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Temperature and Voltage Measurement
for Field Test Using an Aging-Tolerant Monitor
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Abstract—Measuring temperature and voltage in a current
VLSI is very important in guaranteeing its reliability, because a
large variation of temperature or voltage in field will reduce a
delay margin and makes the chip behavior unreliable. This paper
proposes a novel method of temperature and voltage
measurement, which can be used for variety of applications such
as field test, on-line test, or hot-spot monitoring. The method
counts frequencies of more than one ring-oscillator, which
composes an aging-tolerant monitor. Then, the temperature and
the voltage are derived from the frequencies using a multiple
regression analysis. To improve accuracy of measurement, three
techniques of an optimal selection of ring-oscillator types, their
calibration, and hierarchical calculation, are newly introduced. In
order to make sure the proposed method, circuit simulation in 180
nm, 90 nm and 45 nm CMOS technologies is performed. In the
180 nm CMOS technology, the temperature accuracy is within
0.99 °C, and the voltage accuracy is within 4.17 mV. Furthermore,
some experimental results using fabricated test chips with 180 nm
CMOS technology confirms its feasibility.

Index Terms—Temperature monitor, voltage monitor, ring
oscillator, field test, delay test

I. INTRODUCTION

NCREASING system complexity and structural shrinking in

semiconductor fabrication process make it harder and harder
to achieve high reliability of VLSI systems. Especially for
safety related systems such as automobiles, aircrafts or social
infrastructure systems it is a crucial issue to guarantee their
reliability against circuit aging [1-5].

One promising approach to achieve the high reliability is
field test, which regularly measures the delay margin [6-10].
Field test is performed on a periodic basis during a short period
at power-on, power-off, or idle time by embedded test
structures [6, 7]. As the environment where the test is
performed is diverse, the temperature varies in a wide range,
and the supply voltage is not easy to control. Then, hot-spots on
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the chip or low voltage area caused by static IR-drop affect
circuit delay. High temperatures or low voltages generally
increase circuit delays, and low temperatures or high voltages
decrease delays [8, 24]. In this way, the measured delay values
are affected very much by the environment during testing. To
monitor the variation of intrinsic delay caused by aging or other
reasons, both the temperature and the voltage during testing
should be well-controlled ideally. When it is difficult to control
them, temperature and voltage on the chip should be monitored.
An accurate delay measurement is proposed by removing the
influence of environment from the measured delay [9, 10].

When an environment monitor is used in field test, the
following features are desired:

1. Both the temperature and the voltage are measured

simultaneously.

2. The measurement accuracy is guaranteed under process
variation.

3. The measurement time is short compared to the test
period of the field test.

4.  The costs of design and manufacture are minimized.
Aging of the monitor itself is avoided.

6. The monitor can be placed close to the circuit under

test.

There has been a lot of research activity regarding on-chip
monitors to measure the temperature and/or the voltage [11-15].
Temperature sensor using a bipolar transistor as a thermal diode
is the most popular sensor whose advantage is high accuracy.
However, it imposes various restrictions on design and
measurement. A CMOS temperature sensor using the substrate
bipolar transistor has an inaccuracy of +1.0°C in the range of
-40°C to 120 °C [11]. This sensor needs a constant reference
voltage and an ADC (analog-to-digital converter). A TDC
(time-to-digital-converter)-based temperature sensor [12],
which uses temperature-to-pulse generator, has an inaccuracy
of -0.7 to +0.9°C in the range of 0°C to 100°C. A CMOS smart
temperature sensor with a PTAT(proportional-to-absolute
temperature) bias circuit and a sigma-delta ADC, has an
inaccuracy of =0.1°C (30) in the range of -55°C to 125 °C [13].
The measurement accuracies of these sensors are high, however,
they need an analog comparator, an ADC, a reference current
source or complex calibration. Then, they are usually placed
only at a few locations on the chip which makes it difficult to
observe temperature data of various locations on the chip or
identify hot-spots. Furthermore, their power consumption may
high.

An alternative to the sensors with thermal diode are a
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ring-oscillator-based sensor [14]. Its merits are low area
overhead and low power consumption. Therefore, they have
less restriction on placement and larger number of sensors can
be embedded on a chip. On the other hand, some of them
require a reference current or a clean supply voltage for
calibration. Quenot et al. [15] proposed a measurement circuit
using delay programmable ring oscillators that was developed
for analysis of thermal dissipation and power distribution. That
circuit can measure the temperature and the voltage
simultaneously. The inaccuracy is less than 50 mV and 3°C in
the ranges of 4V to 6V and 20°C to 80°C. The advantages are
low area overhead and a simple design. The major disadvantage
is that it requires complex processing for mapping the measured
frequencies of ring oscillators into a (7, V) plane, where T is the
temperature and V' is the voltage. Also a standard cell library
cannot be used, since the transistor and diffusion resistances in
the circuit need to be designed at specific values.

The previous works [11-15] never take into account the

degradation caused by circuit aging in field. There are circuit
aging phenomena as electro-migration, BTI (Bias Temperature
Instability), and HCI (Hot Carrier Injection). It is difficult to
compensate for preventing BTI because it degrades while the
transistor does not work. Although some methods [16, 17] to
cut off the power supply to the circuit during non-operation are
proposed, they require a dedicated power switch.
This paper proposes a novel temperature and voltage (7&V)
measurement method, which is suitable for the field test,
on-line test, hot-spot monitoring and many other applications.
The proposed method calculates 7&V values simultaneously
with an aging-tolerant monitor. The calculation is based on
multiple regression analysis from frequencies of three different
types of ring-oscillators (ROs) in the monitor. As the
measurement procedures are fully digital, it is easy to
implement the monitor on chip, i.e., the monitor circuit consists
of logic gates in the cell library without any special cells.
Therefore, it can be placed at various locations including
hot-spots of the chip.

In order to achieve high measurement accuracy, the proposed
measurement employs three techniques, which are an optimal
ring-oscillator selection, calibration of the ROs, and
hierarchical T&V calculation. Although there are many RO
types with different logic gate types and fan-out numbers, this
paper proposes a procedure for optimal RO selection with
respect to the measurement accuracy. A selected RO has an
aging-tolerant structure for BTI. Calibration based on the initial
measurement result of each RO is necessary to handle process
variation. The hierarchical calculation is employed, in which
T&V is roughly calculated to choose a subrange and then the
calculation equation of the chosen subrange is applied to
calculate more accurate 7&V. Using this method, the linear
approximation is localized in a small subrange and the
approximation errors of temperature range or voltage can be
reduced greatly.

Field test is one of target applications of (7&¥) measurement.

In the field test, T&V at each test session may not be the same. It
is important that the fluctuations of 7&V caused by
environment should be measured. The fluctuation of T&V

caused by a circuit behavior itself like self-heating and supply
voltage noise is not important, because the same test patterns
are applied repeatedly at every test session. The fluctuations
caused by the circuit behavior itself can be negligible by using
the relative differences of the fluctuation of 7& V. The proposed
method can derive the fluctuations caused by environment as
the relative differences of temperature and voltage from the
normal values.

In this work, a measurement time of the proposed method is
set below 100us. For example, when an allowable test time is
10ms in a typical power-on test for automotive devices, at most
100us (1%) will be available for a temperature and voltage
measurement.

Thus, unlike the previous works, the monitor satisfies all of
the necessary features 1)-6) for the field test. A preliminary
version of this work was presented in [18, 19], where the basic
idea of temperature and voltage measurement [ 18], Calibration
and hierarchical calculation and some methods for accurate
calculation [19] were proposed.

In 180 nm CMOS technology using the proposed method, the
temperature measurement accuracy is 0.86 °C to 0.94°C, and
the voltage accuracy is 2.98 mV to 4.17 mV. The measurement
accuracy of the proposed method is not better than that of the
related works. However, this accuracy is enough to measure
hot-spots on the chip because the path delay variation due to
temperature variation, which is investigated from a measured
RO frequency and a calculated temperature of test chip, is
1.23[ps/°C]. For instance, in order to suppress the error of
delay measurement within 5 ps, the temperature measurement
accuracy is required to be below 4.06°C.

This paper is organized as follows. Section 2 describes the
concept of the proposed 7&V measurement method using ROs.
Section 3 describes a design of the proposed monitor. Section 4
shows simulation results for the monitors with 180 nm, 90 nm
and 45 nm CMOS technologies, respectively. Section 5 shows
results of test chip evaluation. Section 6 concludes the paper.

II. T&V CALCULATION FROM RO FREQUENCIES

A. Basic Idea of T&V Calculation Using Multiple Regression
Analysis

Fig. 1 shows examples of relations between the RO
frequency and temperature, and between the RO frequency and
voltage. For example, in case of the 45 nm or mature CMOS
technology, the RO frequency decreases when temperature
increases, and the RO frequency increases when voltage
increases. Thus, T&V characteristics of the RO frequency F are
described as a function in equation (1). When the voltage is
fixed, the temperature can be expressed as a function fr(F) for
frequency F in equation (2). Similarly, when the temperature is
fixed, the voltage can be expressed as a function f;, (F) for F in
equation (3). Both f;(F) and f,(F), which are non-linear
functions, can be approximated as linear function. These
equations suggest that 7 or V' can be calculated from the
frequency of an RO. Thus, a basic idea is to use linear
approximation to calculate 7 or V from F. In general, the
functions of T&V characteristics are non-linear with respect to
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frequency. Therefore, the 7&V calculated using linear
functions include some amount of error. However, the linear
functions are easy to implement either by software or by
hardware Dbecause of their simplicity. Using linear
approximation, the functions to calculate 7 or V from F can be
expressed by equations (2)’ and (3)’, respectively.
F=g(T,V) (1)

T =f.(F) forafixed V. (2)
V=f,(F) for a fixed 7. 3)
T=aF +b forafixed V. @2y
V=cF+d forafixed 7. 3y

In general, neither 7 nor  may be known in field. Then, it is
difficult to calculate both 7' and V accurately from one variable
F. This problem can be solved by using more than one RO that
has different T&V characteristics. Assume that there are three
ROs with different 7&V characteristics on a chip. The RO
frequencies F, F,, and F; can be expressed as function gj, g,
and g; of T&V as shown in equations (4), (5) and (6). Linear
equations (7) and (8) will be obtained from three equations (4),
(5) and (6) by the multiple regression analysis that calculates
dependent variables (T,V) from independent variables
(F1, F,, F3). Because the relations of F; and 7&V can be
investigated using SPICE simulation, equations (7) and (8) are
created from the simulation data at design phase.

Fy = g.(T,V) 4
F, = g,(T,V) Q)
F3 = g3(T,V) (6)

T=h(F,F)Fs)=ar+F, +br*F,+cpxF;+dy (7)
V=k(F,F,,F;) =ay*F + by *F, + ¢, * F;+dy (8)
Constants ar, ay, by, by, cr, ¢y, dr and d, are coefficients
of calculation, which are generated by the multiple regression
analysis. T&V are calculated by applying the calculation
equations to the measured RO frequencies of the real chip. Thus
the calculation method proposed in this paper employs the
linear approximation and the multiple regression analysis from
the frequencies of three ROs with different 7&V characteristics.
Note that the higher the number of ROs, the better the
measurement accuracy, but calculation becomes more
complex.

B. Calculation Using Differential Frequencies

A differential approach, which uses difference between two
RO frequencies at different 7&V, is used to implement 7&V
calculation. Fig. 2 illustrates the relation between F, T'and V of
an RO. The RO frequency F; as a reference is measured under
well-controlled Ty &V,in manufacturing test. The differential
frequency AF is the difference between the RO frequency at
To&Vyand the RO frequency at actual 7&V. We define F =
Fo+AF, T =Ty + AT, and V =V, + AV. The equations (7)
and (8) are extended using the differential approach leading to
the following equations:

AT = ApT * AFl + bAT * AFZ + CaT * AF3 + dAT (9)

AV = apy * AF; + bpy * AF, + cpy * AF; +dyy  (10)
where, AF;,AF, and AF; are differential frequencies.
dar and dpy, are usually non-zero values, because the linear
approximation is adjusted to all range instead of 7j or V.

C. Calibration for Process Variation

The differential approach is useful to tackle with the process
variations. Process variation is classified into two categories:
global variation and local variation [20]. By global variation
characteristics of transistors may change smoothly across the
entire wafer. Then, the RO frequencies differ depending on
their location of the wafer. On the other hand, by local variation
characteristics of transistors vary independently. Therefore,
frequency variation caused by local variation will be reduced to

1/+/N times according to the law of large numbers, where N is
the number of RO stages. As a result, the 7VM can reduce the
influence of local variation by increasing the number of RO
stages at the expense of increased area overhead.

As for the global variation, when process variation is not
negligible, the errors of calculation would be larger than the
ones calculated from the typical process.

In a simple transistor model of an inverter in CMOS
technology, equations (11) and (12) are given using the
following parameters that influence the RO frequency [24].

- Tp : Gate delay (rise/fall time)

- L : Gate length

- W : Gate width

- C, : Load capability

- Cox : Gate oxide capacitance

- u: Electron mobility

- Vpp : Supply voltage

- Vin : Threshold voltage

- Ips : Source-drain current

- RO _Stage : Number of RO stages
- o : temperature dependent of threshold voltage
- AT : temperature variation

Note that parameters u, and Vi, for an NMOS transistor
are assumed to be the same as u, and Vi, for a PMOS
transistor, which are denoted as u and V,,, respectively. F; and
Tp are calculated by the following equation

1

FF=—""7— 11

' 2.Tp'RO_Stage (11

— CVpp _ 2L  CL | [45))) (12)
Ips Cox'r W Vpp-Vip(1—-aAT)

T&V characteristics are determined by a circuit structure of
the RO. Relation between the T&V characteristics and the
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circuit structure will be discussed in Section 3.3.

The proposed technique tackles a variation of the threshold
voltage that is influenced by the process variation. Fig. 3
illustrates the influence of the process variation on the RO
frequency. There is the RO frequency F;"”? (solid line) in the
typical process, and the RO frequency F; (dashed line) is a
measured frequency, which includes the influence of the
process variation. Even though the temperatures are the same,
the frequencies F;"”? and F; are not the same because of the
process variation. The error of calculation 6T occurs, when
temperature is calculated from &F;, which is the difference
between F;">P and F;. The error not only affects temperature
but also the calculated voltage.

To tackle the problem of the process variation, calibration
based on the initial measurement of each RO is performed. The
proposed technique calibrates parameters in the calculation in
order to reduce the influence of the process variation.

Ratios of the RO frequency of F;"? and F; are expressed as
the equation (13) from the equation (11) and (12).

Fj Vop—Vin Vin vi?

W - (VDD_Vt?p) (1 B (VDD_Vth - VDDt_tht;{p) . aAT) (13)
szy P is the threshold voltage in the typical process, and V,, is
the actual threshold voltage that includes the influence of the
process variation. The variation of the RO frequency caused by
the actual process variation for threshold voltage can be known
using the ratios of the F;"”Pfor the F;.

Fig. 3 explains the calibration technique to reduce the error
caused by global variation. Ratios of the process variation are
obtained by comparing the measured frequencies with the
typical frequencies {F;(T,, VO)/Fityp (To, Vo) } fori = 1,2,3 at
the initial measurement for each RO, where T and V are known
or well-controlled as (T, V). That is, the temperature variation
AT in the equation (13) is zero. Therefore, §F; can be zero by
the calibration using the ratios at the initial measurement. Then,
the measurement error is able to be reduced. That is, the
calculation equations are corrected by multiplying the ratios in
equations (9) and (10). Equations (14) and (15) are used instead
of equations (9) and (10). AT includes the influence of the
reduced 4T

t
- FYP(To Vo)
F1(To,Vo)

F7P (To,Vo)
F>(To,Vo)
F32P (To,Vo)
F3(To,Vo)
F3YP (To Vo)
F(To,Vo)

AF; +dar  (14)

+CAT

AV = FYP (To,vo)

= aAV Fl(TO,VO) AF]_ + bAV

2
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B AR +dyy (1)

The correction of equations corresponds to the change of
parameters aar, Aay, bar, bav, Cat, Cay, dar and dpy which are
generated by the multiple regression analysis as shown in
Section 2.2.

As the amount of global variation differs according to the
chip or the location on a chip, this calibration should be applied
to every RO. The proposed calibration technique will reduce
the influence of global variations such as die-to-die or
within-die variations. Its effectiveness will be evaluated in the
Section 4.

+Cpy

D. Division of T&V Ranges

The proposed T&V calculation uses a linearity of T&V
characteristics of each RO. The measurement error due to the
linearity is defined as the standard deviation of the error
distribution of the linear approximation of the original
characteristic function as shown in Fig. 4. Low standard
deviation corresponds to high linearity. The 7&V calculated by
linear equations generally include some amount of
approximation errors. The division of the 7&V range into plural
sub-ranges in calculation is useful for the reduction of errors
caused by linear approximation. However, the problem of how
to select the sub-range remains. The selected sub-range should
include the real T7&V denoted as Tgeq; &Vgeqr, because the T&V
are calculated using the linear equation of the each sub-range.
The process variation may affect the selection of the
corresponding sub-range. Thus, regardless of the amount of the
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process variation, the proposed method determines the
sub-ranges.

Fig. 5 shows the relation between calculated temperature and
real temperature. In temperature measurement, an error by
process variation ePr and a calculation error €T exist in the
result. As well as temperature measurement, voltage
measurement includes an error by process variation eP, and a
calculation error eV. The maximum and minimum error by
process variation can be calculated by simulation
corresponding to the highest and lowest V;,, respectively. The
relations between the real values Tgeq; & Vgeqr and the
calculated values T &V, are given in relations (16) and (17).
Note that €T and eV are the maximum errors due to the
non-linearity, and €P, and eP; are the maximum errors by
process variation. For example, relation (16) means that T¢y;
exists in the interval whose center is the real temperature Treq;,
and whose width is the twofold sum of €T and €P;. Relation
(17) means that the calculated V exists in the interval, whose
center is the real voltage Vg,q;, and whose width is the twofold
sum of €V and €Py.

TReal - |ST + SPTl < TCal = TReal + |€T + SPT' (16)
Vreat = €V + €Py| < Veqy < Vgeay + |V +ePy|  (17)

Fig. 6 shows the relation between the original sub-range and
the modified sub-range taking the errors into account. Each
original range is divided into three sub-ranges without any
overlap. The modified sub-ranges are wide enough to allow the
errors €T + €Pr and €V + €Py,. Then, the equations are created
for each modified sub-range. Neighboring sub-ranges are
overlapped. The amount of the error |eT + ePy| for
temperature is expressed as Ey for simplicity. Let the original
sub-ranges of temperature be (T;,T,) and (T, Ts), the
modified sub-ranges will be (T; — Ey, T, + E¢) and (T, — E7,
T; + Er), respectively. Then, there is overlapped area (T, —
E;, T, + E;) . The calculation error caused by linear
approximation on the overlapped area is expressed as €T (T, —
E;, T, + Er). As well as temperature, voltage has the original
sub-ranges, the modified sub-ranges, and the overlapped area.
In the overlapped area, either calculation equation for one
sub-range including T¢y; &Vq; can be applied, and the amount
of errors is less than the largest error of the modified sub-ranges.
Note that the number of division is three in this paper for
simplicity, but it can be adjusted to match any errors €T,V ,eP;
and Py, .

E. Hierarchical Calculation Procedure

In order to apply an equation of the sub-range including
Treat & Vgear » @ procedure of hierarchical calculation is
proposed (hereafter, “sub-range” is used in the meaning of
“modified sub-range” as far as there is no risk of
misunderstanding).

Fig. 7 illustrates the proposed procedure of hierarchical
calculation. (The equations are defined for each sub-range).
The calculation equations for the full-range and the divided
sub-ranges are prepared. A rough calculation using the
calculation equation for full-range (A) is performed, in order to
find the sub-range including Vg, in terms of V. Then, a V'
sub-range is selected. Since the selected V' sub-range is

o~y Stepl. Step2. Step3&4.
Temperature[°C]
Tra N Tru /—\0' 40 | 80 120
1.95 1.95 +
s (@ I
o 3 1.85 1.85
IS (A) (b) 4):(5)1(6)
8 1.75 © 1.75 T
/} 1.65 1.65
T=apF by FytcpFstdy Selected: (A)>(a)>(2)
Vi=a’\F b’ \Foytc ' \Fytd’ Range : Full —Divided
Each range (A, a~c,1~9) has A Error : Large > Sr_nall
the T&V calculation equation. ceuracy: Low — High

Fig. 7. Hierarchical calculation method

Algorithm Hierarchical Calculation
Input: F;, F,, F3
Output: Teyp, Ve

1: Veqr & Va;

2: if 1.65V < V.4 < 1.75V then

3: Tcal < Ta;

4:  if 0°C < T,y <40°C then Vg < Vi; Togy < Ty

5:  elseif 40°C < Tgq; < 80°C then Vg < Vo Tioqy < Ty
6: elseif 80°C < T,y < 120°C then Vi « Va5 Ty < Ts;
7: elseif 1.75V < V., < 1.85V then

8 Teq « Tp;

9:  if 0°C < Tgqp < 40°C then Vg < Vi Toqr < Ty

10:  elseif 40°C < T,q < 80°C then Vg <« Vs; Teg < Ts;
11:  elseif 80°C < T,y < 120°C then Vg < Vg; T < Te;
12: elseif 1.85V < V,; < 1.95V then

13: Teq < Tg

14:  if 0°C < T,q; £ 40°C then V.o « V5 Toqy < T

15:  elseif 40°C < T,y < 80°C then Vg <« Vg; Teg < T
16:  elseif 80°C < T,q; < 120°C then V4 « Vy; Teqr < To;

Fi

=

g. 8. Algorithm of hierarchical calculation

broadened to the modified range by taking errors into account,
Vrear Would exist in the selected V' sub-range. Furthermore, by
using the calculation equation of a small range, errors caused by
linear approximation can be reduced, and a measurement
accuracy of V can be improved. Final values of T&V are
calculated using a calculation equation of the 7&V sub-range
such as range (2) in Fig. 7.

Such a hierarchical calculation narrows down the range of
T&V alternately, in order to use a sub-range including
Treat&Vgear- The details are shown in the following:

Stepl: Select a sub-range of V" using calculation equation for
V under the T&V full-ranges. The 7 range is still full-range, but
the 7 range becomes a sub-range described as range (a) in Fig.
7.

Step2: Select a T sub-range using the equation for 7" under
the full-range of T and the V' sub-range. The selected range is a
T&V sub-range described as range (2) in Fig. 7.

Step3: Calculate Vi, using calculation equation of the
selected T& V' sub-range.

Step4: Calculate T, using calculation equation of the
selected T&V sub-range.

Fig. 8 shows an algorithm of the hierarchical calculation. V/j,
Vi, Vo, Voo Vi oo W Vg, Ty, Vo, Ty, T., Ty, ... , and Tyare
calculation values using T&V calculation equation of each T&V
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range such as Vy = a,F; + byF, + c,F5 + dy.

It should be noted that three 7 sub-ranges are prepared for
each V sub-range; the calculation equations, which are shown
in equations (7) and (8), are defined for each T&V sub-range.

In general, as voltage influence the RO frequency more than
temperature, selection of V' sub-range should be performed
before selection of T sub-range. However, the influence of
temperature and voltage on the frequency is dependent on the
number of sub-ranges and the width of each range. For example,
when the number sub-ranges for V' is greater than that for 7,
selection of T sub-range should be performed before selection
of V' sub-range.

III. TVM DESIGN

A. Influence of NBTI on ROs

If the ROs used in the 7&V monitor (hereafter denoted as
TVM) degrade as time passes, the measurement accuracy of the
TVM will be getting worse and worse. Aging such as
electro-migration or HCI can be avoided by stopping
oscillation, it is known that Negative BTT (NBTI) degrades the
RO even if it does not oscillate. This section discusses an
aging-tolerant RO structure focusing on NBTI. Note that PBTI
may be likely to its influence in future CMOS technology as
well as NBTI and the proposed idea of the aging-tolerant
structure can be extended to PBTI.

NBTI of a PMOS transistor occurs while the PMOS
transistor is “ON”. If the PMOS transistor is “OFF”, the
transistor is not degraded. Although, a recovery effect of NBTI
is also known, it is too slow to cancel the aging [21-23].

Fig. 9 shows a typical structure of a basic RO consisting of
one 2-input NAND gate and four inverters. The RO has two
operation modes, which are an oscillation mode and a
non-oscillation mode. When En input is set to 1, the RO
operates in the oscillation mode. When Ex input is set to 0, the
RO moves to the non-oscillation mode and stops the oscillation.
While the RO is in the non-oscillation mode, aging by NBTI
occurs at the PMOS transistors of inverters A and B. This is
because the PMOS transistors in the inverters stay “ON” during
the non-oscillation mode.

B. Aging-Tolerant Structure of ROs

In this section, a special structure of ROs is introduced such
that NBTI-aging occurring in the non-oscillation mode is
prevented [18].

Fig. 10 shows an example of the aging-tolerant RO structure,
which consists of an odd number of 2-inputs NAND gates. Its
oscillation is controlled by control inputs En and Start and it
has the following three operation modes as shown Fig. 11.

1.  Non-oscillation mode:

In case En and Start are set to 0, the RO is in the
non-oscillation mode. Gate output S3 and subsequent input S2
of all 2-input NAND gates are kept 1. The RO does not oscillate
and all transistors P1, P2, N1 and N2 are kept in the states
shown in Table I. In the RO structure of the 2-input NAND gate
as shown in Fig.10, the transistors used for oscillation are
PMOS transistor P1 and NMOS transistor N1. Since P1 is kept

“OFF”, NBTI does not degrade P1 during the non-oscillation
mode. On the other hand, PMOS transistor P2 is kept “ON” and
NMOS transistor N2 is kept "OFF". Since P2 is kept “ON”,
NBTI degrades P2 during the non-oscillation mode. However,
the degradation of P2 does not affect the oscillation of the RO
because P2 does not be used for oscillation.

2. Initialization mode:

In case En is set to 1 and Start is set to 0, the RO is in the
initialization mode. The gate outputs are initialized just before
starting oscillation. The outputs of 2-input NAND gates on the
oscillation loop are kept “0” and “1” alternately. The
initialization mode is necessary to prevent a race of oscillation
signals which is caused by changing values of more than one
gate outputs simultaneously. Because the time of the
initialization mode is far shorter than that of the other modes,
the effect of NBTT in the initialization mode is negligible.

3. Oscillation mode:

In case En is set to 1 and Start is set to 1, the RO is in the
oscillation mode. After the initialization mode, Start signal is
changed from 0 to 1, and the RO oscillates. In the oscillation
mode, PMOS transistor P1 switches its state between "ON and
OFF" repeatedly. NBTI of P1 occurs when P1 is “ON” in the
oscillation mode. However, the oscillation time can be far
shorter than the non-oscillation time in field use. For example
in Section 5.5, it is shown that 1us of oscillation time is enough
for frequency stabilization. If the 7& ¥V measurement does not
have to be performed continuously, NBTI of the P1 will be
negligible in the oscillation mode.

In the same manner as Fig. 10, other types of NBTI-tolerant
RO can be easily implemented. One is a 4-input ORNAND type
RO that consists of 4-input complex gates as shown in Fig. 12.
The 4-input complex gate can be described as a gate level
circuit with one 2-input NAND gate followed by two 2-input
OR gates. The transistors used for oscillation are PMOS
transistor P4 and NMOS transistor N4 in Fig. 12. Since P4 is
kept “OFF”, NBTI does not degrade P4 during the
non-oscillation mode. Furthermore, the degradation of others
transistor do not affect the oscillation of the RO.

Thus it is possible to compose aging-tolerant ROs not only
for electro-migration and HCI but also for NBTI. As
electro-migration and HCI are accelerated during the
oscillation mode, their degradation in non-oscillation mode is
also negligible. Although the proposed aging-tolerant ROs can
not prevent all aging completely, the aging-tolerant ROs are
effective as a monitor for field test.

C. Influence of Temperature and Voltage on RO frequency

Parameters that affect the RO frequency are shown in equation
(12) in Section 2.3. The parameters u and V;; are temperature
dependent, and Vpp, is voltage dependent. Though
parameters L, Cox and Vy, affect T&V characteristics, they are
determined by the CMOS technology. Different RO_Stage
numbers of ROs generates different 7&V characteristics, but
the differences are trivial (i.e. the same coefficient ratios) [24].
The parameters that are related to the 7&V characteristics and
are controllable without designing a special cell are only
W; and C;. Parameter W;; is related to the drive strength of a
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TABLE I
STATE OF THE TRANSISTOR WITH 2-INPUT NAND GATES
Signal value State of value
S2(En) | S1(S3) P1 N1 P2 N2
Oscillation 1 0/1 ON/OFF | ON/OFF | OFF ON
Non-Oscillation 0 1 OFF ON ON OFF
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Fig. 12. Aging-tolerant RO with 4-input ORNAND gates

logic gate [25-28], and parameter C; is related to the number of
fan-outs of a logic gate. For each logic gate, several cells with
different drive strength may be provided in a standard cell
library. The number of fan-outs of each gate can be chosen
arbitrary up to the permitted maximum at design phase. Since

the T&V characteristic of an RO can be controlled by changing
the number of fan-outs and drive strength of logic gates, it is
possible to prepare several ROs with different 7&V
characteristics using the cells provided in the standard cell
library.

T&V characteristics such as 7&V linearity are determined by

drive strength and the number of fan-outs of a logic gate. When
the drive strength increases, the ratio of given parameter
{C./W;} in equation (12) decreases. When the number of
fan-outs increases, the ratio {C; /W;} also increases. Because
the parameters that have temperature dependency and voltage
dependency are different, the different 7&V characteristics of
the ROs can be generated. Furthermore, when the type of
logic-gate is different (e.g. 2-input NAND or 3-input NAND),
the different 7&V characteristics can be obtained. Since the
number of transistors of 2-input NAND and 3-input NAND is
different, the ratio {C;, /W;} and an equation of the transistor
model such as equation (12) are different.

Even if the type of logic-gate is same, the different 7&V
characteristics can be obtained when the drive strength and the
number of the fan-outs are different. However, when the drive
strength is N times, the ratio is 1/N times. Thus, ROs of the
same type of logic-gate may become similar T&V
characteristics each other.

D. RO Selection Procedure

The proposed TVM is composed of three ROs with different
T&V characteristics. One of the important factors for high
measurement accuracy is the selection of an optimal
combination of three RO types from a menu of many RO types
different in composition. When there are N kinds of available
ROs with different logic gate types, fan-out or drive strength,
the number of combinations of three ROs is yCs3. The proposed
procedure tries to select the optimal combination from them
without examining accuracy of all combinations. The proposed
procedure first checks the linearity of the temperature and the
voltage characteristic of each RO with SPICE simulation
respectively, and then selects ROs composing the TVM
according to their linearity.

The following shows the procedure to select three ROs of
RO1, RO2 and RO3:

Step 1: Prepare RO candidates that are different in
composition from one another.

Step 2: Calculate the linearity of each RO in terms of
temperature and voltage.

Step 3: Select RO1, RO2 and RO3 to compose a TVM.

3-1) Select RO1 whose linearity for voltage is the highest of
all candidates.

3-2) Select RO2 whose linearity for temperature is the
highest of the candidates that consist of different logic gate
composition from RO1.

3-3) Select RO3 where the sum of normalized linearity for
temperature and voltage is the highest of the candidates that
consist of different logic gate types from RO1 and RO2.

In Step 1, a variety of ROs are provided for RO selection.
Here, the ROs should have an aging-tolerant logic structure as
shown in Section 3.2. The NAND gate-based RO in Fig. 10 and
the 4ORNAND gate-based RO in Fig. 12 can be used as
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candidates. The number of RO types increases by changing the
drive strength or the number of fan-outs.

In Step 2, SPICE simulation is first performed to calculate
the frequency of each RO provided in Step 1 for several
combinations of 7"and V" values. For the voltage linearity, three
points of temperatures 30, 60 and 90 °C are examined. If a
typical Vpp, voltage is 1.8 V, voltage is examined from 1.7 V to
1.9 V by 0.05 V increment (in case of 180 nm CMOS
technology). From the simulation results, a linear
approximation function for each temperature is derived by the
least-squares method. The sum of mean square errors of the
functions (i.e. for each temperature) is defined as the voltage
linearity of the RO, where small errors mean high linearity.

Temperature linearity is defined similarly to the voltage
linearity. Three points of voltage are examined at each
temperature. If a typical Vpp voltage is 1.8 V, voltage is
examined at 1.7, 1.8 and 1.9 V (in case of 180 nm CMOS
technology). The temperature range is between 20 °C and 100
°C and the increment is 10 °C.

In Step 3, three RO types are selected according to the
linearity calculated in Step 2. RO1 and RO2 are selected with
the highest linearity for voltage and temperature, respectively.
To avoid selecting ROs with similar 7&V characteristics,

TABLE II
COMBINATIONS OF THE SELECTED ROS
Selected ROs by proposed method Approximation error
Technology Step1 Step2 Step3  [Temperature [°C][ Voltage [mV]
180nm [4ORNANDx3| 2NANDx2 | 4NANDx2 1.19 2.66
45nm  [4AORNANDx1| 2NANDx2 | 4NANDx1 3.05 7.7
TABLE III

APPROXIMATION ERROR

Temperature error [°C] Voltage error [mV]
Selected ROs |#RANK:1| Average |Proposed ROs | #RANK:1 | Average
1.19 2.66
180nm (RANK:22) 1.00 1.82 (RANK:3) 1.99 479
3.05 7.71
45nm (RANK:3) 3.03 543 (RANK:1) 7.7 17.27

5.0 ® TVM consisting of the selected ROs

45 ¢ TVM consisting of other possible RO combination
—_ 4
g 4.0 &
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Fig. 16. Approximation error of the all combinations (180 nm)

different types of RO are selected. For example, if an RO of
2-input NAND gates is selected as RO1, RO2 is selected from
ROs of 3-input NAND, 4-input NAND or 4ORNAND etc.. For
RO3, the sum of normalized linearity of temperature and
voltage is calculated and the most linear one is selected.

E.  Evaluation results of RO Selection

RO selection procedure was performed for 180 nm and 45
nm CMOS technology, respectively. The available RO types
for the selections are as follows:

Technology: 180 nm

Cell types are INV, ORNAND(input-4), and
NAND(input-2,3,4). Drive strength are x1, x2, and x3.
Technology: 45 nm.
Cell types are INV, ORNAND(input-4), and

NAND(input-2,3,4). Drive strength are x1, x2, and x4.

They include NAND gates with 2, 3 or 4 inputs, 4ORNAND
gate shown in Fig. 10, and an inverter (note: the inverter is for
reference only because its RO is not aging-tolerant). The drive
strength is 1, 2 or 3 for each cell. In sum, there are 12 types of
RO available, and there are 108 kinds of 7VMs possible to be
composed of these ROs.

Fig. 13 shows the result of voltage linearity of each RO for
180 nm CMOS technology. The RO of 4ORNAND gate with
drive strength 3 has the highest linearity (the smallest value),
which will be selected as RO1. Fig. 14 shows the result of
temperature linearity. The ROs consisting of 4ORNAND gates
have a little bit lower linearity (larger value). The RO of 2-input
NAND gates with drive strength 2 has the best linearity and is
selected as RO2. Fig. 15 shows the result of the sum of
normalized linearity of 7&V, and the RO consisting of 4-input



IEEE TRANSACTIONS ON VERY LARGE SCALE INTERGRATION (VLSI) SYSTEMS, VOL. XX, NO. XX, XX 2016

NAND gate with drive strength 2 has the best linearity, which is
selected as RO3. Table II shows the summary of RO selections
for 180 nm and 45 nm CMOS technology.

Table II also shows the approximation errors of the 7VMs
using the selected ROs. The errors are calculated as the
standard deviation of errors with the multiple regression
analysis. For 180 nm CMOS technology, the temperature and
voltage accuracies were 1.19 °C and 2.66 mV, respectively. For
the 45 nm CMOS technology, the temperature and voltage
accuracies were 3.05 °C and 7.71 mV, respectively. In order to
ensure the wvalidity of the proposed procedure, the
approximation errors of all other ROs are checked in Table III,
where the rankings of the selected ones are shown.

In case of 45 nm CMOS technology, almost the best 7VM is
selected by the proposed procedure. In case of 180 nm CMOS
technology, although the rank of the TVM consisting of the
selected ROs was the 22nd in temperature accuracy and the 3rd
in voltage accuracy, the absolute values of error are close to
those of the best one. This can be seen in Fig. 16 which shows
the errors of all possible 7VMs. It suggests that the method only
using the linearity may be not enough to evaluate 7&V
characteristics of ROs. The use of other criteria such as
gradients of frequencies for 7&V (AF /AT and AF /AV etc.) in
addition to linearity remains future work.

IV. EVALUATION BY CIRCUIT SIMULATION

A. Measurement Accuracy

In order to evaluate the accuracy of the proposed
measurement method and the effects of hierarchical calculation,
SPICE simulations were performed for 180 nm, 90 nm and 45
nm CMOS technology, respectively. In the evaluation, the TVM
consists of the following three ROs; ROl has 51 stages of
2NAND with fan-out of 1, RO2 has 19 stages of 4ORNAND
with fan-out of 4, and RO3 has 21 stages of 2NAND with
fan-out of 7.

The simulation conditions are as follows:

Technology: 180 nm.

T range: 0°C to 120°C with 1°C increment.
V range: 1.65V to 1.95V with 0.05V increment.

Technology: 90 nm.

T range: -40°C to 110°C with 5°C increment.
V range: 1.00V to 1.30V with 0.05V increment.

Technology: 45 nm.

T range: 0°C to 120°C with 1°C increment.
V' range: 0.91V to 1.09V with 0.01V increment.

Tables IV, V and VI show the measurement accuracy levels
for each CMOS technology. The accuracy levels are expressed
with standard deviation of errors of the approximations in the
full-range (2™ and 6™ columns, 3™ line) or the divided three
sub-ranges (3-5", 7-9" columns, 4-6" lines) of T&V. For
instance, the temperature accuracy 3.21°C in the full-range (2"
column, 3" line) is reduced to 0.86°C in a sub-range (3™ column,
5™ line) in 180 nm CMOS technology. The results in the tables
show that the division technique improves the measurement
accuracy significantly. The temperature accuracy was
improved from 3.21°C to 0.86-0.99°C, and the voltage accuracy

TABLE IV
MEASUREMENT ACCURACY (180 NM)

180 nm Temperature accuracy [°C] l_ Voltage accuracy [mV]
Vo : 1.80v Full-range] Sub-range Full-range| Sub-range
@'_ 60°G 0~ 0~ | 40~ | 80~ 0~ 0~ | 40~ [ 80~
0 120°C | 40°C | 80°C |120°C| 120°C | 40°C | 80°C [120°C
’I?ull-range 1.65v~1.95v| 3.21 - - - 11.77 - - -
1.85v ~1.95v - 0.86 | 0.93 | 0.99 - 3.58 [ 3.58 | 3.55
ISub-range|1.75v ~1.85v - 0.86 | 0.91 | 0.98 - 3.97 [ 3.32 | 3.34
1.65v ~1.75v - 0.94 | 0.91 | 0.94 - 4.17 | 3.52 | 2.98
TABLE V
MEASUREMENT ACCURACY (90 NM)
90 nm Temperature accuracy [°C] Voltage accuracy [mV]
Vo : 1.15v Full-range] Sub-range Full-range| Sub-range
TO B 5'000 -40~ | -40~ [ 20~ | 80~ -40~ |[-40~ | 20~ | 80~
o 110°C | 20°C | 80°C |110°C| 110°C [ 20°C | 80°C [ 110°C
[l_:ull-range 1.00v ~1.30v| 2.84 - - - 7.49 - - -
1.20v ~1.30v - 1.17 [ 0.87 | 0.65 - 2.58 | 219 | 1.73
[Sub-range|1.10v ~1.20v - 1.36 | 1.28 | 1.13 - 3.32 | 3.39 | 1.96
1.00v ~1.10v - 1.20 [ 1.08 | 0.76 - 2.27 | 2.88 | 1.40
TABLE VI
MEASUREMENT ACCURACY (45 NM)
45 nm Temperature accuracy [°C] Voltage accuracy [mV]
Vo - 1.00 Full-range Sub-range Full-range| Sub-range
&5 éov:; 0~ | o~ |40~ |80~ | 0~ | o~ |40~ |80~
o 120°C | 40°C | 80°C [120°C| 120°C | 40°C | 80°C | 120°C
Full-range|0.91v ~1.09v| 4.13 - - - 10.67 - - -
1.03v ~1.09v - 2.09 | 1.81 | 142 - 7.72 | 6.03 | 417
[Sub-range|0.97v ~1.03v - 2.72 | 222 | 1.80 - 9.04 | 6.57 | 4.67
0.91v ~0.97v - 3.75 | 2.85 | 2.29 - 11.30| 7.62 | 5.33
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& 100 —=100
e 3
o [
5 80 5 80
[ -~ E
2 60 F— e 60
a Q
£ & £
=40 = < 40
=} rJ o ‘
£ o £ —(Fast, Fast)
ol =" _ © s
3 20 x (Fasll. Fas1)l E 20 o (Typical, Typical)
G & | ©(Typical,Typical) £ «(Slow, Slow)
O 0 - x(Slow, Slow) (&) 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Real temperature [°C] Real temperature [°C]
(a) Without calibration (b) With calibration
Fig. 17. Effects of Calibration for Process Variation

TABLE VII
EFFECTS OF THE PROPOSED TECHNIQUE (180 NM)
180 nm Residual error
\-ﬁ ‘: Lg?c\f Without calibration With calibration

Process variation  |( Typical, Typical)(Fast, Fast)(Slow, Slow](Fast, Fast){Slow, Slow

Temperatun +Max. 0.58 -47.10 31.16 5.35 5.04

) -Max. -1.23 -57.96 25.23 -5.85 -5.62

Average -0.27 -51.92 28.80 -0.07 -0.28

Voltage +Max. 1.76 328.35 -235.43 12.95 10.59

[mv] -Max. -3.59 300.82 -257.61 -12.65 -15.50

Average -0.97 313.47 -248.02 -0.85 -1.02

was improved from 11.77 mV to 2.98-4.17 mV in 180 nm
CMOS technology. In the same way, the accuracy was
improved from 2.84°C to 0.65-1.17°C and from 7.49mV to
1.40-3.39 mV in 90 nm CMOS technology, and from 4.13°C to
1.42-3.75°C and from 10.67mV to 4.17-11.30 mV for 45 nm
CMOS technology, respectively.

However, the voltage accuracy of one sub-range (0-40°C,
0.91-0.97V) in 45 nm CMOS technology was not improved. A
possible reason is that the proposed RO selection procedure
selects one combination of ROs for the full-range, not for each
sub-range. Therefore, the combination of ROs might not be
optimum for a specific sub-range.
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B.  Effectiveness of Calibration Technique

To evaluate of the proposed calibration technique for process
variation in Section 2.3, SPICE simulation was performed for
180 nm CMOS technology using the same RO as Section 4.1.
The simulation conditions were with the temperature range of
15°C -105 °C with 1°C increment, and with the fixed voltage of
1.8 V. Three types of threshold voltage (Typical, Fast, and
Slow) are introduced as the process variation corners. (Typical,
Typical) means that the threshold voltages of NMOS and
PMOS transistors (NMOS, PMOS) have the typical values. In
the same way, (Fast, Fast) and (Slow, Slow) corners are
defined.

Fig. 17 (a) shows relations between real temperatures and
calculated temperatures using three types of threshold voltage
(Typical, Typical), (Fast, Fast) and (Slow, Slow). As seen from
the data, the difference between the real temperature and the
calculated temperature is large. The calculated temperature of
(Fast, Fast) corner is lower than that of (Typical, Typical)
corner. In the same way, the calculated temperature of (Slow,
Slow) corner is higher than that of (Typical, Typical) corner.

Fig. 17 (b) shows the relation between real temperatures and
calculated temperatures using the proposed calibration
technique. The initial measurement was performed at 60°C, and
the parameters of calculation equations were calibrated using
the ratios of {F(Typical,Typical)(600C)/F(Fast,Fast) (600(:)} for
(FaSta Fan), and {F(Typical,Typical) (6O°C)/F(Slow,slow) (60°C)} for
(Slow, Slow). The calibrated results in Fig. 17(b) show that the
calculation errors were reduced.

Table VII shows the averages of residual errors shown in Fig.

17. In case of no calibration, the errors of temperature and
voltage in (Fast, Fast) are -51.92 °C and 31347 mV,
respectively. By the proposed technique, the errors are reduced
to -0.07 °C and 0.85 mV, respectively. The errors in (Slow,
Slow) are 28.80 °C and -248.02 mV, respectively. By the
proposed calibration technique, the errors are reduced to -0.28
°C and -1.02 mV, respectively.

The results show that the proposed calibration technique can
greatly reduce the influence of the process variation.

Although the new values match to the real temperatures at
the initial conditions, the errors seem to increase as the
temperature difference becomes larger. For example, the error
of temperature at 60 °C is 0.03°C, but the error temperature at
100 °C is already at -4.89°C, as shown in Fig. 17(b). This is
because calibration is applied for only one point of 7&/V, and it
may cause errors as other 7&V points. Future research is
required to solve this problem.

V. EVALUATION BY TEST CHIP

In this section, the effectiveness of 7& ) measurement and
calibration technique is confirmed using a fabricated test chip.
First, test chip design for 7VM and area overhead are shown in
in Section 5.1. Second, a validity of voltage measurement is
discussed in Section 5.2. Third, a validity of temperature
measurement is discussed in Section 5.3. Then, the
effectiveness of 7& ) measurement and calibration is shown in
Section 5.4. Finally, the measurement time is discussed in

Section 5.5.

A.  Test Chip Design

Fig. 18 shows the test chip design with 180 nm CMOS
technology. The structure of the test chip is as follows:

- TVM: The three types of RO and counter.

- TVM controller: The controller of the TVM.

- Heating circuit: A heating circuit that consists of 1,000
ROs with controllable oscillation ratios to achieve various
temperatures. The RO that consists of 9 stages of inverter is
used only to generate self-heating effect. Note that the RO of
the heating circuit are different from the ROs of the TVM.

- Heating circuit_controller: The controller of the heating
circuits.

Fig. 19 illustrates the circuit structure of a 7VM using ROs.
The TVM consists of three pairs of ROs and a counter. Three
counter values are sent to TVM controller in serial after the
measurement; then, the values are stored in a non-volatile
memory, which can be either on-chip or off-chip. After storing
the counted value of the ROs, the T&V calculation is performed
using on-chip or off-chip software or hardware. How to
implement the calculation can be determined adapting to a
product or a target application. More than one 7VM is placed at
various locations on a chip. Thus, the 7VMs are able to monitor
various spots including hot-spots on the chip.

Fig. 20 illustrates RO structures of the 7VM in the test chip.
ROL1 of the TVM has 51 stages of 2NAND with fan-out of 1.
RO2 has 19 stages of 4ORNAND with fan-out of 4. RO3 has 21
stages of 2NAND with fan-out of 7. Six TVMs are embedded in
the chip. Four TVMs are placed at the chip boundary, and the
others are placed near the center of the chip. Four heating
circuits are placed between the 7VMs. The chip temperature is
controlled by the number of oscillating ROs in heating circuits,
(e.g. 10% means that 100 ROs of the heating circuit are
running). If the rate increases, the temperature increases.
Changing the rate, 7VMs can be measured at various
temperatures.

The test chip is packed in QFP, which has only two pair of
power supply pins at top and bottom of the chip in Fig. 18.

Table VIII shows the area overhead of the 7WM and the
TVM controller. Because the numbers of total cells of 7VM are
only 291 cells, the impact on chip design will be small for a
large industrial chip.

B.  Validity of Voltage Measurement

When the proportion of oscillating ROs in the heating circuit
increases, the corresponding current at the heating circuit also
increases and the internal voltage at a location of the 7VM
drops.

Fig. 21 shows the relation between the voltage measured by
the 7VM and the current measured by ammeter. During 0% to
20% of the ratio of the heating circuit, the amount of calculated
voltage drop is proportional to the amount of measured current.
When the ratio is larger than 20%, the voltage drop by the
heating circuit is somewhat larger than calculated. This is
because the high resistance to the power supply due to the small
number of power pins.
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C. Validity of Temperature Measurement

Fig. 22(a) shows the experimental setup of the test chip for
evaluating the validity of temperature measurement. Fig. 23(a)
shows a fabricated test chip. Fig. 23(b) shows the thermal map
of surface temperature measured with an infrared camera
(thermal image sensor) and internal temperatures by the 7VM.
The number of the data of surface temperature corresponding to
the chip size (2.5X2.5 mm) is 9X9. Surface temperature of a
bare chip is observed by the infrared camera to compare

measured and real temperatures. The temperature of bulk
silicon (T,) is calculated from the surface temperature (7})
using a thermal resistance and the thermal equation circuit
model shown in Fig. 22(b). The relation between internal and
surface temperature, which are given in equation (18), is
extracted using Laplace transform. Here, R is thermal
resistance and C is thermal capacity. The parameters of R and C
are derived from a heating value of the chip and the thermal
equation circuit model. X,Y,Z, a and 8 are constants derived
from the model. AT, and AT, are the difference between the
initial temperature at non-operating mode and the temperature
at each activation ratio, respectively. The initial internal and
surface temperatures are assumed to be the same at initial
measurement of non-operating mode, because the measurement
is performed after enough waiting time to stabilize and heat
generations other than the heating circuits are prevented.
AT, = AT, -RC-{X +Ye~® + ze=F}" (18
Fig. 24 shows the comparison between the internal
temperature measured by 7VM and the internal temperature
calculated from surface temperature by equation (18). In 0-20%
activation ratio, calculated and measured temperature coincide
very well. However, the error increases with more than 30% of
heating ROs operating. This might be because the V" value is so
large at these rates that it is out of range (see Fig. 24). If the real
T&V is out of the assumed ranges, improper sub-ranges are
selected and the calculated values are incorrect.

D. Validity of Calibration for Process Variation

Fig. 25 shows the measured frequencies of the 6 ROs in each
chip (see Fig. 18) using 10 fabricated chips. Each chip is kept at
0% activation ratio of the heating circuits. As seen in the figure,
the measured frequencies differ significantly despite the same
measurement condition. This is caused by the incorrect
calculation due to process variation.

Then the proposed variation-aware technique is applied. The
initial measurement was performed at 0% activation ratio,
where the initial 7&V are 60°C and 1.8V for calibration. Ratios
of the RO frequencies {F;(60°C,1.8V)/F”?(60°C,1.8V)}
fori =1,2,3 are used in calibration. F; is the measured
frequencies. F;”" is computed in simulation for (60°C, 1.8V),
which has been decided in advance (60°C is a middle value of
the temperature range in simulation). After the calibration,
T&V are calculated from the difference between the initial and
measured frequencies at each activation ratio. Fig. 26(a) shows
the measured temperature improved by the calibration. The
temperature of each chip at 0% activation ratio shows the same
value of 60°C as the initial environment and it increases
corresponding to the operating rate. The variance of 10 chips is
regarded as the process variation in the heating circuits. Fig.
26(b) shows the measured voltage of each chip. In the same
way, the measured voltages at 0% operating rate are the same
value of 1.8V for the initial condition. The voltage decreases
corresponding to rising activation ratios. Thus, the effect of
process calibration is confirmed by the experiments using the
10 fabricated chips.
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E.  Measurement Time

Fig. 27(a) shows the measured RO count in the 7VM. This is
performed under the room temperature and 0% activation ratio
of the heating circuits. The value increases as time passes. Fig.

27(b) shows the calculated frequencies in a short period (0-5pus).

The frequency is calculated from the counted value in each
40ns interval. It takes about 1us for stabilizing the frequencies.
When the time is too short (0-1ps), a 1 bit error occupies a large
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Fig. 27. (a) Measured RO count in the test chip, (b) Frequency variation.

part in the counter, and the calculated frequency is not stable. It
is also confirmed that the frequency is stable after 1ps.

In this work, the measurement of the ROs is performed
inside of the test chip. Then, the calculation processing of T&V
is performed outside of the test chip. Therefore, the
measurement time of this section is not included 7&V
calculation time.

VI. CONCLUSION

This paper proposed a novel method of temperature and
voltage measurement, which is suitable for various purposes in
field or in debug. The proposed method measures the chip
temperature and voltage simultaneously using multiple
regression analysis. The aging-tolerant feature can prevent
NBTI-induced degradation in field, and fully digital structure
enables easy implementation on chip, where various locations
including hot-spots should be monitored to improve reliability
of the chip.
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The method for improving measurement accuracy consists of
three techniques, which are the optimal combination of ROs,
calibration of ROs, and hierarchical calculation. The optimal
combination method enables to find a highly accurate
RO-combination from a variety of cell types only simulating at
small number of (7, V) points. The result of 180 nm CMOS
technology proved that the selected monitor achieves
temperature and voltage accuracy almost close to the best one.
A hierarchical calculation and calibration enables measurement
with high accuracy under process variation. The evaluations
using SPICE simulation were performed for 180 nm, 90 nm and
45 nm CMOS technologies. In the 180 nm CMOS technology,
the temperature accuracy was 0.86-0.99°C, and the voltage
accuracy was 2.98-4.17 mV. The experiment using test chip in
180 nm CMOS technology confirmed the validity of the
monitor. The measured temperature and voltage matched well
in some ranges to the directly observed ones by an infrared
camera (thermal image sensor) and an ammeter.

The final goal of our research is developing an easy-to-use
monitor of temperature and voltage that enables measuring
them in each clock domain or at each hot-spot on a chip without
any special design or any special set-up. However the
measurement accuracies still not as good as dedicated analog
monitors; the current results need some analysis and
improvement, which are remaining for future work.
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