (W/L) (4)

Whereu is carrier mobility (for PMOS the carrier is hole
p=p, and for NMOS the carrier is electron u=p,) ,C,,
is the gate oxide capacitance per unit area, W is the
transistor width, and L denotes the transistor effective
channel length.

The output voltage of node V, and V, can be
expressed as follows :

A
V,=V. ez 5
: " (1 +)‘plz_)‘nl3_)‘nl4j ( )

A
V,=V, (1 +"l3j (6)
? " /\,,25 _/\nl3 _Anl4
and A are determined by the ratio between

Where A
the gate sizes of the transistor pair of PMOS and

Py
NMOS, respectively.

W i/L)i Wn[/Lni
A)i': = I’;)‘ni': (7)
" Wl)j / Ll)f ! an /L nj

The voltage V, controls the gate of the transistor Mn5
[12-13] ¢

yielding a drain current
LBV (5 A ] =B Ve (®)
/\pzs _/\1113 _/\,114

B.s =, Co (W,s/L,s) (9)
The characteristic of equations(8)and(9 ) show that the
output current is proportional to the temperature. The I,
current of the nine-MOS-transistor analogue sensor
discharges the capacitor C,. So the voltage drop V, on
the capacitor C, and the voltage of node V,, yield by [,

are follows,respectively

V, = fo 1dv/c, (10)

VCint:VC(Z_VC:VCC_ jo Ildt/cl (11)

Then , the voltage single is send to the CDS circuit.
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1.2 CDS Circuit
CDS is a widespread noise reduction method for

11 Schematic view of CDS

discrete-time output signals
is shown in Fig. 3! At time T, by activating the
switch S, , the first sample ( samplel ) is taken and the
sampled signal is stored on the sampling capacitor Cy,.
And, at time T, ,switch S, is activated and a new signal
(sample2 ) is sampled and stored on capacitor Cs,.
Samplel retains information about 1/f noise and
kTC noise. Sample2 contains both the available signal,
and 1/f noise,kTC noise. Then the differential amplifier
subtracts these two sampled signals eliminating common

noise components from the available information signal.

Buffer

Differential
amplifier

Fig.3 Schematic View of CDS

The proposed CDS circuit is shown in Fig. 2. The
NMOS transistor Msn and the PMOS Msp constitute a
CMOS transmission gate, Cy, is a CDS capacitor, NMOS
Mec is a clamp transistor and PMOS Mp5 and Mp6
amplifier. The CDS

constitute a common-source

function is described below.

[ | ]
V, i
o

Fig.4 Timing of CDS

T, T,

Fig. 4 shows the timing of CDS circuit. At time

T, ,the sample clock Vg and the clamping clock Clp are
high and the clamp transistor Mc is ON. The first
sampled voltage signal is charged on the CDS capacitor
C,, and the voltages of node V; and V, at time T are;
Vi(T) = VitV e (12)

V,(T,)=0 (13)

is sum of 1/f noise and kTC noise of the circuit.

where V

At time T, the clamp device Mc is turnnig OFF

before the internal integration capacitor C, is reset. Then

the second sampled voltage signal of node V; becomes:

Vi(Ty) =V, (14)

since the charges on the ac coupling capacitor C, are the
same at time T, and T,. From(12) ~ (14) ,we have:

Csz[Vs(Tl)_V4(T1)]=CSZ[V3(T2)_V4(T2)] (15)
Thus, the output signal of node V, after the CDS is:

V4( TZ ) = ( VCint+Vn0ise ) _Vnoise = VCim ( ]6)

Then the voltage signal V,(T,)is sent to the common-

source amplifier.

2 Simulation and analysys

The simulation results in 0. 6 wm CMOS process
of node V,, and V.

out

are shown in Fig.5 and Fig. 6, re-
spectively. The temperature is from 0 C to 160 °C with
delta=20 C.
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Fig.5 Simulation Result of node V,,
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Fig.6  Simulation Result of node V,

out

Fig. 7 shows the characteristics of output voltage

V

out

temperature from 0 C to 160 °C, delta = 20 °C.
Formula(17)is a fitting function of output voltage V.

out

with temperature T from simulation results with
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Fig.7  Characteristics of V,

out

with Temperature
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with temperature T. And it indicates that there is a good

linear relationship between V,, and the temperature T

in the range of 0 “C to 160 C.

V., =-8.598x107°T° +1. 622x107 T +0. 010 86T+2.59%
(17)

Table 1 the brief view of the proposed

temperature sensor, and it has a wide temperature

shows

range, a high temperature coefficient and low power

consumption. Another advantage of the sensor is it can

be fabricated in CMOS process.

Table 1  Performance of the sensor
Supply Power Temperature Temperature
. - Process
voltage  consumption coefficient range
5V 140 pW 11.25 mV/C 0-160 C CMOS

3 Conclusions

A novel accurate CMOS temperature is proposed
in this paper. The CMOS temperature sensor consisted
mainly of 2 parts: a nine-MOS-transistor temperature
sensor and a CDS circuit. The MOS transistors can
overcome bipolar transistor’s shortcomings and the CDS
circuit can eliminate kTC noise and reduce 1/f noise.

The CMOS temperature sensor is analyzed and
verified by simulation. The simulation results show the
sensor has a high temperature coefficient and the output
voltage has a good linear relationship with the
temperature. The proposed temperature sensor can be
fabricated in standard CMOS process without using
PNP bipolar transistors.
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