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Abstract — This paper proposes a CMOS structure as a highly
linear on-chip temperature sensor. As long as all transistors are
in saturation, the output of the structure is a Vyp independent
voltage source that linearly expresses CMOS threshold voltage,
and hence is approximately linear in temperature. A new sizing
strategy is introduced following a combined analytical and
numerical optimization approach, which effectively removes
both second and third order nonlinearities. Following this sizing
approach, the sensor output voltage can be made very linear in
temperature, with temperature INL (maximum temperature
errors due to Vout temperature nonlinearity) within 0.05°C over
the temperature range of -20~100°C. Results from corner
simulations and Monte Carlo simulations demonstrate that the
sensor linearity has excellent robustness over process variation
and local device mismatches. With a standard two point
calibration, the sensor’s maximum output error can be confined
within 0.15°C without any trimming. The sensor is very compact
with a total active area around 200 pm” when implemented in
0.18pm process.

L INTRODUCTION

As the component density continues to increase in
advanced CMOS technologies, power density per unit die area
of VLSI chips is increasing dramatically. Reliable operations
of the integrated circuit system require the prevention of
excessive chip heating. Building on-chip temperature sensors
to monitor the temperature at critical locations on a die is
becoming an inevitable requirement. The on-chip
measurement results also provide potentials to implement
feedbacks from sensory data into techniques for thermal
management and system performance optimization. Due to the
need for many sensors throughout the die, theses on-chip
sensors must be very compact. Due to the high sensitivity and
nonlinear dependence of device reliability on temperature,
these temperature sensors must have measurement accuracies
in the sub 1°C or better range. Furthermore, these sensors must
have low power consumption to avoid excessive self-heating.
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By far the most widely researched temperature sensors are
based upon traditional proportional to absolute temperature
(PTAT) principle and utilize temperature-dependent
characteristics of the pn junction. Although this technique is
widely used for building stand-alone temperature sensors, pnp
elements and operational amplifiers are normally required to
build those temperature sensors, leading to larger die sizes and
high power consumptions [1]-[4]. Other authors have also
focused on using the temperature dependence of CMOS
threshold voltage Vi and mobility. The resultant output
signals have either a pulse width proportional to the
temperature or an oscillation frequency dependent dominantly
upon temperature through mobility and threshold variations.
In reality, the circuits obtained combine the effects of the
temperature dependence of both mobility and the threshold
voltage, and are not highly linear with respect to temperature
[5]-[8]. The reported temperature errors range from +/-0.6°C
to a few Celsius from author to author.

This paper presents a MOS temperature sensor structure
that is more compact and more linear with respect to
temperature. When the transistors are sized according to the

.. nd rd
proposed sizing strategy, both 2™ and 3™ order temperature
nonlinearity can be compensated, and a highly linear sensor
output voltage with respect to temperature can be obtained.

In section II, a Vpp independent circuit that can express
threshold voltage is analyzed. Section III describes the new
strategy on how to size the transistors to significantly reduce
2" and 3" order temperature nonlinearity. Design insights on
how to achieve trade-offs between linearity, area and power
consumption are provided. Section IV presents a circuit design
example using the sizing strategy introduced in section III.
Section V summarizes the work.

II.  THRESHOLD EXTRACTION CIRCUIT DESIGN

The proposed circuit that is able to express threshold
voltage is shown in Fig. 1. Temporarily neglecting the channel
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Figure 1. Schematic of proposed temperature sensor

length modulation, four equations can be written to fully
describe the operation of the circuit.
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Equations (1)—(4) comprise a set of 4 simultaneous equations
in the unknown variables {/p;, Ip;, V,;, and V,;}. V,;and V,,
can be solved from the four equations.
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where V1, Vo, Vins are the threshold voltage for M;, M, and
M; respectively.

Assuming that all NMOS transistors have the same
threshold voltage, (6) and (7) can be simplified as
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From (8) and (9), it can be observed that the output
voltages V,; and V,, will have a nearly linear relationship
with threshold voltage. According to threshold voltage
temperature dependence model in (10), threshold voltage
itself is nearly linear with respect to temperature [9],

V(T) =V, +(KTV+ KTIL/ Ly + KT2-V, ;) (T | Ty ~1) (10)

where KT1, KTIL, KT2 are process dependent constant, Tyom
is equal to 300 K, L.y is the effective length approximately
equal to the length L, and V), is the effective bulk to source
voltage. From (10), it can be seen that if the CMOS bulk
terminal is connected to source, the temperature nonlinearity
brought by bulk to source voltage V, is negligible. In the
circuit in Fig.1, zero V;, of M| and Mj; can be easily realized,
while in M,, the source and bulk cannot be easily tied
together in most processes when double-well is not available.
This phenomenon suggests that the PMOS counterpart of
circuit in Fig.l1 will potentially have better temperature
linearity because each PMOS device can have its own well
tie.

III.  SIZING STRATEGY TO REDUCE TEMPERATURE
NONLINEARITY

The channel modulation effect that has been neglected in
section II will cause temperature nonlinearity in the output
voltages V,; and V,,. This type of nonlinearity will result in
several degree Celsius temperature errors. To improve the
linearity, the channel modulation parameter A is re-introduced
in the analytical model in (1)—(4) to have:
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The next objective is to find out d’V,,/dT” and d°V,/dT’
expressions and identify the design variables to reduce the 2™
order temperature dependence terms and compensate the
quadratic temperature error. The most straightforward way to
find out &’V,,/dT’ and d’V,,/dT’ is to directly solve V,; and
V,, from (11)—(15). However, the highly nonlinear forms of
V,; and V,, make it very tedious to first solve V,; and V,,
directly and then apply differentiation. According to chain
rule for implicit function differentiation theorem, we can
directly apply differentiation to equations (11)—(15) with
respect to temperature and then solve for first order, second
order and higher order temperature derivative terms [10].

Using this approach, the first order temperature
dependence terms dV,;/dT and dV,,/dT can be found from
(16). They determine the slope of the temperature sensor
transfer function.
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Similarly, the second order temperature derivative terms
can also be solved and are given in (17).
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Assume that V,; is the voltage of interest that we would
like to linearize in the temperature domain. The 2™
temperature derivative of V,; can be explicitly expressed as
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where VEB is the excess bias voltage of each transistor.

To reduce the quadratic term expressed by (18), the
objective is to minimize the sum of K5, and K,,. There are
multiple solutions to realize this objective. One solution
applied in this work is:
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To satisfy the conditlons (19), PMOS current mirrors are
chosen to have the same dimensions. dV,,/dT, dV,,/dT and
dV,ydT in (20)—(21) are the values computed from (16). M,

M, and M; need to be sized in a way to satisfy conditions (20)
and (21) as closely as possible. In this way, the quadratic term
in V,; can be significantly reduced. The temperature error
caused by nonlinearity can be maintained at about 1°C level.
Ideally, the higher order derivatives, such as @’V,,/dT’ and
d'V,,/dT’ can be obtained in the same way as described above.
However, the tediousness of the resultant expressions grows
rapidly when moving to higher order.

To compensate 3™ order temperature nonlinear term and
further reduce temperature nonlinearity, some finer size
adjustment is required. First, we keep PMOS size as a
constant, because it has been found that PMOS size is much
less influential than the bottom three NMOS transistors in
output voltage temperature non-linearity. M, size is critical to
the current consumption of the whole circuit. Given certain
power budget and voltage headroom, the size of M; can be
approximately determined first. The lengths of M, an M; can
be first fixed as 2-4 times of feature size. Therefore, two
design variables {W,, W;} are available for the size
adjustment at first. A numerical optimization procedure to
reduce temperature nonlinearity can be operated as follows:

I. Vary W, by a certain amount AW,, such as 20% of
original size, and find out the sensitivity of output
temperature INL with respect to the width’s change.
If the INL decreases, replace the original W, with
the new value.

1L Similarly, adjust W3 using the approach in step I.

II1. Repeat step I again and vary W, by a certain amount
of step. This step amount change can be roughly
determined according to the percentage change in
the temperature INL when W, was varied by AW, in
the previous iteration step. In general, the change in
W, will lead to a local minimum of temperature INL
error.

Iv. Repeat step II to vary W3 in the same way as varying
W, in step 111

V. Repeat the iteration in steps III and IV, and adjust
W, and W; till temperature INL does not have
obvious improvement. Then consider finer
adjustment in PMOS size and length of M, and M;.

Using this combined analytical and numerical approach,
temperature INL can be reduced to less than 0.1°C level.

IV. A DESIGN EXAMPLE AND ITS PERFORMANCES

To demonstrate the good temperature linearity property of
the circuit in Fig.1 and the effectiveness of the sizing
strategy, one circuit has been designed in 1P6M 0.18um
process using BSIM3v3 model. Define the temperature error
caused by temperature non-linearity of the sensor’s output
voltage as: The maximum temperature difference between the
transfer curve V, versus temperature and its ending point fit
line. The temperature error at typical condition is shown in
Fig.2. It can be observed that after size optimization, 2" and
3" temperature nonlinearity term can be significantly reduced
so that error caused by the temperature nonlinearity can be
maintained at around 0.05°C throughout the temperature
range -20 to 100°C.
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The effect of global parameter variations from different
corners is also investigated. Simulation results in Fig.3 show
that the circuit has worst case temperature error at 0.15°C,
which demonstrates good robustness of the design to different
process corners. In the worst corner—slow NMOS slow
PMOS, the threshold extraction voltage V., is increasing
higher due to the larger threshold voltage. The transistor M,
loses headroom in its Vpg voltage, and therefore tends to
operate in the triode region and degrades the temperature
linearity predicted in section II.
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Figure 2. Temperature Error at typical condition
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Figure 3. Temperature Error at different process corners (TT:
typical; FF: fast NMOS fast PMOS; FS: fast NMOS slow PMOS; SS: slow
NMOS slow PMOS; SF: slow NMOS fast PMOS)
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Figure 4. Temperature Error at process and mismatch combined

Monte Carlo simulation

TABLE 1. PERFORMANCES SUMMARY

Parameters Performances

Maximum Temp Error (°C) at typical condition 0.05

Maximum Temp Error (°C) at worst corner 0.15

Maximum Temp Error (°C) at 200 # MC
simulation

mu=0.105, std=0.024

Current (LA) 52
Active area (um?) 200
Output Voltage Temp Coefficient (mV/°C) -0.898

TABLE IL KEY CIRCUIT PARAMETERS
Process (jum) 0.18
Voo (V) 18
Temperature range (°C) -20 ~100

(W/L),=0.3 /0.8 n, (W/L),=2x10 n/0.4 p,
(W/L);=223.7 /04 p
(W/L)=4.5 u/ 0.9 p, (W/L);=4.51/0.9n

Transistor sizes

In Fig.4, results from 200 times Monte Carlo simulation in
0.18p process using BSIM3v3 model show that the circuit
also has very good robustness when process variation and
local device mismatches are both present. The Monte Carlo
simulation models the situation when threshold voltage,
mobility, transistor width and length have Gaussian distributed
random variations. The mean value for the maximum
temperature error is 0.105°C, and the standard deviation is
0.024°C. The main performances and design specifications
have been listed in Table 1. The key circuit design parameters
are listed in Table II.

V. CONCLUSIONS

In this paper, a compact on-chip temperature sensor has
been proposed. This structure can express the threshold
voltage of CMOS transistors as outputs and achieve high
temperature linearity. A sizing strategy using a combined
analytical and numerical apfroach has been described to
significantly reduce 2™ and 3™ order temperature nonlinearity.
The designed circuit demonstrates temperature error at 0.05°C
level and robustness to process variations and local device
mismatches. The small area and high linearity makes the
structure very suitable for high precision multiple sites on-chip
temperature measurements.
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