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Abstract—A neonatal temperature monitoring system operating in subthreshold regime that utilizes time mode signal
processing is presented. Resistance deviations in a thermistor
due to temperature variations are converted to delay variations
that are subsequently quantized by a Delay measurement unit
(DMU). The DMU does away with the need for any analog
circuitry and is synthesizable entirely from digital logic. An
FPGA implementation of the system demonstrates the viability
of employing time mode signal processing, and measured results
show that temperature resolution better than 0.1 o C can be
achieved using this approach.
Index Terms—subthreshold design, time to digital converter,
temperature measurement, sub-sampling, FPGA
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I. I NTRODUCTION
Neonatal temperature monitoring systems are needed to
detect conditions such as hypothermia in infants [1]. One way
to implement these is to employ precision thermistors, and
associated circuitry to monitor body temperature of infants.
It is desirable for such systems to strive to eventually run
using energy scavenged from the environment, and thus ultra
low energy consumption is a key metric in these designs.
Low energy consumption is also necessary in these systems
to reduce errors due to self heating. The low bandwidth of
temperature variations that need to be tracked in neonatal
temperature monitoring makes subthreshold operation very
attractive for this application.
Subthreshold circuits have attracted considerable attention
in the research community in the last decade. This is primarily
because they enable low energy operation for applications
where high performance is not a necessity. Scaling the supply
voltage causes a reduction in dynamic energy, but comes at the
cost of lower speed. The circuit thus leaks for a longer time
causing an increase in leakage energy per operation. In fact,
research in the past has pointed to the existence of a minimum
energy point where the dynamic and leakage energies balance
each other to combine and result in minimum energy operation
[2].
Initially, most of the temperature sensors being reported
were bandgap based and were very analog intensive. Subsequently, time-based smart temperature sensors [3] have been
proposed, but they have not leveraged subthreshold operation
to trade off performance for low energy operation.
Operation in subthreshold brings with it the problems of
low dynamic range, and increased susceptibility to process
variations and mismatch [4]. In time domain signal processing,
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Fig. 1. Thermistor Resistance to Digital codeword conversion through (a)
voltage domain, and (b) time domain

H< &'
:7
GF

E8 4'
D@B
=;<
<8

?9 3'
><=;
:98

76 2'
2&

3' ()*+),-./,)
3& 0 o15 4'

4&

Fig. 2. Temperature vs Resistance characteristics of the thermistor over the
temperature range of interest

the signal information is encoded as a delay offset with respect
to a reference edge, or as a frequency offset with respect to a
reference oscillator frequency, or as a modulated pulsewidth.
An advantage of representing signals in time domain is that the
dynamic range of signals that can be represented is arbitrarily
large. This is in contrast to voltage domain representation
where signals are restricted to taking range of values between
the supply rails, and thus their dynamic range is limited which,
combined with a limit on the lowest measurable voltage step,
imposes a limit on the number of bits achievable in the
conversion process.
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Fig. 3. Block diagram of the temp sensor that includes the crystal, resistanceto-delay transducer, and the TDC
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Time domain signal processing also has the additional
attractive feature of involving circuitry that is mostly-digital
in nature. Low supply voltage that accompanies technology
scaling makes it increasingly difﬁcult to implement analog
circuits. On the other hand, technology scaling aids digital
circuits by increasing the speed of operation, and the time
resolution [5]. Hence it is desirable to explore architectures
that leverage this property, and which primarily rely on digital
circuits to accomplish the conversion. In this regard, time
based approach to data conversion has attracted signiﬁcant
interest in the last few years. Several works [6][7][8][9] have
demonstrated time based ADCs that convert the voltage input
to a delay, pulsewidth, or frequency, and which then perform
quantization in the time domain.
Thus subthreshold operation combined with time domain
signal processing offers a very promising means of implementing body temperature monitoring systems. It combines the
advantage of low energy operation that subthreshold operation
makes possible, and the advantage of large dynamic range,
and mostly-digital circuitry that the paradigm of time domain
signal processing offers.
Figure 1(a) shows the traditional way of converting resistance (in this case, that of a thermistor) to a digital codeword
by converting it to a voltage domain signal followed by an
ADC. Figure 1(b) shows the time-based method, an approach
that is pursued in this paper.
The paper is organized as follows. Section II describes the
various components of the temperature monitoring system,
which includes the resistance-to-delay transducer, and the
delay measurement unit. In Section III, we describe our
experimental setup to convert temperature information to a
digital codeword, and provide measurement results in Section
IV to validate this approach. Section V concludes the paper.
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Fig. 4.
Thermistor-resistance vs delay-difference at the output of the
transducer across different ambient temperatures in the typical corner for (a)
Rref = 30 KΩ and (b) Rref = 0

of this thermistor, plotted using the data provided by the
manufacturer [10].
Figure 3 shows the basic components of the temperature
measurement system. The resistance of the thermistor, Rtherm ,
changes in response to body temperature as shown in Fig.
2. The resistance-to-delay transducer converts this resistance
information to a time domain signal, which is quantized by
a time to digital converter (TDC). An oscillator generates the
clock that excites the resistance-to-delay transducer. The TDC
is followed by a block that compensates for the thermistor’s
non-linearity, and process variations. The thermistor and the
reference resistor are placed off chip, and the pad capacitor
plays the role of the capacitor in Fig. 3.
As shown in Fig. 3, the clock signal is buffered and fed
to two paths, one of which contains the thermistor. The
other path holds a reference resistor Rref in place of the
thermistor. Assuming the capacitors are well matched on both
paths, the delays the two paths experience are proportional to
the respective resistances on the paths. The delay along the

II. S YSTEM OVERVIEW
The temperature monitoring unit uses a thermistor placed in
direct contact with body to sense temperature. We used the US
Sensor PR503J2 NTC thermistor in our system. They are ultra
precise interchangeable thermistors with 0.05 o C accuracy.
Figure 2 shows the temperature vs resistance characteristics
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Rref path remains constant while that along the Rtherm path
changes with body temperature. This delay-difference/skew is
then quantized through a TDC to obtain a digital representation
of temperature. If the value of Rtherm at the lower and
higher end of our temperature range of interest is R1 and
R2 respectively, the range of skews obtained at the output of
the transducer is proportional to (R1 − R2 )C. The purpose of
using Rref is described later in the paper.
Body temperature is usually maintained in the range of 36.5
o
C to 37.5o C. In infants with severe hypothermia, the body
temperature can fall below 30 o C, and in patients with high
fever, can exceed 41 o C. Our system was designed to support
a range of 25 o C to 45 o C.
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A. Resistance-to-Delay Transducer
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Conventional approaches to converting resistance to delay
make use of analog intensive circuits such as operational ampliﬁers, which are not suitable for ultra low voltage operation.
We use a simple RC charging mechanism to convert resistance
deviations to delay variations. The key considerations in the
design of this transducer are choice of Rtherm and Rref , linearity of the transducer and its dynamic range, and sensitivity
to process variations and variations in ambient temperature.
Each of these is discussed below.
Manufacturer datasheets [10] indicate that thermistors with
a larger nominal resistance at 25 o C also show larger deviations in resistance over a ﬁxed temperature range. Hence, we
chose a thermistor with a large nominal resistance (50 KΩ at
25 o C) to maximize the dynamic range of skews obtained since
that relaxes the TDC requirements for the target temperature
resolution. The large nominal value of the thermistor resistance
Rtherm is also necessary to ensure that the large transistor
resistance at low voltages does not dominate the delays, and
overwhelm the delay changes due to variations in Rtherm with
temperature.
As the temperature changes over the range of 25 o C to 45
o
C, the thermistor resistance changes from 50 KΩ to about 22
KΩ. Figure 4(a) shows the delay difference produced at the
output of the resistance-to-delay transducer (which in turn is
measured by the TDC) in response to this resistance change
when all the capacitors shown in the ﬁgure are 10pf, Rref =
30 KΩ and Vdd = 350 mV. The simulation was done in UMC
0.13 μm CMOS technology. The temperature coefﬁcient of
Rref was set to 25 ppm/o C in the simulation since precision
metal-ﬁlm resistors with this temperature coefﬁcient are commercially available. When the ambient temperature is 25 o C,
the resistance-to-delay transducer produces a skew range of
253 ns for a body temperature variation from 25 o C to 45 o C.
The transducer is linear in our temperature range of interest,
with the maximum residual error from a linear ﬁt being 0.3
ns, and this occurs at the extremes of the temperature range.
Fig. 4(b) plots the transducer’s transfer characteristics when
the reference resistor is an electrical short.
It is important that changes in the ambient temperature
do not affect the measurement of the body temperature. The
ambient temperature is assumed to vary over a range of 0 o C
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Fig. 5.
Residual error from a straight line ﬁt obtained at an ambient
temperature of 25 o C for (a) Rref = 30 KΩ, and (b) Rref = 0

to 50 o C independent of the body temperature. The buffers
in the resistance-to-delay transducer in Fig. 3 are subjected
to this temperature change in the simulation. As the ambient
temperature changes over 0 o C to 50 o C, the skew range at
the output of the transducer varies from 251 ns to 258 ns.
It is desirable to have least measurement error while measuring body temperatures close to the nominal value of 37 o C.
Simulations show that effects of ambient-temperature variations have the least impact while measuring body-temperature
at which Rtherm matches Rref . Based on this, the reference
resistor was chosen to be 30 KΩ. To quantify this, we ﬁnd a
linear ﬁt for the transducer’s characteristics in Fig. 4 when the
ambient temperature is 25 o C. We then compute the deviation
from this straight line ﬁt for the other two curves in Fig. 4
that correspond to ambient temperatures of 0 o C and 50 o C.
This deviation represents the error introduced due to changing
ambient conditions as a result of calibrating the transducer
only once at an ambient temperature of 25 o C. Fig 5(a) shows
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tolerant to supply voltage changes as well making this a robust
transducer that functions well at low voltages.



B. Delay Measurement Unit
The TDC in this application is based on the Delay measurement unit [11] shown in Fig. 8. The DMU measures the
skew between two periodic inputs, and represents it as a digital
codeword. Owing to its all-digital nature, it is synthesizable
on both the ASIC and FPGA. The synthesis tool could be
directed to avoid gates with high fan-in to result in a design
that can function down to very low voltages [4]. Its all-digital
nature also eliminates problems of non-linearity and mismatch
that analog circuits typically face at low voltages.
The DMU utilizes the principle of sub-sampling for its operation. The two input edges between which the skew needs to
be measured, are sampled with a near-frequency asynchronous
sampling clock. This results in beat signals at the output of the
samplers that are skewed on a larger time scale [11]. The beat
signals are then processed with de-bounce and masking state
machines to retain skew information only in the rising edges of
the inputs. The histogram of arithmetic difference of the beat
signals is then computed. This decouples the relationship of
clock jitter to minimum measurable skew, with the measurable
skew being limited only by the measurement time, and not by
jitter. This property is also valuable in subthreshold operation
where slow edge rates and poor jitter are inevitable.
The resistance-to-delay transducer is excited with a periodic
signal with period T, as shown in Fig. 8. The two signals
at the output of the transducer are sampled by a separate
sampling clock, which has a slightly different clock period
Ts = T + ΔT . The sampled outputs, q1 and q2 will be
beat signals whose period is T ∗ Ts /ΔT . The input skew
δ similarly undergoes magniﬁcation to be δ ∗ Ts /ΔT . The
difference between the sampler outputs is averaged over 2k
samples to obtain an estimate of the skew.
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Fig. 6. Delay along the thermistor and the reference resistor paths across
different process corners for an ambient temperature of 25 o C. The range of
skews produced by the transducer is largely unaffected by process variations
as well.
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Fig. 7. The composite Body-temperature vs Delay characteristics obtained
by combining the characteristics of the thermistor and the resistance-to-delay
transducer. Ambient temperature changes cause very minor change in these
characteristics.

S=
the residual error when Rref = 30 KΩ is used. Fig 5(b) plots
the residual error when Rref is chosen to be 0. Choosing Rref
to be 30 KΩ minimizes error when Rtherm is 30 KΩ ( which
occurs at body temperature of 37 o C). Rref can be thought of
as setting the ’bias-point’ for the transducer, and the transducer
output is least sensitive to ambient temperature changes when
the thermistor resistance stays close to this bias-point.
The transducer’s characteristics are largely insensitive to
ambient temperature variations as seen in Fig. 4 . Temperature
variations affect delays of buffers on both the thermistor as
well as the reference resistor paths in Fig. 3 equally, and hence
appears as a common mode component which gets canceled
out as the TDC looks at only the differences in edge spacings.
Fig. 6 shows that this is true of process variations as well.
Thus, the resistance-to-delay transducer produces a range of
skews at the input of TDC that is largely invariant to ambient
temperature changes as well as process variations . Further,
since an RC charging mechanism is employed, the delays are

k
1 
Xi
2k i=1

(1)

where Xi is the arithmetic difference between the ith sampler
outputs. It was also shown in [11] that
E(S) =

δ
T

(2)

C. Calibration
The system needs to be calibrated before use to accurately
interpret the sensor output in the face of process variations.
As long as the clock sources are stable with varying ambient
conditions, the DMU’s characteristics will remain unaffected
due to its all-digital nature. The resistance-to-delay transducer
is less sensitive to ambient temperature variations than to
process variations. Calibrating the sensor once at an ambient
temperature of 25 o C leads to less than 0.01 o C measurement
error (while measuring body temperatures higher than 34 o C)
when the ambient temperature then changes in the range of 0
o
C to 50 o C.
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Fig. 8. The TDC is based on the Delay measurement unit (DMU). It outputs a
digital codeword that represents the skew between the two inputs as a fraction
of the input period.

F()*

I 
!"

=::
9:

."'%'#"  /"
$"#'!"m

Fig. 10.

;:
<:
=:
?:
BCEGEHJKLC NP QVWEY

@:

Output of DMU over the resistance range of interest

riii

O'%'"

    




,##
01234546478
 o

@::
[



 nii



 kii



#$%& 
!"
Fig. 9.

hii
hii

jii

kii
lii
nii
pii
suvwxxyuvyz{ y|}z|} ~u

riii

Measurement setup in the lab
Fig. 11. Correlation of the DMU output to the oscilloscope output over the
resistance range of interest.

Process variations will primarily affect the system in two
ways - They might lead to a systematic mismatch between
the reference-resistor and the thermistor paths which leads to
an offset at the DMU input. Also they will impact the slope of
the resistance-to-delay transducer. This can be seen in Fig. 6,
where we see that the slope of the transducer’s characteristics
is almost the same in the typical and fast corners, but is
different in the slow corner. A one-time calibration can be done
at two different body-temperatures to determine the slope and
offset of the temperature sensor, from which a linear ﬁt can
be obtained. To reduce calibration effort, two precise off-chip
resistances with low-temperature coefﬁcient could be used to
mimic the thermistor’s behavior at those temperatures. During
the calibration phase, two measurements are obtained by using
these resistors in a sequence to perform two point calibration.
The non-linearity of the thermistor’s characteristics needs
to be accounted for while interpreting the DMU’s output.
However this is a ﬁxed non-linearity and interchangeability
tolerance is assured by the manufacturer to be ± 0.05 o C
from 0 o C to 50 o C. Fig. 7 shows the simulated composite
characteristics of the temperature sensor that incorporates the
thermistor’s temperature vs resistance characteristic, and the
transducer’s resistance vs delay characteristic. It is obtained
from combining the information from Fig. 2 and Fig. 4. Hence
the calibration procedure primarily calibrates for changes in
the resistance-to-delay transducer’s characteristics due to chipto-chip variations.

III. E XPERIMENTAL S ETUP
Fig. 9 shows the experimental setup. We have used two
asynchronous signal generators, Agilent 80 MHz 33250A and
Agilent 120 MHz 81150A to provide 2 asynchronous clocks
of very close frequency (100 KHz and 99.5 KHz) with T /ΔT
ratio close to 200. The input clock source was buffered through
the FPGA to drive the resistor, which in conjunction with the
pad capacitance produces a delay. This delay is quantized
by the DMU, and the DMU’s output is compared against
the oscilloscope (Agilent DSO90404A)output to verify its
correctness.
This measurement setup differs from the system block
diagram in Fig. 3 in two aspects. Firstly, for ease of implementation, the reference resistor is omitted in the measurement
setup. This will not affect the precision of results. Secondly,
the FPGA operates at nominal Vdd , and not at subthreshold.
As was described earlier, both the resistance-to-delay transducer as well as the DMU are expected to function well at
low voltages. Further the range of skews produced by the
resistance-to-delay transducer is almost independent of Vdd .
Also, the DMU resolution is dependent on the time-period
difference between the two clocks, and the measurement time.
Thus this design lends itself well to low voltage operation. The
FPGA implementation illustrates the all-digital nature of this
approach and validates the feasibility of this architecture.
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Figure 12 shows the measured standard deviation of the
resistance as the number of samples over which the output
is averaged is varied. The standard deviation of the output
reduces with square root of the number of samples. This provision to control the number of samples being averaged provides
a useful knob to trade off resolution for measurement time, and
thus energy (as leakage energy scales with measurement time).
We ﬁnd that averaging the DMU output over 29 samples is
sufﬁcient to obtain a temperature resolution of 0.1 o C.
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V. C ONCLUSION
Subthreshold operation in conjunction with time mode
signal processing is an attractive means of implementing
body temperature measurement systems. The resistance-todelay transducer was shown to be tolerant to ambient temperature changes as well as process variations, and its output
range is independent of supply voltage. The digital nature
of DMU makes it well suited for synthesis as well as easy
portability to newer nodes. An FPGA implementation validates
this approach and the measured results indicate that resolution
better than 0.1 o C can be achieved using this approach.

Measured standard deviation as a function of number of samples

IV. M EASUREMENT R ESULTS
As input clock source of 100 KHz was used as source, and
the sampling clock frequency was chosen to be 99.5 KHz. This
gives us T = 10 μs, and ΔT = 50.25 ns. The pad capacitance
at the FPGA inputs was found to be large and this proves to
be an advantage as it results in a large dynamic range of skews
obtained for a given temperature variation. Experiments also
revealed that the variation of pad capacitance across different
pins was quite small, and thus the design could be easily
shifted to use a different pin without affecting the results.
Over the temperature range of 25 o C to 45 o C, the thermistor
resistance varies between 50 KΩ and 22 KΩ. Fig. 10 shows
the DMU output (translated to equivalent measured delay)
over this temperature range. On averaging the result over 215
samples, the DMU measures resistance with a resolution of
25 Ω, which translates to temperature resolution of 0.02 o C.
Averaging over 29 samples results in a temperature resolution
of 0.1 o C. The DMU output is linear in the resistance range
of 24 KΩ to 42 KΩ. This corresponds to high linearity in the
body temperature range of 29 o C to 42 o C.
A change in Rtherm in response to body temperature change
also causes changes in the slew rate at which the pad capacitor
node transitions. These slew rate changes impact the delay
of succeeding buffer, the delay of which should be ideally
invariant to variations in Rtherm . We believe this to be the
cause for non-linearity at the extremes of the characteristics in
Fig. 10. The measured standard deviation of the DMU output
was observed to be in the range of 0.07 ns (equivalently 0.0031
o
C or 4.5 Ω) to 36 ns (equivalently 1.63 o C or 2.29 KΩ)
depending on the measurement time of 320 ms (215 samples)
to 0.64 ms (1 sample) respectively.
Figure 11 shows the correlation of the DMU results to oscilloscope measurements. The residual difference is observed to
be less than 1.1 ns (equivalently 0.05 o C) when the output of
DMU is averaged over 215 samples. The DMU output matches
very well with that measured by the scope. The non-linearity
in Fig. 10 is thus largely due to the transducer’s characteristics.
In [11], it was shown that the standard deviation is bounded
by the number of samples 2k as
S≤√

1
2k+1
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