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Abstract- An ultra-small, low-power CMOS temperature sensor 
designed for multi-site temperature and temperature gradient 
monitoring to support power/thermal management in integrated 
circuits where electromigration limits system reliability is 
proposed. The temperature sensor utilizes the temperature 
characteristics of the threshold voltage of MOS transistors to sense 
temperature and is highly linear throughout the temperature 
range required for power/thermal management and has good 
accuracy throughout this range with calibration at a single 
temperature. 
      Prototype temperature sensors have been designed in a TSMC 
0.18μm process with a 1.8V supply voltage. The sensing device has 
a very small die area of only 2.5μm×6.2μm and a low power 
consumption of about 0.95μW at a 1% duty cycle making it 
suitable for multi-site thermal monitoring. 
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I. INTRODUCTION 
 

     As feature size and frequency in emerging processes scale 
faster than supply voltage, power density is increasing as is the 
presence of large time-dependent thermal gradients. Systems 
operated under stress caused by high current density, high 
temperature, or large temperature gradients are plagued by a 
decrease in lifetime and reliability. Thermal management has 
become a key consideration in the design of integrated circuits 
(ICs) and is necessary to maintain lifetime and reliability at 
acceptable levels in systems operating under high 
thermal/electrical stress. Most power/thermal management 
approaches are based upon monitoring the temperature at one or 
more locations on a chip and using this information to change or 
adapt the usage or performance to guarantee that the 
temperature does not exceed a predetermined trigger 
temperature. When the sensed temperature exceeds the trigger 
temperature, the clock frequency is often throttled or the supply 
voltage is reduced to keep the system operating at a temperature 
[1] that will provide an acceptable reliability metric.  Several 
techniques have been developed to reduce the average 
temperature and/or reduce the peak temperature in order to 
manage cooling costs [2]-[3].  
     Interconnect lifetime is one of the dominant contributors to 
reliability degradation under electrical/thermal stress in VLSI 
circuits and is of increasing concern with scaling of size and 
packing density.  Interconnect degradation and ultimately 
failures occur in the presence of electrical and thermal stress 
associated with high current levels, high temperature levels, fast 
temperature cycling, and large thermal gradients.  This 
degradation is often attributed to electromigration and has been 

a major research topic in the reliability field within the IC 
industry over the past two decades [4]-[6].   
     Though thermomigration also causes degradation in 
interconnects, these effects are often insignificant compared to 
the reliability reduction caused by electromigration.  But some 
studies have shown that interconnect lifetime under electrical 
stress degrades significantly in the presence of static thermal 
gradients too suggesting that thermomigration (or temperature-
gradient-enhanced electromigration) is also of major concern 
[7]-[10] and these thermal gradients will likely increase in 
emerging processes with projected increases in both the total 
number of processing cores and the total die power dissipation. 
Experimental results have shown that negative or positive 
thermal gradients can either improve or reduce mean time to 
failure (MTF) [7] in the presence of electrical stress.    
Assessments of the severity of temperature gradients on 
electromigraiton and reliability are discussed in [8-10].  The 
authors of [9] make a reliability comparison between a simple 
AlSiCu interconnect under electrical stress operating at a 
constant temperature (T=202˚C) with the same interconnect 
operating with the same electrical stress but with a static 
thermal gradient (T=152˚C to T=202˚C) that averages about 
0.19oC/µm.  A reduction in the MTF of 50% was reported in the 
presence of an unfavorably-directed static thermal gradient.  
There is limited material in the literature focusing on the 
magnitude of the static thermal gradients that will cause 
significant reliability reduction but repeated concerns about 
managing thermal gradients to circumvent reliability problems 
bear out the importance of the problem.  This suggests that 
power/thermal management algorithms that depend upon using 
a single trigger temperature, even if monitored at many sites on 
a die, are not adequate to accurately maintain reliability in 
electrically-stressed circuits where large thermal gradients are 
present.     
   These results suggest that significant improvements in 
reliability can be obtained if both local die temperature and 
local thermal gradients are used as a part of the power/thermal 
management algorithm.  Since many large integrated circuits 
have a large number of locations on the die where high 
temperatures can occur or where high thermal gradients can 
occur, and since these regions can be quite small, it is critical 
that sensors that measure temperature and temperature gradients 
be extremely small.   
     The temperature-dependence of the I-V characteristics of the 
PN junction diode [11] has been widely used for sensing 
temperature but PN diodes are invariably large and dissipate 
considerable power. Aside from the size and power concerns, 
diode-based temperature sensors are still not practical in fine 
feature CMOS processes for several reasons.  One reason is 
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because in most CMOS processes, a good junction diode is not 
available but rather a parasitic vertical BJT is diode-connected 
to behave as a diode with a P diffusion in an N-well over the P-
type substrate (PNP).  This substrate PNP has a temperature-
dependent β, a large temperature-dependent base-spreading 
resistance, and a large temperature-dependent collector 
resistance. These factors all degrade performance.  In addition, 
the temperature-dependent models of the parasitic bipolar 
devices are not well-developed in emerging CMOS processes 
making it difficult to accurately predict performance. 
     In this work, a threshold-voltage-based supply-insensitive 
temperature sensor [12], [13] is adapted to provide both thermal 
gradient and average temperature readings.  The temperature-
sensing part of this circuit is very small making it suitable for 
inclusion in critical parts of a circuit where hot spots are most 
problematic as well as making it useful for measuring localized 
thermal gradients.  The overall area is also small and the total 
supply current is very small making it applicable for sensing 
temperature and temperature gradients at multiple locations on a 
die. In Section II, the proposed temperature sensor is 
analytically characterized.  Simulation results are presented in 
Section III. Section IV describes the circuit layout strategy for 
both average temperature and thermal gradient measurements.  
Section V concludes this work.  
 
 

II. TEMPERATURE SENEOR CIRCUIT DESCRIPTION  

 
Fig.1 Proposed temperature sensor (start-up not shown)  

 

    The proposed temperature sensor shown in Fig. 1 is derived 
from the inverse-Widler self-stabilized temperature sensor [14]. 
Sensors B,C, … are not shown in the schematic. Neglecting 
output conductance effects and assuming that the transistors are 
operating in saturation and are characterized by the ideal 
square-law model, it follows that: 
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where M is the gain of the M4:M5 current mirror and whereW1-3 
and L1-3 are the equivalent width and length of the M1-3 
transistors respectively as determined by the number of 
switches that are closed. 

Assuming that M4 and M5 are operating at the same 
temperature with same size and matched mobilities, it follows 
from (1)-(4) that VO1 and VO2 can be expressed as:   
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The expressions show that the output voltages VO1 and VO2 
are independent of the supply voltage VDD and have a linear 
relationship with the threshold voltage. Since the threshold 
voltage is nearly linear with temperature and since  temperature  
µn2/µn3 and µn2/µn1 will cancel if M1, M2, and M3 are operating 
at the same temperature, it follows that VO1 and VO2 are nearly 
linear w.r.t. temperature.   

The temperature dependence of the threshold voltage in the 
BSIM model [15], given in (7), shows explicitly the temperature 
dependence of the threshold voltage used in most simulators. 
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In this model, KT1, KT1L, and KT2 are process dependent 
constants, TNOM is equal to 300K, Leff is the effective length, 
and Vbseff is the effective bulk to source voltage. If Vbseff is not 
zero, a weak nonlinearity of threshold voltage w.r.t. temperature 
is introduced but overall the threshold voltage is nearly linear 
w.r.t. temperature.  For notational convenience, we will express 
Vtn(T) as 

 
00( )tn tnV T V T                                 (8) 

     To maintain operation in the saturation region for the circuit 
of Fig. 1, the relationship in (5) must be satisfied:  
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If we neglect the bulk effect on the threshold voltage of M2 and 
assume M1, M2 and M3 are operating at the same temperature 
and assume that the threshold voltages Vtn1 and Vtn2 are 
matched, (5) simplifies to:  
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From (10), only the temperature dependence of the threshold 
voltage of M3 contributes to the temperature dependence of VO1 
and from (7) and (10), the temperature is given by 
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, and where the temperature 

coefficient is given by γ/θ. The value for Vtn300, which is not 
temperature dependent, can be obtained from a single-point 
calibration and the parameter γ from a single batch calibration.  
So, the strategy for designing an ultra-small on-chip 
temperature sensor is to use three diode-connected transistors 
M1-M3 (or parallel/fingered devices as determined by SA and 
SD) as the temperature sensing device with M1-M3 being placed 
at temperature-critical locations on a die.  
     To measure a one-dimensional temperature gradient, 
consider two n-channel transistor cells, {M1A, M2A, M3A} and 
{M1B, M2B, M3B} with the distance between the geometric 
centroids of the cells being dAB. Designate the output with The 
SA switches closed as VO1A and the output with the SB switches 
closed as VO1B. It TA and TB are the temperatures of the “A” cell 
and the “B” cell respectively, it follows from (11) that  

 1 1 3 00 3 00- O A O B tn B tn A
A B

V V V V
T T




  
                  (12) 

and the thermal gradient GAB in the direction from A to B is 
given by 
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     If TA and TB are measured using (11), the temperature at the 
geometric centroid of the “A” and “B” cells, denoted at TAB, can 
be obtained by taking the average of TA and TB which is 
expressed as 
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The parameters VTn3A00 and VTn3B00 can be obtained with a 
single point calibration.   
     Multiple M1-M3 cells can be appropriately spaced to monitor 
two-dimensional gradients as discussed below. The location of 
the devices M4, and M5 is not critical and appropriate 
interdigitated layout methods can be used to assure that these 
devices are operating at the same temperature.  
     The key distinction between this temperature sensor and 
other inverse-Widlar structures discussed in the literature is that 
it is not necessary to use the whole five-transistor structure as a 
temperature sensor.  Here, the sensor output is temperature 
insensitive to the temperature of the upper p-channel devices 
provided they operate at the same temperature so the position 
and the local temperature of those two transistors are not 
critical. Since the sensor is low current, the voltage drop along 
the lines connecting the core to individual M1-M3 cells is 
negligible small. 
 
 

III. SIMULATION RESULTS 
     The temperature sensor can operate over a very wide range 
from a low temperature of about -70˚C to very high 
temperatures. However, the simulation results in this paper 
focus on a higher and narrow temperature range, 60oC to 90oC, 
where temperature sensors are a key component in 
power/thermal management.  In this range, electrical/thermal 
stress affects the reliability of an integrated circuit and in 

contrast to existing approaches where only maximum 
temperature is used to throttle operation, and the proposed  

 
Table 1 

Device W/L multiplier 
M1 0.3μ/0.9 μ 1 
M2 5μ/0.3 μ 1 
M3 5μ/0.3 μ 1 
M4 0.56μ/0.3 μ 2 
M5 0.56μ/0.3 μ 2 
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Fig. 2 Simulation results with the original model 
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Fig. 3 Simulation results with 2nd order 

 
temperature sensors will provide both average temperature and 
temperature gradient information that can be used to better 
manage system reliability.  
   The temperature sensor has been designed in a TSMC 0.18μm 
process with a 1.8V supply voltage. Device sizes are given in 
Table 1. This design has a temperature coefficient, γ/θ of 
0.88mV/oC. The simulation results in Fig. 2 for a single output 
with all devices operating at the same temperature show very 
good linearity over process corners, typically designated as TT, 
FF, FS, SF, and SS. Simulation results show the nonlinearity  
error is bounded by ±0.02 ˚C over a 30 ˚C range.  The voltage 
level changes due to the device mismatch and process variations 
corresponding to the shifts in the curves can be corrected with a 
one-point calibration. 
    The temperature-dependent threshold voltage model of (7) 
does not account for higher-order temperature nonlinearities 
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which are known to exist in real devices.  This nonlinearity will 
introduce some nonlinear errors in the proposed temperature 
sensor. Measurements of the temperature dependence of the 
threshold voltage of MOS devices from a single run in this 
process correlate much better with simulation results if a 
second-order temperature coefficient is added to the BSIM 
model.  This can be implemented by replacing the coefficient  
KT1 with  

31 9.2 10 ( 1 1)
NOM

OK
T

T
T

TK     
                   

 (15) 

where KT1O is the constant value of the original model. 
Simulation results with the modified 2nd order temperature 
coefficient model are shown in Fig.3. The nominal voltage level 
is about the same as with the original model but the nonlinear 
errors increase to about ±0.15oC.  These more realistic errors are 
still very small and of little concern when this temperature 
sensor is used for temperature or temperature gradient 
measurements for power/thermal management applications.  

 

 
IV. LAYOUT AND PLACEMENT FOR THERMAL GRADIENT 

MEASUREMENT 
     Different layout and placements of the sensors can provide 
various temperature gradient information. Four different 
placements of the M1-M3 transistors are shown in Fig. 4. The 
regions labeled with the letters A, B, C, and D correspond to the 
gate regions of the corresponding M1-M3 transistors.   The 
spacing between these regions is shown as being close in the 
figure but the distance between the regions can be arbitrary.  
The layout of Fig. 4a is useful for obtaining linear gradients in 
the horizontal direction and two segments, M1-3A and M1-3B are 
used to measure the gradient along with two corresponding 
output voltages VO1A and VO1B obtained by closing first switch 
SA and then switch SB.  Vertical and horizontal gradients can be 
obtained by using four gate regions as shown in Fig. 4b and 4c.  
To measure the vertical gradient, switches SA and SB are closed 
and output voltage VO1AB is obtained.  Then switches SC and SD 
are closed and VO1CD is obtained.  The vertical gradient is than 
calculated from (14) using the voltages V01AB and V01CD. To 
measure the horizontal gradient, switches SA and SC are closed 
and VO1AC is obtained. Then switches SB and SD are both closed 
and V01BD is obtained.  The horizontal gradient is then 
calculated from (14).  The layout of Fig. 4d can be used to 
measure gradients in the -45o direction.   

 
Fig. 4 Layout for temperature gradient sensing 

 
V. CONCLUSION 

     An ultra-small temperature sensor has been designed in a 
TSMC 0.18 μm process and the active area for the temperature 
sensing element is only 15.5μm2. This temperature sensor can 
measure temperature at arbitrary locations on a die as well as 
thermal gradients in any direction.  It provides good accuracy 
with a single point temperature calibration for use in 

power/thermal management applications where electrical and 
thermal stress and stress gradients limit the reliability of the 
circuit.  
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