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ABSTRACT

An all-CMOS circuit for combined voltage
reference and temperature sensor is proposed. For
voltage reference design, a self-PTAT current is
generated for compensating a diode-connected
NMOS transistor for achieving temperature-
independent purpose. In addition, an ultra linear
temperature sensor can be realized and achieved
simultaneously. The circuit topology is very
suitable for SoC integration. The voltage reference
provides a stable voltage for analog circuit.
Moreover, the temperature sensor increases the
system reliability by predicting eventual faults
caused by excessive chip temperatures.

I. INTRODUCTION

A voltage reference circuit is a key element in
the design of many mixed-signal and analog
integrated circuits, such as oscillators, PLLs, and
data converters. The requirements of such circuits
are stable over process, power supply voltage, and
temperature variations. Particularly, in the SoC era,
a chip often contains several millions of transistors.
Its power dissipation increases and consequently
the temperature increases. This problem is
especially magnified in circuits operating at high
frequency. A chip with built-in temperature sensor
increases the system reliability by predicting
deadly faults caused by excessive chip
temperature.

The most widely used schemes of integrated
voltage references with low temperature
dependency are based on the bandgap approach.
With the rapid evolution of CMOS technology, the
CMOS bandgap reference was developed [1]. For
ful CMOS  voltage references, mutual
compensation of mobility and threshold voltage
was used to design a temperature-independent
voltage reference, which was biased at the zero
temperature  coefficient (ZTC) point [2].
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Najafizadeh used PTAT current source to bias a
diode-connected transistor for achieving
temperature-independent voltage reference [3].
Arabi used the relationship of oscillating frequency
with temperature to design temperature sensors [4].
Diode-connected MOS transistors were also used
to realize temperature sensors [2]. One way for
temperature sensor design is the bandgap
approach [5].

Il. THE PTAT CURRENT

For a diode-connected NMOS transistor, the I-
V characteristics with temperature swept are
shown in Fig. 1. The ZTC point is indicated on the
figure. The gate-source voltage and drain current
are temperature-invariant at ZTC point. Since the
drain current cannot be easily kept constant for
large temperature variations, the proposed voltage
reference is not designed at the ZTC point.
Considering the gate-source voltage exactly at 711
mV rather than at the ZTC point, the drain current
with respect to temperature is shown in Fig. 2.
Obviously, the relation between the drain current
and temperature is nearly linear. Based on such
concept, if the PTAT current can be generated, the
gate-source voltage will be compensated and
independent of temperature.

Let the PTAT current, 7,(T), be modeled as

L,(T)=1, [1+n(T-T,)|=1, [1+7-dT] (1)
where 77 is the PTAT current temperature
coefficient. 7, is the drain current at T=1;. T, is
the reference temperature in °K (Kelvin). Let the
gate-source voltage of the diode-connected NMOS
be designed at V., , which is constant and
independent of temperature by assumption. Its
drain current can be represented as



1,(T)=(/2) u(T) o (W L) (Vs Vi (T))
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For the BSIM3v3 MOS model , the mobility,
u(T) , and the threshold voltage, 7, (T) , are
temperature dependent parameters. They are
represented as
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where U, is mobility temperature exponent. K, is
temperature coefficient of threshold voltage, and
K,, is body bias coefficient of threshold

temperature effect. Fortunately, the proposed
circuit topology does not suffer from body effect.
The body effect term in (4) can be omitted. Using

(3) and (4) in (2), we have
KTI T- 71) 2
Vi VTHO ( To ]J (5)
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Use Taylor series expansion about 7, , then
consider the first-order term and neglect the
higher-order terms.
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Substituting (6) and (7) into (5) and neglecting the
second order term, yield
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Comparing (8) with (1), the PTAT current
temperature coefficient, 77, can be obtained as

_%_1[Mq

T, Vopol T,
o = Vaso =Vemo is the overdrive voltage at

9)

ODO0
where

T,.

From (9), if 77 can be observed, then the PTAT
current will be generated to compensate the diode-
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connected NMOS transistor. The voltage reference
with temperature independency can be achieved.

IV curves of diode-connected NMOS (W/L=40u/2u) with temperature swept.
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Fig. 1 I-V characteristics of diode-connected

NMOS with temperature swept.
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lll. VOLTAGE REFERENCE WITH SELF-PTAT
CURRENT COMPENSATION

In Fig. 3, the transistors M1-M4, OP1, and
poly-2 resistor R automatically generate the
suitable PTAT current to bias the diode-connected
M1, and produce stable temperature-independent
voltage level.
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Fig. 3 Voltage Referer-{ce and Temperature sensor




To explain the operations of this circuit, we
assume that the resistor R is associated with
temperature coefficient, 4 , ie.,

R(T)=R,[1+7(T-T,)]. Since nodes of n2 and Vref

are connected to the inputs of the OP1, both have
the same voltage. The output of the OP1 controls
the M3-M4 to generate the suitable PTAT current,
and the sizes of M3 and M4 are equal. Namely,

L(T)=1,(T)=1,(T) (10)
VGSI(T):VGS2(T)+1D(T)XR(T) (11)
Therefore, from (11), the drain current, 1, (T) is
1,(T)
_ ~ 2
—(2/C,)u(T)" R(T) 2(\/(L/W)] —\/(L/W)Z) (12)
Using Taylor series expansion and considering

the first-order approximation only, yields
1,(T) =1, (1+7dT)

:(2/00‘);,51130—2( fLiw) - /(L/W)Z)Z[I—UT;EdTJ(I—zydT)
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Plugging (14) into (9), the important design relation

is
K U

V()Doszl/(7+ T(T)EJ (15)

Where K., U,., and y are available from the

simulation model of 0.35— xm CMOS technology.
For the NMOS model with channel length and
width in the range of 1.2um <(L,W)<20um, they
are

U, =-2.065168

K, =-0.2700492

y=10.00107

Obviously, is constant and determined by

V()D 0

(15). If v, is the overdrive voltage of M1 at T, , the

M1 will  be
Vast = Vo +Vopo

around
nearly

biased
and is

transistor
Vig =Vaso =
independent of temperature. The simulation results
justify the argument.

Furthermore, the variation of output voltage
with respect to power-supply voltage can be
described by the sensitivity.
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The sensitivity is zero. That means the reference
voltage is independent of power-supply voltage
variation.

All operational amplifiers in Fig. 3 use two-
stage topology with miller compensation. It

provides about 76dB gain, and 62° phase margin.

Vies

Vb V

Vref

IV. UTRA LINEAR TEMPERATURE SENSOR

The temperature information can be obtained
from nodes of n3 and Vref, as shown in Fig. 3. The
OP2 is utilized as a unity-gain buffer for isolation
purpose. The other amplifier, OP3, is used to
amplify the signal and to improve linearity with
respect to temperature. Consider only first-order
approximation and assume the open-loop gains of
the OP2 and OP3 are infinity. We have

I, (T)R(T)= I,R, [1+(n+7)(T-T,)] (16)
[D(T)R(T):VGSI (T)_VGSZ(T): [TempRin(T) (17)
R, (T
1) Vo (1) (TR 09
The closed-loop gain of the OP3 is
R (T) R 1 T-T,
a1 el [l O]y
R[n (T) Rin() |:1+7/(T_TE)):|
Clearly, if both resistors, R, and R, use the

same materials, the closed-loop gain of the OP3 is
temperature-independent. (18) can be simplified as

View (T) = Vst (T) +] 4| 1R, [ 1+ (7 + 7)(T - T;) ] (20)
The sensitivity of 7,,,(T) to V. (T) is defined as
Ve _ Vi (T) 1)
Vasi (T)+ Ay 1R, [1+(77+7)(T_T0)]
A4,|, of the OP3
goes to infinity, the sensitivity will approach to zero.
In other words, the linearity of the temperature

sensor can be improved by increasing the closed-
loop gain of the OP3.

VGS 1

In (21), if the closed-loop gain,

V. SIMULATION RESULTS
The circuit topology shown in Fig. 3 is realized
by using 0.35— um CMOS technology. The sizes

of the transistors and resistors are indicated in Fig.
3. The circuit is simulated in the temperature range

of 0°C to 150°C by using power supply of 3.3V.
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Fig. 6 Temperature sensor Response

Fig. 4 shows the voltage reference with respect
to temperature. The transistor M1 is biased by self-
PTAT current shown in Fig. 5. Due to excellent-
compensation, the voltage reference provides a
stable voltage of about 711mV with average
temperature coefficient of around 26 ppm/°C . The
output voltage can be approximated as

V,y(T)=4.4783-10" -T*- 0.0637-T +712.2184 (mV') -

For the temperature sensor, the closed-loop
gain of the OP3 is 24. In Fig. 6, the output of the
temperature sensor is linear with slope (sensitivity)
of 2.9 mV/”C. It is approximated by the linear
equation as

Vienp.sising (T) = 0.0029-T +1.4528 (V') (22)

The measurement for the maximum deviation,
o

max ’

of the temperature sensor is defined as
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max (| Error(T
_ max(BrorM) 00, (23)
VTemp,max - Temp ,min
Where EI”VOV(T) é VTemp (T) - VTemp,Fitfing (T) (24)
The metric of linearity is L, =(100-0,, )%  (25)

The maximum deviation of the temperature sensor
is below 0.4%, and the linearity is 99.6%. From
(21), if the closed-loop gain of the OP3 increases,
the linearity of the temperature sensor will
approach to an ideal linear function and the slope
(sensitivity) increases.

IV. CONCLUSION

The proposed circuit topology uses all-CMOS
devices. That implies the topology is very suitable
for SoCs and mixed-signal circuit design.
Furthermore, the system provides not only a
voltage reference with temperature and supply-
voltage independency, but also a highly linear
temperature sensor. The simulation results show
the voltage reference provides a stable voltage of
711 mV with mean temperature coefficient of 26

ppm/°C and the temperature sensor has sensitivity
of 29 my/°C with maximum deviation less than
0.4%.

ACKNOLEDGEMENT
The authors would like to thank National Chip
Implementation Center (CIC) for technical support.

REFERENCES

1. K. N. Leung and P. K. T. Mok, “A sub-1V 15-ppm/°C
CMOS bandgap voltage reference without requiring low
threshold voltage device,” IEEE JSSC, Vol.27, Issue 4,
pp. 526-530, Apr. 2002.

2. |. M. Filanovsky and A. Allam, “Mutual compensation
of mobility and threshold voltage temperature effects
with applications in CMOS circuits,” IEEE Trans. On
Circuits and System-I, Vol. 48, Issue 7, pp. 876-883, July
2001.

3. L. Najafizadeh and I. M. Filanovsky, “A simple voltage
reference using transistor with ZTC point and PTAT
current source,” IEEE Proc. of ISCAS’04, Vol. 1, pp. 23-
26, May 2004.

4. K. Arabi and B. Kaminska, “Built-in temperature
sensors for on-line thermal monitoring of microelectronic
structures,” IEEE Proc. of computer design: VLSI in
computers and processors, pp. 12-15, Oct. 1997.

5. M. C. Weng and J. C. Wu, “A temperature sensor in
0.6 im CMOS technology,” IEEE Proc. of ASICs,

pages 116-119, Aug. 1999.



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


	01: 39
	footer: 0-7803-9264-7/05/$20.00©2005 IEEE
	02: 40
	03: 41
	04: 42


