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Fig. 4. (a) Calibration mode. When M is small, the rising edge of () leads that of d(¢). With increasing M, the former approaches the latter. When the former
eventually lags the latter with Af = M., the bang-bang phase detector output y(#) changes from one to zero, which is detected by the finite state machine to store
M. (b) Measurement mode. The operation is the same as the calibration mode, while IV is now increased with A = A{,.

value. Equation (14) corresponds to the normalized delay of (9).
Note that the calibration and measurement operation with Fig. 3
naturally includes the delay normalization: all we need is to read
out the digital output /V,,, as a process-independent representa-
tion of temperature.

IV. DESIGN AND IMPLEMENTATION

The implemented sensor is schematically shown in Fig. 5,
which is a detailed version of Fig. 3. The R-DLL, shown in
the lower portion, consists of a voltage-controlled delay line
(VCDL), a phase detector, and a charge-pump in a closed loop.
The VCDL is an even-numbered cascade of current-starved in-
verters. The open-loop delay line, at top of Fig. 5, is an even-
numbered cascade of CMOS inverters. The R-DLL is locked to
a 30 MHz stable clock (#), which also drives the open-loop
delay line. The period Py of x(f) is Py = 33.3 ns.

In the R-DLL (see Fig. 5), the VCDL contains a total of 200
delay buffers. 32 of them (164th ~ 195th) are connected to
MUX-1. The input and output phases of a buffer selected by
MUX-1 serve as two input phases for the tristate-inverter-based
phase interpolator [34], [35] consisting of 16 inverters. One of
the two phases from MUX-1 is tapped to the inputs of 8 in-
verters; the other phase from MUX-1 is tapped to the inputs of
the remaining 8 inverters. The 16 inverters are all tied at output.
A 16-bit control input (an 8-bit enable signal and its negation)

turns on only 8 inverters proper. By varying the combination of
the 8 inverters that are turned on, the output phase can be inter-
polated at 7 different positions between the two input phases.
In this way, the interpolator generates 7 additional phases be-
tween its two input phases. This arrangement is to achieve a
measurement range of 0 ~ 100 °C and a sub-°C measurement
resolution.

A. Temperature Range

In calibration mode (T" = T.), MUX-1 selects the N.th
buffer in the R-DLL (N, = 164 ~ 195; specific choice of V.
is variable) to fix the reference delay, Dpry,. Since the delay
through the entire 200 buffers of the R-DLL is Py, Dpr1, =
Py - N./200 (here we assume no phase interpolator, which is
to acquire the target resolution, as will be discussed shortly). At
the end of the calibration, Do, = Dprr = Fo - N../200.

In measurement mode, Dy, deviates from Py - N, /200 as
temperature is not 7. any more. Simulations indicate that Do,
varies by ca. 10% as temperature varies from 0 to 100 °C, i.e.,
ADpr = Py - N./2000 for AT = 100°C. The maximum
ADgyp is 3.22 ns for N. = 195. This variation of Doy, is mea-
sured using the R-DLL. Since 32 buffers in the R-DLL are con-
nected to MUX-1, the R-DLL’s delay can be varied maximally
by Py-32/200 = 5.28 ns. This is larger than the aforementioned
3.22 ns, thus, the temperature measurement range of 0 ~ 100 °C
is covered.
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Fig. 5. Detailed schematic of the DLL-based CMOS temperature sensor.

B. Temperature Resolution

To attain a sub-°C measurement resolution, consider map-
ping ADpp = 3.22 ns for AT = 100°C to a 7-bit digital
output. For this, D1, should be able to vary with a step of 3.22
ns/27 = 25 ps. Since the minimum achievable delay by a single
buffer is only about 100 ps, we are to improve the time resolu-
tion of the R-DLL. The phase interpolator [34], [35] achieves
the fine resolution, by generating additional 7 phases. Owed to
this interpolator, the time resolution of the R-DLL, which is
given by P,/200/8, becomes 20 ps, with which we can attain
the 7-bit resolution.

C. Calibration and Measurement Algorithm

Owed to the phase interpolators, the calibration and measure-
ment algorithm of Section III can be improved, albeit of the
same essence, to have finer time resolution. Let us consider, as
an example, the calibration mode, with reference to Figs. 5 and
6. In the calibration mode, Dpyy, is held constant by fixing the
R-DLL’s buffer index /N and its phase interpolator index k. The
open-loop delay line consists of a total of 512 buffers (indexed
as M =1 ~ 512), all connected to MUX-2. The goal of the
calibration mode is to identify, for the open-loop delay line, the
specific buffer index M and interpolator index %, with which
Do, = Dppr. We first find M (coarse search), then & (fine
search).

In the beginning of the coarse search, M = 1 and k& = § (the
interpolator selects @, 1, the output of the 1st buffer, as its output
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Fig. 6. Calibration algorithm in the presence of the phase interpolator.

phase). M is then increased one by one with & = 8 maintained,
until the bang-bang phase detector senses the rising edge of ¢(¢)
after the rising edge of d(¢) at M = M., (see Fig. 6). The M_.th
buffer has been chosen for the open-loop delay line. Now with
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Fig. 9. Measurements of 15 chips after proper calibration for each chip.

this buffer, % is increased one by one from 0 for the fine search,

until the bang-bang phase detector once again senses the rising
edge of ¢(t) after the rising edge of d(¢) at k = k. (see Fig. 6).
We have found M = M, and k = k., and Doy has been
made equal to the fixed Dppr, within the given resolution. The
measurement mode works exactly the same way: at the end of
a measurement, IN,,, and k,,, for the R-DLL are determined.

In the absence of phase interpolators, Dprr, was given by
N Ay, where N is MUX-1 setting. With the phase interpolator,
Dprr is given by {8(N — 1) 4+ k}A(/8, where N is MUX-1
setting and & is the phase interpolator index. We take {8(N —
1) + k} as the digital representation, N/, of Dprr,

N =8N -1)+k (15)

Likewise, the digital representation, M’, of Doy, is taken as

M =8M-1)+k. (16)

V. MEASUREMENTS

The temperature sensors were fabricated in 0.13-pm digital
CMOS. Fig. 7 shows a die micrograph. As metal fills block the
view of the active area, its physical layout is shown where it lies.
The active area of the pad-limited chip is 0.12 mm?.

A total of 15 chips were measured. Each tested die was placed
in a 9-mm MLF 64-pin package, which was inserted into a
Plastronics 64-pin MLF socket. The socket was mounted on a
printed circuit board. A 1.2 V supply was used. A 30 MHz clock
signal (x(¢), Fig. 5) is produced by an Agilent 33250A function
generator. A National Instrument PCle-6536 1/0 card was used
to collect digital outputs. An Envirotronics EnviroFLX500 tem-
perature chamber with control accuracy of £1.1 °C was used for
temperature control.

A. Measurements With no Proper Calibration

We first show the consequence of lack of proper calibration.
For this task, we measured only 5 chips, which is sufficient to
show the essence. First, one chip was selected and one-point
calibration was performed at T, = 50°C with a fixed R-DLL
reference delay index of N, = 140(N. = 18,k = 4) [see
(15)].2M is obtained as a result of the one-point calibration for
the selected chip. M’ in each of the 5 chips was fixed at this
same M. In other words, only the selected chip was calibrated,
while none of the remaining 4 chips was calibrated according
to their own process variations. Subsequently, the R-DLL delay
index N/, was measured for each of the 5 chips, at temperatures
from 0 to 100 °C with a step of 10 °C. Fig. 8 shows the results.
Due to the lack of proper calibration, N/ -versus-T curves are
not consistent amongst different chips.

B. Measurements With Proper Calibration

The next set of measurements were done for a total of 15 chips
with proper calibration. One-point calibration was performed
for each chip, according to its own process variation, and as
a result of calibration, each chip is assigned with its own M
value. After these calibrations, N/, -versus-1" was measured for

each chip. The 15 N/ -versus-T curves are shown altogether in

2N, actually corresponds to the 18th buffer from the 164th buffer in the
R-DLL’s VCDL (see Fig. 5), thus, the real V. is 181 and the real N/ is 1444.
Here and in what follows, we use this re-scaled index scheme for N and N'.
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Fig. 10. Temperature measurement errors for the 15 chips.

Fig. 9: as compared to Fig. 8, the curves are more consistent
across the 15 chips, and chip-to-chip process variations have
been largely removed, which validates the one-point calibration.

Smaller chip-to-chip variations remain in the N, -versus-T'
curves of Fig. 9. To quantify the corresponding error, we first
obtain a master curve from the N/, -versus-T' curves via a
third-order fitting. Deviations of the N -versus-T curves from
the master curve correspond to an error of —4.0 ~ 4.0°C in
the range of 0 ~ 100°C (see Fig. 10). Part of this error is
caused by the aforementioned control uncertainty of £1.1°C
of the temperature chamber used [this control uncertainty also
accounts for the non-zero error at the calibration temperature
50 °C (see Fig. 10)]. The remaining error, after factoring out
the chamber’s control uncertainty, represents the fundamental
sensor error caused by the approximate nature of the one-point
calibration (see Section II). The measurement resolution ob-
tained from the master curve is around 0.66 °C per LSB for
7-bit digital outputs.

The comparison of our sensor to the prior delay-based sensors
is provided in Section V-D, after presenting the measurement
bandwidth and energy of our sensor in the following subsection.

C. Data Averaging and Measurement Bandwidth

Jitters (e.g., in the R-DLL) and ac variations of supply cause
fluctuations in the digital outputs. To minimize resultant errors,
the digital outputs can be averaged. Each reported N/, in the
foregoing subsections is indeed an averaged value: for a given
temperature, a single measurement was done at every 2 s, and
100 such single measurements were averaged using an external
computer to obtain each of the averaged digital output, V/ .

We average 100 measurements for the following reason.
As more data are averaged, fluctuations are suppressed more,
tending towards a more accurate measurement. This tendency
is evident in Fig. 11, where the standard deviation of averaged
N/, in one chip at one example temperature is shown as a
function of the number of measurements taken for averaging.
Fig. 11 also shows that averaging more than 100 data will not
reduce the error any further (possibly due to time-correlation of
the fluctuations). Thus to minimize the fluctuation error while
not wasting unnecessary energy, we chose 100 data points for
averaging.
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Since a single measurement is done at the rate of 500 kHz,
with the averaging of 100 measurements, the effective sampling
rate (the rate of obtaining one averaged digital output N,) is
5 kilo-samples/s. Since the power dissipation of the sensor3 is
1.2 mW, the energy used to obtain one averaged digital output
is 0.24 pJ. The large measurement bandwidth, with which fast
thermal transients can be tracked, and the low energy per aver-
aged sample, are attributed to the DLL-based operation of our
Sensor.

For one-point calibration which also involves data averaging,
it takes 0.5 ms to obtain an averaged M. In practice, this cali-
bration (including the averaging) is performed only once at pro-
duction line.

D. Performance Comparison to Prior Delay-Based Sensors

Table I compares this work to delay-based temperature sen-
sors with two-point calibration [18]-[22]. For completeness, the
table also includes delay-based temperature sensors with one-
point calibration [23], [24], which appeared after the present
work was originally reported in [25].

First, our sensor tends towards a larger error than other
works, e.g., [18]-[22] with two-point calibration, which is due
to the one-point calibration we use. Nonetheless, our accuracy
is deemed sufficient for microprocessor thermal profiling [5],
[6], [31]-[33]. Additionally, the one-point calibration has the
advantage of simplicity and low-cost, which is a desirable
feature in the microprocessor application (see Sections I and
10).

Second, our sensor using the dual-DLL architecture with mul-
tiple delay references achieve a high bandwidth of 5 kilo-sam-
ples/s, as we compare the effective sampling rates of the sensors
at which errors were actually measured.

VI. SENSITIVITY TO STATIC SUPPLY SHIFT—MEASUREMENT
AND ANALYSIS

Delay-based CMOS temperature sensors [ 18]—-[24] are prone
to high sensitivity to static power supply shift. Our design in this
paper does not overcome this issue either. Before concluding

3n practice with on-chip averaging, power consumed for averaging must be
considered. On-chip averaging can be done with a digital filter with a bandwidth
of 500 kHz (measurement rate). We expect the associated power dissipation to
be far less than the 1.2 mW.
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TABLE 1

COMPARISON TO OTHER DELAY-BASED TEMPERATURE SENSORS

# of Conversion CMOS
Calibration Range Error Energy Rate? Resolution Area Process
Points 0 °0) (uJ/sample) | (samples/s) &) (mm?) (pum)
This
Work 1 0~-100 —4.0~4.0" 0.24 Sk 0.78 0.12 0.13
[18] 2 0~100 —0.7~0.9 5 2 0.16 0.175 0.35
[19] 2 —40~95 —0.8~0.8 0.45 20 0.523 0.4 0.35
[20] 2 0~75 —1.5~0.8 4.2 2 0.058 N/A (FPGA) | FPGA
[21] 2 —40~60 —0.6~0.6 0.3 5 0.09 0.09 0.35
[22] 2 0~90 —0.25~0.35 18 2 0.09 0.6 0.35
[23]° 1 0~100 —0.7~0.6 0.18 1 0.133 N/A (FPGA) | FPGA
[24)¢ 1 —40~110 —2.7~29 0.0011 366k 0.043 0.0066 0.065

“The conversion rates cited are the ones at which the error measurements were done.

* With temperature chamber’s control uncertainty of 1.1 °C.

¢These one-point calibration works appeared after the present work was originally reported in [25].
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Fig. 12. Temperature measurement using a sensor chip after calibration.
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Fig. 13. AT/ = AVj44 versus T around Viq = 1.200 V.
this paper, we discuss this problem with explicit measurements

of the sensitivity of our sensor to static supply shift, so as to
motivate further studies.

When CMOS inverters are used for the open-loop delay line
as in this work and [18]-[22], its delay depends directly on V4q
[e.g., (1)]. Therefore, a static difference of V44 between calibra-
tion and measurement can cause large measurement errors (ac
fluctuations of V4 are averaged out, as seen earlier). A static
shift in V4 occurs when, for instance, the IR drops are dif-
ferent between calibration in production line and measurement
at user end.

Vaa’s static shift causes measurement errors as follows. The
Vaa-dependence of CMOS inverter’s delay is captured entirely
by the Vyq-dependence of G(P) in (5). Therefore we rewrite
G(P) as G(P, Vqq). If V44 is the same between calibration and
measurement, the normalized delay formula, (9), holds true, and
the sensor operates in the way it has been described. Indeed, all
measurements in the foregoing subsections were done after en-
suring, using an off-chip voltage regulator, Vg4 to remain con-
stant to the third significant digit between calibration and mea-
surement. In contrast, if there is a static shift in V34 between
measurement and calibration, the normalized delay formula of
(9) is altered to

T (a7
Dnorm = ( C) :
T

where Viq,m and Vyq,. are supplies for measurement and cal-
ibration. The G-functions do not cancel, and the normalized
delay does not faithfully represent temperature any more.

To measure the impact of the static V4 shift, we first calibrate
a sensor IC at 7' = 50°C with N/ = 120 and V44 = 1.200
V. We then measure N, for T’ from 0 to 100 °C, also varying
Vaa with a step of 10 mV around 1.200 V. The results are in
Fig. 12. Different N, -versus-T curves result, as Vyq is altered.
Thus, a change in V), due to a Vyq shift for a fixed T' can be
misunderstood as a T change. We now quantify this error caused
by the static Vyq shift.

The normalized delay is a function of T and Vgq4: in (17),
Vaa,c 1s a constant, while Vyq 1, is the variable we have just de-
noted as V4. The process variation P is not considered here,

G(P/ Vdd,m,)

G(P, Vdd:c) (17)
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as it remains the same in a given chip. The variation of the nor-

malized delay, A D, o, due to a small temperature change AT

with a fixed Vyq is given by

aDnorrﬂ
aT

Similarly, A D, due to a small supply shift AVyy with a fixed

T is given by

ADjorm = AT.

(18)

9D, 0,

1101111 AV . 19
e AVay (19
Therefore, AT with a fixed V34 and AVy4 with a fixed T" would
yield the same A D o, if AT and AVyg4 satisfied the following
relation:

ADl’lOI‘l‘ﬂ =

AT aDIlOl’Hl aDIlOI’IIl
= / . (20)

AVdd o 8Vdd oT

Using 0D horm/3Vaa and 0D 0,1, /0T extracted from Fig. 12,
we plot AT/AVy, as a function of T in Fig. 13. |[AT/AVyq|
is as large as 1.6 °C/mV, i.e., a 1 mV of Vyq shift can be mis-
conceived as a 1.6 °C of temperature change. Hence, our current
implementation (and all other delay-based sensors using CMOS
inverters as delay elements [18]-[24]) can yield significant er-
rors in the presence of supply shift.

This problem can be potentially solved: 1) by adding a local
voltage regulator proximate to the sensor so that V4 is main-
tained at the same level between calibration and measurement or
2) by using an open-loop delay line consisting of current-starved
inverters, whose delay can be made sensitive to temperature, but
much less sensitive to V4 [36]. Actual design and experimental
verification are open to future work.

VII. CONCLUSION

The recent temperature sensor work in [18]-[22] exploits the
temperature dependence of CMOS inverter delays. The work of
this paper is an expansion of, and a departure from, the prior
delay-based sensor works. The following two main contribu-
tions are: 1) operation of the delay-based sensor with simple
and low-cost one-point calibration and 2) new architecture using
DLLs that enhance measurement bandwidth for fast thermal
monitoring. This CMOS temperature sensor with low energy
per sample (0.24 ;:J/sample), a high conversion rate (5 kilo-sam-
ples/s), and calibration simplicity may be potentially well suited
for microprocessor thermal management applications. Its high
sensitivity to a static supply shift remains as a problem to ad-
dress.
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