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Abstract—Field test is performed in diverse environments, in
which temperature varies across a wide range. As temperature
affects a circuit delay greatly, accurate temperature monitors
are required. They should be placed at various locations on a
chip including hot spots. This paper proposes a flexible ring-
oscillator-based monitor that accurately measures voltage as
well as temperature at the same time. The measurement
accuracy was confirmed by circuit simulation for 180 nm, 90
nm and 45 nm technologies. An experiment using test chips
with 180 nm technology shows its feasibility.
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I. INTRODUCTION

Increasing system complexity and geometrically shrinking
in semiconductor fabrication process make it harder and
harder to achieve high reliability of VLSI systems in field.
It is a crucial issue especially for safety-related systems
such as automobiles, aircrafts or social infrastructure
systems [1-5].

One of promising approaches to achieve high reliability is
a field test including delay test, which measures delay
margin [6-10]. However, the test will be performed in
diverse environment, in which temperature varies in a wide
range and the supply voltage may not be stable.
Furthermore, there are an issue of hot spots on a chip and an
issue of low voltage area caused by IR-drop. While high
temperature or low voltage increases delay, low temperature
or high voltage will decrease delay. Therefore, both
temperature and voltage during testing should be well
controlled. When it is difficult to control them, they should
be accurately measured with temperature and voltage
monitors on a chip. Then, it will be possible to remove
environmental factors that affect the measured delay by
correction.

There are many works on-chip monitors to measure or
estimate temperature/voltage [11-16]. Thermal diodes are
the most popular hard sensors with high accuracy. However,
they impose various restrictions, which include an analog
comparator, an A/D converter, a reference current source,
and complex calibration [12-14]. Therefore, they are usually
placed at a limited location on the chip and it is difficult to
know temperature at every hot spots. An alternative to the
hard sensors are ring-oscillator-based soft sensors. Their
merits are low power consumption and low area overhead.

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 for
calibration or a clean supply voltage [12, 15-16].

Quenot et al. [16] proposed a temperature and voltage
measurement technique based on delay programmable ring
oscillators. It requires complex processing for mapping the
measured frequencies of ring oscillators into a (7, V) plane,
where 7 is temperature and / is voltage.

In general, the required features for a temperature and
voltage monitor for field test are as follows:

a) To measure not only temperature but also voltage in test.

b) To minimize the costs of design and manufacturing to put
the monitors on many places on a chip.

¢) To measure temperature and voltage in a short time.

d) To measure temperature and voltage with high accuracy,
even in a process variation.

e) To avoid aging of the monitor itself.

As a temperature and voltage (7&)) monitor for field test,
Miura et al. [11] proposed a ring-oscillator (RO)-based
circuit to estimate 7&V using the relationships of
temperature, voltage and RO frequency. The proposed
monitor is easy to design because it consists of fully digital
circuits without any analog circuits. Therefore, it can be
placed at various locations such as hot spots of the chip. Also,
the monitor has an aging-tolerant structure for electro-
migration, BTI (Bias Temperature Instability) and HCI (Hot
Carrier Injection). On the other hand, the accuracy of
estimation is not so high, (e.g. standard division of errors for
T and V are 2.21 °C and 7.11 mV, respectively. For instance,
in order to suppress the error of delay measurement within 6
ps, the temperature estimation accuracy is required to be
below 1.75 °C [10]). If process variation exists, the errors
will be larger than the calculated one for the typical process.
Also the area overhead due to the monitor and measurement
time were not discussed enough. Thus, the work [11] does
not satisfy the necessary feature d) stated above and features
b) and c) are not sure, although it has features a) and e).

This paper proposes an improved 7&V estimation method
for field test based on the RO-based monitor [11]. The
following techniques for estimation are proposed:

- Estimation accuracy is improved by dividing both
temperature and voltage ranges into small sub-ranges.



- The proposed method uses a new calibration technique
to handle process variation. The error caused by
process variation is reduced by comparing measured
frequencies and typical frequencies at the initial
measurement in field.

Using the proposed method, standard division of errors for
T and V were reduced to 0.99 °C and 4.17 mV, respectively.
Therefore, the proposed method can estimate 7" and ¥ more
accurately than [11], and it satisfies all the required features
for field test. The paper also confirms area overhead and
measurement time by a TEG chip implementing the 7&V
monitor. The effect of the proposed calibration technique to
avoid the influence of process variation is confirmed by
evaluation for ten chips.

This paper is organized as follows. Section 2 describes the
concept of the proposed monitor. Section 3 describes the
procedure for estimation. Section 4 shows simulation results

for the monitors with 180 nm, 90 nm and 45 nm technologies,
respectively. Section 5 shows results of TEG chip evaluation.

Section 6 concludes the paper.

II. BASIC IDEA OF RO-BASED TVM

A. RO-based TVM [11]

Miura et al. [11] proposed a T&V monitor (TVM) using
three types of ring-oscillators for the delay measurement in
field test. The monitor has the following features:

e The monitor can be implemented with digital circuits;
the ROs and the counters consist of logic gates in a
standard cell library as shown in Fig. 1.

e Three types of ROs, which have different 7&V
characteristic, are simultaneously operated.

e T and V are estimated with fully digital processing in a
short time. If the ROs do not have to always run, they
are highly aging-tolerant for electro-migration, BTIT and
HCIL.

Frequency F; of RO; (=1, 2, 3) is a function of 7&V as
shown in equation (1). Linear equations (2) and (3) are
derived from simulation data using the multiple regression
analysis.

=&1(I,V), =1, V), F5=g(T, V) (1)

T h(Fy, Fo, F3) = ar*F i + by*Fy + e *F3+dy - (2)

V=kF, Fy, F3) = ay*Fy + by*Fy + ¢*F3+dy - (3)
Because the relations of F; and T7&V are investigated using
SPICE simulation, the equations (2) and (3) are created at
design phase. When the relations between frequencies F;
(i=1,2,3) and T&V are not linear, the T&V estimated by
linear equations such as (2) and (3) generally include some
amount of estimation errors. As the linear equation is
beneficial for implementing either by software or hardware,
the linear estimation 7" range is divided into three 7 sub-
ranges. If the focused range is smaller, the error of
estimation will be smaller as shown in Fig. 2: that is,

temperature estimation accuracy will be improved by
dividing the focused range into several small sub-ranges. In
a simulation-based evaluation, using this temperature
division technique, standard division of errors for 7&V were
reduced from 9.80 °C to 2.21°C and from 18.16 mV to 7.11
mV, respectively [11].

Even using the division technique, the estimation accuracy
was not high enough. Moreover, as process variation is not
considered, real errors of estimated values will be larger
than the calculated ones.
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B. Overview of the proposed method

This paper proposes three improved techniques for 7&V
estimation, which satisfies requirements a)-e) in Section 1.

The first technique is a division of the 7&V ranges. The
proposed method divides the V' range into three sub-ranges
as well as the 7 range. As a result, estimation equations are
created for nine small (7, V) rectangular sub-ranges. The
detail of the technique is discussed in Section 3.A.

The second technique is a hierarchical estimation
procedure. Because real 7& ) are unknown at the start of the
estimation, it is needed to identify the sub-range that
includes real 7&V. In the proposed technique, 7&V are
roughly estimated using full-range’s estimation equation to
determine the corresponding sub-range where the real 7&V
exist. Then, detailed T7&JV are estimated using the
corresponding sub-range’s estimation equation. The detail
of the hierarchal procedure will be given in Section 3.B.

The third technique is a calibration method that handles
process variation. When process variation is not negligible,
the errors of estimation would be larger than the calculated
ones from the typical process. The evaluation of the
proposed technique is confirmed by circuit simulations for
180 nm, 90 nm and 45 nm technologies. How to deal with
process variation will be discussed in Section 3.C.

Furthermore, the feasibility of the 7VM including area
overhead and measurement time is confirmed by
implementation of a TEG chip. Then, the evaluation using
multiple TEG chips confirms that 7" and V" can be estimated
from the RO frequency by the proposed calibration
technique when the process variations are not negligible.



Validity of the temperature estimation is confirmed by
comparing the values that are estimated from estimation

equation, and a measured surface temperature of a TEG chip.

And, validity of the voltage estimation is confirmed by
comparing the estimated voltage using estimation equation,
and a measured current using an ammeter. The detail of the
TEG chip evaluation will be discussed in Section 5.A.

III. T&V ESTIMATION METHOD

A. Division of T&V Ranges

The division of the T7&V range is useful for improving
estimation accuracy as shown in Fig.2. However, a problem
is how to specify the sub-range that includes the real T&V
before estimation. Moreover, process variation may affect
the RO frequencies. It is inconvenient that the divided sub-
ranges are varying depending on the process variation.
Therefore, the sub-ranges should be determined so as not to
be affected by the process variation.

Fig. 3 shows the relation between the estimated and real
temperatures. In temperature estimation, an error by
process variation ( €Pr ) and an error by estimation
equations (€T) exist in the estimated value. The maximum
and minimum of errors by process variation can be
computed by simulation corresponding to the highest and
lowest Vyp,, respectively. The relations between 7&V sub-
ranges and process variation are given in the equations (4)
and (5). Note that €T and eV are the errors by the
estimation equation due to the non-linearity, and
€P, and eP; are the errors by process variation. For
example, equation (4) means that the estimated V consists
of real voltage Vg,q, which we want to know, and other
two errors, €V and €Py,.

V= VReal + eV + SPV (4)
T = TReal + ST + SPT (5)

If the small sub-range does not consider €T, €V, €Pr
and ePy , there is a possibility that the real value does not
exist in the selected sub-range; therefore, the corresponding
estimation equation is not correct. Fig. 4 shows the relation
between the original division sub-ranges and modified sub-
ranges for estimation. The original division sub-ranges are
decided as simple three sub-ranges. On the other hand, the
modified estimation sub-ranges are determined wide enough
to include the errors ( €T + €P; ), and the estimation
equations are created for these sub-ranges. As a
consequence, the neighboring sub-ranges are overlapped
each other. In the overlapped area, using either estimation
equation, the amount of errors is controlled as the larger
error of two sub-ranges. Then, Even if there is process
variation, the ranges that include real 7&} don’t have to be
changed. Either estimation equation of two sub-ranges will
be applicable for estimation. The number of the divided
ranges is determined in consideration of the errors (€T, €V,
€Pr and €Py) and the modified sub-ranges are wide enough
s0 as not to be overlapped.
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Figure 3. Relation between estimated and real temperature
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B. Hierarchical procedure of T&V Estimation

Fig. 5 shows a proposed hierarchical estimation method.
Each divided sub-range has its estimation equations for
T&V considering the errors (€V + €Py, €T + €Pr). Rough
estimation is firstly performed using full-range. Then, a
corresponding small sub-range is selected. Finally, 7&V
estimation in the selected small 7&V sub-range is
performed. The details are shown in the following:

Stepl. Select a small V' sub-range using estimation
equation in the full-range of 7&V. The small V' sub-range is
selected considering the effect of the process variation €Py,
which is a part of €V, 4y in equation (6).

Vinit = Vreat + €Vsmau (6)

Step2. Select a small T sub-range using estimation equation
in the T full-range and the selected J sub-range at Stepl1.

Tinit = Treat + €Tsman 7

Step3. Estimate V¢;, value using the selected 7' sub-range
and the selected /" sub-range.

Step4. Estimate Ty, value using the selected 7' sub-range
and the selected J sub-range.

Finally, T and V are estimated for the small 7&V sub-range
at Step3 and Step4. It should be noted that three 7' sub-
ranges are prepared for each V' sub-range; therefore, the
estimation equations defined for small 7&V sub-ranges are
used. As the influence for the RO frequencies by voltage is
higher than that by temperature, selection of V' sub-range
should be performed before selection of 7 sub-range.
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Figure 5. Hierarchical Estimation Method
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C. Process Variation Consideration

To tackle with the effect of the process variations,
equations (2) and (3) are expanded as a differential approach,
which is shown in equations (8) and (9) below.



AT:(II*AFI+b1*AF2+C1*AF3+d1 (8)
AV = Clz*AFl + bz*AFz + C2*AF3 + dz (9)

T and V are estimated as the difference from the initial
measurement, in which the initial 7&¥ are known (i.e. in a
very well controlled environment at the final test or at a
system debug). By this differential approach, common
variation between the initial and current measurement will
be compensated as described in the following.

Process variation is classified into two categories: global
variation and local variation [17]. Global variation is caused
by the non-uniform heat distribution during manufacturing
processes, and characteristics of transistor may change
smoothly across the entire wafer. Then, the RO frequencies
differ depending on the location. Local variation is due to
the Gaussian noise, and characteristics of transistor vary
independently. Therefore, frequency variation will be
reduced to 1/+/Ntimes according to the law of large
numbers, where N is the number of RO stages.

Fig. 6 explains a calibration technique to reduce the error
of global variation. At the initial measurement, the ratio of
variation to the typical process is obtained by comparing the
measured frequency with typical frequencies {Fl(TO) /
FP(T,)}in the environment where 7 and ¥ are known or
controlled as (Ty, Vy). Therefore, the error is able to be
reduced by the ratio. Then, the estimation equation is
corrected by multiplying the ratio in equations (8) and (9).
As each transistor variation differs in a chip or between
chips, different correction ratios are assigned for the ROs at
each location. As a result, the proposed -calibration
technique can reduce the influence of global variation such
as die-to-die or within-die variation.
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Figure 6. Influence Reduction of Process Variation

IV. EVALUATION BY CIRCUIT SIMULATION

Fig.7 illustrates the circuit architecture of a 7VM using
ROs. The TVM consists of three pairs of an RO and a
counter. Three counter values are sent to 7VM controller in
serial after the measurement is over; then, the values are
stored in a non-volatile memory, which can be either on-
chip or off-chip. More than one 7VM are placed to various
locations on the chip. They are usually placed in each clock
domain, or one 7VM can share plural domains. Thus, the
TVMs are able to monitor hot spots in the chip.
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Figure 7. TVM Architecture

In this paper, RO1 is 51-stage 2NAND with 1-fanout. RO2
is 19-stage 4ORNAND with 4-fanouts. RO3 is 21-stage
2NAND with 7-fanouts. There are various RO types (e.g.
the types of the circuit, circuit structure, number of the stage
and fanout). And, the combination of ROs affects the
estimation accuracy. However, the selection method will not
be discussed in this paper because of the page number limit.

The characteristics of transistors of the RO are different by
technology process. In addition, the RO frequencies are also
influenced by wire length between the RO stages. Therefore,
to confirm accuracy of the TVM, evaluations using SPICE
simulation was performed for 180 nm, 90 nm and 45 nm
technology process, respectively. Tables I, IT and III
confirm the evaluated estimation accuracy. The accuracy
values are expressed with standard deviation of errors. The
results show that the division of the 7&V range can improve
estimation accuracy better than the non-division. For 180
nm technology process, temperature accuracy was improved
from 3.21°C to 0.86-0.94°C, and voltage accuracy was
improved from 11.77 mV to 2.98-4.17 mV by the division
ranges. In the same way, the accuracies were 0.65-1.17°C
and 1.40-3.39 mV for 90 nm, and 1.42-3.75°C and 4.17-
11.30 mV for 45 nm, respectively.

TABLE L ESTIMATION ACCURACY (180 NM)
180nm Estimated temperature [°C] Estimated voltage [mV]
Vo : 1.80v Temperature division Temperature division
To : 60°C 0~40°C [40~80°C[80~120°C| 0~40°C |40~80°C|80~120°C|
1.85v~1.95v| 0.86 0.93 0.99 3.58 3.58 3.55
votage I 76v~1.85v] 086 | 091 | 098 3.97 | 332 | 3.34
1.65v~1.75v] 0.94 0.91 0.94 4.17 3.52 2.98
TABLE 1L ESTIMATION ACCURACY (90 AM) [9]
90nm Estimated temperature [°C] Estimated voltage [mV]
Vo : 1.15v Temperature division Temperature division
To : 50°C -40~20°C|20~80°C[80~110°C[-40~20°C|20~80°C|80~110°C|
1.20v ~1.30v| 1.17 0.87 0.65 2.58 2.19 1.73
Voltage
division 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 III. ESTIMATION ACCURACY (45 NM)
45nm Estimated temperature [°C] Estimated voltage [mV]
Vo : 1.00v Temperature division Temperature division
To : 60°C 0~40°C 140~80°C|80~120°C| 0~40°C |40~80°C|80~120°C|
Voltage 1.08v~1.09v [ 2.09 1.81 1.42 7.72 6.03 4.17
division 0.97v~1.03v| 2.72 2.22 1.80 9.04 6.57 4.67
0.91v~0.97v| 3.75 2.85 2.29 11.30 7.62 5.33

V. EVALUATION BY TEG CHIP

A. TEG Chip Design

Fig. 8 shows the TEG design to evaluate the feasibility of
the TVM. The structure of the TEG chip is as follows:

e TVM: The three types of ROs and counter.
e TVM controller: The controller for the TV M.

e Heating circuit: The circuit consists of 1,000 ROs.
According to the rate of operating ROs, TEG chip
temperature is controlled.

e Heating circuit_controller: The controller for the
Heating_circuits.



Six TVMs are embedded in the TEG chip. Four 7VMs of
them are placed to the boundary of the TEG chip, and the
remaining two TVMs are placed near the center of the TEG
chip. Four Heating circuits are placed between the TVMs.
TEG chip temperature is controlled roughly by the rate of
operating ROs in Heating circuits, (e.g. 10% operating
rates means that 100 ROs of Heating circuit are running). If
the operating rate goes up, TEG chip temperature becomes
high. By changing the operating rate, 7VMs can be
measured at various temperatures.

Table IV confirms the area overhead of the three ROs, the
TVM and the TVM _controller. Here, the TVM includes three
ROs and counters. As they are so small, the impact on chip
design will be small for a large industrial data.

— TVM x6
TVM_controller x1
Heating_circuit x4
Built-in 1000 ROs in a Heating_circuit.
,» Heating_circuit_controller x1
Operation rates : Ratio of Heating_circuit.

Process | ROHM 180nm
Size | 2.6mm x 2.5mm
Voo 1.8V

Figure 8. TEG Chip Design

TABLE IV. AREA OVERHEAD (180 nNM)
RO1 | RO2 | RO3 | TVM [ TVM_Controller
Number of cells | 55 66 44 503 407
Total gates 55 98 68 | 1138 880

B. Short time measurement

Fig. 9(a) shows the counted values of three ROs in the
TVM. The counted value increases at a constant deviation.
Fig. 9(b) shows the measured frequencies in a short period
(0-5ps). It takes about lus for stabilizing the frequencies,
which are calculated using counter values of the ROs. This
will be because of an insufficient count time. Thus, a stable
measurement of the RO frequency after lus is confirmed.
Therefore, it can be confirmed that the measurement time of
frequency is short.
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C. Validity of Voltage Estimation
Fig. 10 shows the relation between the estimated voltage

by the 7VM and the measured current increment by ammeter.

As the operating rates of Heating circuits increases,
estimated voltage becomes lower. This result shows that the

change rate of the estimated voltage is the same change rate
of current increment. Therefore, this result shows the
validity of voltage estimation. Fig. 10 also shows IR-drop
effect on the TEG chip. The amount of IR-drop values looks
rather large because only two pairs of power pins is
available (a QFP package is used for the TEG chip) and
Heating circuits dissipated large power.
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Figure 10. Validity of Voltage Estimation

D. Validity of Temperature Estimation

Fig. 11 shows the experimental setup of the TEG chip.
Temperature of the bare chip surface is observed by a
thermal image sensor, which is for a comparison between
estimated and real temperatures [18]. The temperature of
bulk silicon is calculated from the surface temperature using
a thermal resistance and the thermal radiation model as
shown in Fig. 11. The relation between internal and surface
temperatures, which are given in equation (11) below, is
extracted with the thermal resistance model using the
Laplace transform. Here, R is thermal resistance and C is
thermal capacity. X,Y,Z,a and [ are results of the
calculation from the temperature model. AT, and AT, are
differences from the initial temperature of non-operating
mode, respectively.
AT, = AT,
R1Cq1

Fig.12 shows the comparison between the internal
temperature estimated by 7VM and the internal temperature
calculated from surface temperature by equation (11). In the
result of 0-20% operating rates, the error between calculated
and estimated temperatures is less than about 3°C. This
result shows the wvalidity of temperature estimation.
However, the error increases over 30% operating rates. This
might be the assumption value out of the V' range by the
effect of IR-drop. The estimated voltage of over 30%
operating rates is large as shown in Fig.10. This value is
beyond corresponding ¥ range of the estimation equation.
As a result, the error of estimated temperature increased as
shown in Fig.12.

{X+Ye * +Ze Pt} (11)

Thermal Air
image sensor

Thermal radiation: T, ﬁ? iTR 1
Surface: T, A A A '(g L /T R>

V2

[Thermal resistance Surface V;
N ez =
Internal: 7, | T Internal E,

Heating_circuit TVM
Figure 11. Internal, Surface and Air Temperature Model
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Figure 12. Validity of Temperature Estimation

E. Evaluation by TEG Chip

T and V at each TVM location were estimated from the
measured frequencies in 10 chips. The initial measurement
was performed at 0% operating rate of Heating circuits.
First, the effects of the process variation of chips are
reduced using the proposed calibration technique as shown
in Section 3.C. The parameter values of process variation
are defined from the initial measured frequencies comparing
to the values of SPICE simulation. Then, 7&V are estimated
from difference between the initial and current frequencies
with various operating rates. This experiment was
performed for 10 chips.

Fig. 13(a) shows estimated temperature at one 7VM for the
10 chips. Temperature increases corresponding to the
operating rate increase. The difference of increasing rate for
each chips are due to process variation of Heating circuits.
Fig. 13(b) shows estimated voltage in the same way as Fig.
13(a).
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Figure 13. Evaluation by TEG chips (10 chips, 1 Monitor)

VI. CONCLUSIONS

This paper proposed a flexible 7&V monitor and its
estimation techniques. This monitor is a soft monitor based
on ring-oscillators and can be placed at various locations on
a chip because no any analog circuits or reference current
are required. A hierarchical estimation and process variation
treatment enable measurement with high accuracy. The
evaluations using SP/CE simulation were performed for 180
nm, 90 nm and 45 nm technologies. In the 180 nm
technology, temperature accuracy was improved from
3.21°C to 0.86-0.94°C, and voltage accuracy was improved

from 11.77 mV to 2.98-4.17 mV by the division technique.
The experiment for TEG chips in 180 nm technology
confirmed the feasibility of the monitor.
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