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Abstract—We propose a fully-integrated temperature sensor for
battery-operated, ultra-low power microsystems. Sensor operation
is based on temperature independent/dependent current sources
that are used with oscillators and counters to generate a digital
temperature code. A conventional approach to generate these cur-
rents is to drop a temperature sensitive voltage across a resistor.
Since a large resistance is required to achieve nWs of power con-
sumption with typical voltage levels (100 s of mV to 1 V), we intro-
duce a new sensing element that outputs only 75 mV to save both
power and area. The sensor is implemented in 0.18 ;zm CMOS and
occupies 0.09 mm? while consuming 71 nW. After 2-point calibra-
tion, an inaccuracy of +1.5°C/ —1.4°C is achieved across 0°C to
100° C. With a conversion time of 30 ms, 0.3° C (rms) resolution is
achieved. The sensor does not require any external references and
consumes 2.2 nJ per conversion. The sensor is integrated into a
wireless sensor node to demonstrate its operation at a system level.

Index Terms—Fully integrated, subthreshold, temperature
sensor, ultra-low power, wireless sensor node.

I. INTRODUCTION

LTRA-LOW power wireless microsystems are emerging
U as a new class of computing. These systems can be used
in a wide range of application areas such as medical, surveil-
lance, and environmental monitoring by equipping them with
the appropriate sensors [1]-[3]. Among various sensor modal-
ities, temperature is one of the most common and therefore
low-power temperature sensors become an important design el-
ement of such microsystems.

The design of a temperature sensor for these miniaturized
wireless microsystems poses several challenges, with many of
the limitations arising due to a limited battery size and corre-
spondingly small energy capacity. While average power con-
sumption is critical as a result, the large internal resistance of the
battery also limits the maximum instantaneous current that can
be drawn from the battery. For example, the targeted thin-film Li
battery has a limited maximum current draw of less than 20 1A
[4]. Given that the temperature sensor power is only one compo-
nent of total system power, this limitation is a major bottleneck.
Further, the sensor should be fully-integrated and self-contained
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since accurate external references are not readily available in
highly integrated microsystems.

Various types of temperature sensors have been designed
in CMOS technology. Most conventional temperature sensors
are based on bipolar junction transistors (BJTs). These sensors
measure temperature by comparing a temperature-depen-
dent voltage to a temperature-insensitive voltage. These two
voltages are developed using two well-defined temperature
characteristics of a vertical PNP transistor; 1) the comple-
mentary-to-absolute temperature (CTAT) characteristic of the
base-emitter voltage (Vpg) and 2) the proportional-to-absolute
temperature (PTAT) characteristic of the difference between
two base-emitter voltages (AVpg). The ratio between the
PTAT and reference voltages is fed to an analog-to-digital
converter (ADC) to be digitized. With the choice of precision
> A-ADCs, these sensors offer high resolution, up to 0.002°C
[5]-[7]. Sensing error in BJT-based sensors mainly arises due
to process variation of the saturation current (Ig) [8]. This error
can be reduced to less than £0.2°C after 1-point calibration.
One example state-of-the-art temperature sensor achieves
0.02°C resolution with inaccuracy of £0.15°C by combining
two-step zoom ADC, chopping and dynamic element matching
(DEM) [9]. However, such sensors show power consumption
in W range, making them unsuitable for miniaturized bat-
tery-powered applications.

As aresult, MOSFET-based temperature sensors targeted for
wireless system have been introduced. For low power opera-
tion, time-to-digital [10], [11] or frequency-to-digital conver-
sion [12], [13] is used instead of ADCs. Temperature can be
calculated using a reference clock and a temperature-depen-
dent frequency or pulse. These sensors consume less power
than BJT-based sensors at the expense of resolution and ac-
curacy. While power consumption is reduced to hundreds of
nW, an external clock is needed as a reference. The perfor-
mance of these sensors highly depends on the accuracy of the
reference clock, which is not typically available in a wireless
microsystem. Moreover, the reference clock itself can increase
power consumption significantly. On the other hand, a tem-
perature sensor that uses an on-chip time reference while con-
suming sub-u'W has been reported [14]. However, it exhibits
larger inaccuracy compared to others due to the non-ideal char-
acteristics of the reference clock. Recently, a temperature sensor
based on dynamic threshold MOSTs (DTMOSTS:) is introduced
[15]. The sensor achieves high resolution (0.063°C) and accu-
racy (£0.4°C) after single point trimming, but with sub-gW of
power consumption (excluding clock generation power).
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Fig. 1. Simplified block diagram of a proposed temperature sensor.

This work proposes a new temperature sensor topology that
improves temperature inaccuracy while consuming very low
power and energy. A novel MOSFET-based sensing element
is introduced to translate external temperature into a voltage
with pWs of power consumption. Furthermore, conventional
voltage-to-current converter and current mirror structures are
modified to reduce the required current consumption by half.
With these techniques, the sensor consumes 71 nW of power and
dissipates 2.2 nJ of energy per conversion with inaccuracy of
+1.5°C/ — 1.4°C and resolution of 0.3°C,,s from 0 to 100°C
temperature range.

The remainder of the paper is structured as follows. Section II
introduces the proposed topology for the low power sensor with
detailed description and analysis. Section III presents measured
results of the test chip. Section IV demonstrates implementation
of proposed sensor in an ultra-low power sensor node. Finally,
Section V concludes the work.

II. TEMPERATURE SENSOR DESIGN AND ANALYSIS

Fig. 1 shows a block diagram of the proposed temperature
sensor. The structure has three major components: 1) a tem-
perature sensing core, 2) a current to frequency converter, and
3) a frequency to digital converter. The temperature sensing
core converts temperature into a current. An oscillator is then
used to convert this current into a frequency. Finally, a binary
counter translates frequency into a digital output code. For tem-
perature sensors that use a similar scheme, the total power con-
sumption is dominated by the magnitude of current generated
in the sensing core. This is because the generated current deter-
mines oscillator frequency, which directly relates to the counter
dynamic power consumption. Therefore, generating a small cur-
rent with well-defined temperature dependency is crucial to de-
signing a low-power temperature sensor.

A. Temperature Sensing Element

Fig. 2 shows a conventional approach for generating a
temperature-dependent current through a resistor (Ig) using
a voltage source (Vgouree). In this structure, the output of a
voltage source is copied across a resistor to generate a current.
With this approach, either a very large resistor or very small
voltage is required to achieve low power consumption. Using
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Fig. 2. Conventional voltage-to-current converter.

a typical bandgap voltage reference of ~1V, a resistance of
>20 M€ is required to achieve sub-100 nW power consump-
tion, which is impractical in area-constrained microsystems.
To achieve nW range power consumption without incurring a
large area penalty, we propose reducing Vi well below 100
mV by introducing a new sensing element (Fig. 3, right). The
sensing element generates a linearly increasing output voltage
with temperature while drawing only pA. A key component
of the sensing element is based on a 2-Transistor (2T) voltage
reference (Fig. 3, left) [16].

A prior implementation of the 2T voltage reference uses two
different types of transistors (with highly disparate threshold
voltages) to 1) increase the reference voltage as much as pos-
sible (>300 mV) and 2) compensate output voltage tempera-
ture dependence. By equating currents through M; and M, an
analytical solution for the output voltage (VReferece) can be ob-
tained as

Tytro
V eference — V 2 = V h
Ref my +m2( th2 tll)
m CoxitW1iL
mims Vipln 1 1¥V1L2 ()
mi1 + ma o CoxaWaly

where Vy, is the threshold voltage, V1 = kT /q is the thermal
voltage, m is the subthreshold swing coefficient, # is mobility,
and C,y is gate oxide capacitance of the transistor [16]. From
(1), it can be seen that compensation is achieved by combining
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Fig. 3. Circuit diagram of a conventional 2T reference [16] and proposed
sensing unit.

the CTAT characteristic of the threshold voltage and PTAT char-
acteristic of the thermal voltage. The reference output voltage
can also be made PTAT or CTAT with proper sizing, which can
be used to sense temperature. However, a high reference voltage
increases power consumption. Furthermore, the use of different
threshold transistors causes its output voltage to vary widely
across process, resulting in degraded linearity and sensing error.

We therefore propose to use the same type of transistors
for both devices in the 2T reference to eliminate the threshold
voltage dependence in (1). The output voltage of the sensing
element can be modeled using a subthreshold current equation
that considers the body effect and DIBL [17] as follows:

—AVp
nvor

W
I = u[)cox (f) ngel.Be

x (Ve =Vin =7 VantaVaa) fmVr (1 _ o=Vas/Vry (2

where g is zero bias mobility, Vg is zero bias threshold
voltage, v’ is linearized body coefficient, n is the DIBL
coefficient, and AVy;, is a term introduced to account for
transistor-to-transistor leakage variations. Assuming an output
voltage greater than 3Vt (~75 mV), subthreshold current
becomes independent of drain to source voltage (Vds). Also,
DIBL becomes negligible due to the use of long channel de-
vices. Therefore, current through each transistor M; and M,
can be expressed as (3) and (4). The resulting output voltage
can be found as (5) by equating I; and I, and V1 and V0.

W —AVy,
Il = MICOXI (L_ll) Vg(’,l's(’, ,,ujt_ll
X e(U—Vtm—"ri‘im.se)/leT. 3)
W. —AVyp
IQ = /J’QCOXQ (L—22> ngel'se "V; .
5 o(Veense—Vina—7,0)/ma Vi )
m1m; CoaaWi L
Vieneo = 1 ,2 Vln (Ml ox1 71 2) ‘ (5)
my + yyme p2CoxoWaly

It can be seen that threshold voltage is eliminated and mo-
bility is cancelled out. By eliminating these process/tempera-

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 8, AUGUST 2014

120 -
S 1Mo+
£ 100

= i

(o)}

S 901

S ]

s 80 -

=

5 704,
o

60 -

Temperature (°C)

Fig. 4. Simulated output voltage of proposed sensing element.

ture dependent terms, low variability is achieved. As a result,
the output voltage shows PTAT behavior with good linearity
due to the thermal voltage V. Also, compared to the conven-
tional structure, higher temperature sensitivity is achieved by
connecting the gate of top transistor (M) to the output (o >
(mamz)/(m1 + mz), when ' = 0). Fig. 4 shows simulation
results of this 2T sensing element at different corners. The min-
imum R? correlation of the output voltage is 0.99995, observed
at the fast corner. The sensing element output voltage is also
greatly reduced by removing the threshold voltage term. Ad-
ditionally, devices are sized with similar gate lengths to avoid
threshold voltage discrepancies due to reverse short channel ef-
fect. The sensing element consumes 8 pW at room temperature
and shows a supply dependency of 1.814%/V from 1.0 V to
1.4 V in simulation.

Fig. 5 compares a conventional 2T structure with the pro-
posed structure. Conventional 2T is sized to match the slope
of sensing element in the typical corner. Monte Carlo simu-
lations show that the proposed structure has 5x lower output
voltage, enabling a 5x reduction in resistor area for equivalent
current. Also, the proposed topology exhibits 2.8 X lower output
voltage variation (o/p) and 2.2x less variation in slope (tem-
perature coefficient, or TC, variation). Output voltage process
dependency and TC variation are important factors since they
directly impact the temperature characteristics of the generated
current.

B. Current Generation

For current generation, we first begin with a conventional
structure shown in Fig. 6(a). In this structure, the sensing
element drives a conventional voltage to current converter to
generate currents. A negative feedback loop consisting of an
amplifier, transistor, and resistor duplicates the sensing ele-
ment’s output voltage across the resistor. The amplifier operates
in the subthreshold region to achieve power savings. Using
a 2-stage topology, the amplifier shows 105 dB open-loop
gain and 136 pW of power consumption at room temperature
(simulated results). The high gain of the amplifier ensures that
Vg tracks Vgense. Due to the negligible power consumption
of the sensing element and amplifier, temperature sensing core
power is dominated by Ig (nA range). Conventionally, a current
mirror (M;_») is required to provide control voltages (Vy and
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Fig. 6. Circuit diagram for (a) conventional scheme for current generation with a voltage source, (b) modified structure for low-power operation and (c) additional

current path added for error reduction.

V1) for the subsequent ring oscillators; however, 50% power
savings can be achieved by avoiding such a current mirror.
Thus, we introduce a second feedback loop along with a refer-
ence generator (VRer) to remove the current mirror (Fig. 6(b)).
The additional feedback loop allows for the inclusion of a diode-
connected transistor M~ at the bottom of the stack. This struc-
ture ensures My~ is saturated; otherwise, it becomes cutoff due to
the sub-100 mV output voltage from the sensing element. As a
result, Vi and Vi, are generated directly from Ig without an ad-
ditional mirror. The control voltages are generated from M, and
My rather than from My and Mg to avoid large loading on the
op-amp outputs. This enhances bandwidth and phase margin of
the op-amps, and also relaxes the output swing by biasing the
output away from the supply rails. The reference generator is
made with diode-connected PMOS transistors. It draws 240 pA
and outputs an intermediate voltage between supply and ground.
This structure also helps to obtain an effective common-mode
voltage of the amplifier by boosting the sensing element’s output
voltage by Vpp /2. Meanwhile, the voltage dropped across the
resistor is maintained, helping to protect Ir against supply varia-
tion regardless of the reference generator, which has poor supply

regulation. Simulated line sensitivity shows that current changes
by 0.974%/V in the 1.0-1.4 V range.

However, by connecting the sensing element’s ground to Vy,
the current flowing through the sensing element moves along
the path and is added to Ig. This causes a discrepancy between
top and bottom current of the diode-connected devices, which
creates error in subsequent stages. To eliminate this problem, a
duplicate sensing element that serves as a dummy structure is
connected between V and ground (Fig. 6(c)). Since each el-
ement operates over the same voltage range (Vpp/2), current
flowing through the main sensing element is identical to current
through the dummy sensing element. As a result, the dummy
sensing element functions as a leakage path for the main sensing
element, suppressing unwanted current in the main current gen-
eration path.

Fig. 7 shows the detailed schematic of the temperature
sensing core. A temperature insensitive reference current
(Irer) and temperature sensitive PTAT current (IptaT) are
generated from two sets of the previously described structure.
Each current is generated using different types of resistors along
with different sensing elements. Proper resistor choice for these
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currents is performed by first characterizing Vganse and resis-
tance (R) against temperature. Due to the linear temperature
characteristic of the sensing element, only its first-order tem-
perature dependency has been considered, while both first- and
second- order dependencies have been considered in modeling
resistance. Thus, Vense and R can be expressed as follows:

(6)
(7

V;.cnsc = ‘/0(1 + Ué\/"lT)~
R=R,(1+apmT + arT?).

As aresult, the generated current Iy can be modeled by (8)—(10).

Ip = ‘/sense _ \’70(1 + O"VlT)
BTTR T R(L+amT + agsT?)

Vo
= R—(l +anT + (k]2T2)

=I(1 +anT + apT?). (8)
o] = vyl — Rl ©)
a1y = 0% — ARIOV1 — QR2. (10)

Since the sensing element itself has a positive first order tem-
perature coefficient (v ), a PTAT resistance that has a positive
first order temperature coefficient (g1 ) is required to generate
the Iggr. With proper sizing of the sensing element, ayy1 can be
matched to argq to set gy to zero. On the other hand, a resistor
with a CTAT characteristic is desired for the temperature sensi-
tive Iptar in order to increase the temperature dependency. In-
creased temperature dependency translates into a wider range of
digital codes and hence finer resolution. In the chosen process,
diffusion resistors and poly resistors meet the above require-
ments for Iggr and Iptat, respectively. Among diffusion re-
sistors, n+ type is chosen to minimize the second order temper-
ature coefficient oy due to its 1.8 x lower gy compared to p+
type. Resulting design parameters for the Igpr are apz = 6.26x
1077/°C? and a;; = —7.61 x 107°/°C. Among poly resis-
tors, p type results in a 1.1 x better ;2 compared to p~ type.
However, p~ type is chosen due to its area efficiency (3.1x
less area for iso-resistance) and 1.2x higher «1;. Resulting de-
sign parameters for the [praT are ap; = 4.00 x 10’6/002 and
app = 6.58 x 1073/00.

In very low power applications, a diffusion resistor must be
considered carefully due to its leakage. Fig. 8 shows the struc-
ture of an nT diffusion resistor. A reverse-biased junction diode
is formed between nt diffusion and p-substrate. As temperature
increases, leakage current through this diode increases exponen-
tially and cannot be neglected. When the lower end of the dif-
fusion resistor is biased at 600 mV, simulated results show that
the linearity of the resistance is degraded when the amount of
current flowing across a resistor decreases sufficiently towards
the leakage current value. In this work, lower bound on refer-
ence current is set as 3 nA in order to maintain low temperature
sensitivity in the targeted temperature range of 0°C to 100°C.

Although the sensing element is carefully sized to match its
first order temperature coefficient with the resistor, temperature
dependency of the amplifier gain will cause a discrepancy be-
tween Vgenge and Vg . To remove this problem, amplifier gain is
designed to exceed 98 dB across the targeted temperature range,
which leads to TC variation below 0.01%. Another source of
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Fig. 7. Detailed schematic of temperature sensing core.

error comes from non-idealities due to process variation and
mismatch. Process variation causes «g; to vary while offset of
the amplifier makes a1 to deviate from a designed value. Also,
mismatch between the main and dummy sensing element can re-
sult in an error in the generated currents. Among these factors,
op-amp offset is the dominant source of error as it directly af-
fects reference current stability («;y # 0). PTAT current ag;
also deviates from its designed value but can be tolerated using
2-point calibration as its linearity is preserved. In contrast, error
due to spread of gy is not critical as their values are nearly
constant with process variation in simulation (<0.25% over 30
corners). Sensing element mismatch is also negligible due to 1)
large device sizes and 2) small current level compared to IpTaT
and Igrgr (<0.33%). To minimize these errors, large devices
and wide resistor widths are used at the expense of area. Fig. 9
shows the effects of process variation and mismatch on IpTaT
and Igrgr from 1000 Monte Carlo simulations. The calculated
resulting average error due to non-linearity is 0.3°C with 11%
area overhead due to device and resistor sizing.

C. Ring Oscillators

The voltage-controlled ring oscillator shown in Fig. 10 is used
to translate current into frequency. A single stage of an oscillator
consists of an inverter followed by a transmission gate (TG). To
reduce idle state power consumption, the first stage employs a
NAND gate to prevent unnecessary oscillation. Oscillator fre-
quencies are controlled by adjusting the resistance of transmis-
sion gates (Rt ) with voltages (Vi and V) from the previous
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Fig. 9. Effect of process variation and mismatch on PTAT linearity (left) and reference temperature coefficient (right).

stage. Using a simple RC model, the delay of each stage £, can
be expressed as [18],

Ce(1+ gar Bra)
gm

tg = (11)
where g1 is the transconductance of a single inverter and Cg is
the total gate capacitance of a stage (including both NMOS and
PMOS). It can be seen that for gmR1e > 1, each stage delay
will be determined by Rr¢, rendering inverter delay tempera-
ture dependence negligible.

Effective resistance of Ry is an average value of Vrg /It
during transition, where V¢ and It¢ are voltage and current
across a transmission gate, respectively. Given a step response
of a rising input and Vpp /2 as a switching point, It¢ will re-
main same during transition as V(= Vpp/2) is kept above
3V r. In this case, effective resistance for a falling transition can
be approximated as follows [19]:

_ Vop

T

. (12)

R In2 /"’DD 1%
G cffective — 757 7o e
TG, ¢ VDD/Z JVpbp /2 ITG
Similar discussion also holds for a rising transition. From (11)
and (12), the oscillation frequency f,s. of an N-stage oscillator
can be expressed as:

1 gM

fosc = 2Nt, = 2.ZVCG(1 +f]]\/[RTG)

Irc

a
~ ———— (g IR 1).
NCGVDD’(QM g > 1)

(13)

Since Itq tracks the current generated from the sensing core
through Vg and V,, frequency will be determined by Iz gr and
IpTaT. As a result, the two ring oscillators generate a PTAT
frequency (clkpraT) and reference frequency (clkrgr ).

For the gyt > 1 condition, inverters are designed with
large width devices for fast transitions while I/O devices are
used to minimize short-circuit current. This also increases ca-
pacitance seen by the previous transmission gate and enhances
the delay difference between inverter and transmission gate in
each stage at the expense of power consumption. The inverter
delay is set to be less than 5% of the total stage delay.

Although the temperature dependency of the frequency is
controlled by the current from the sensing core, the frequency
is sensitive to supply variation as shown in (13). Supply depen-
dence of Rt causes its value to increase as supply voltage in-
creases, decreasing frequency. Since both clkpraT and clkgpp
show the same behavior due to their identical structure, this ef-
fect is partially suppressed, however different bias condition
leave some residual error. The simulated supply sensitivity is
+1.7°C/ — 2.8°C across 1 to 1.4 V range.

Process variation and mismatch make it difficult to accu-
rately match the small current flowing through a resistor to
a current flowing through transmission gates, degrading the
temperature characteristics of the oscillator. Such degrada-
tion is especially critical for the reference frequency. While
PTAT frequency maintains linearity despite slope changes,
the temperature insensitivity of the reference frequency is not
preserved with large mismatch and process variation. Digital
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output linearity is directly affected by this temperature depen-
dency. Thus, careful layout of large devices is used to improve
matching. Devices are sized with long lengths and small width
to minimize kickback noise and V4, mismatch due to DIBL.
Fig. 11 shows 1000 Monte Carlo simulations of the ring oscil-
lators with the temperature sensing core. When compared with
Monte Carlo current simulations, PTAT frequency linearity
is preserved while the mean temperature sensitivity for the
reference frequency worsens by 1.9x. Therefore, most error
arises from reference current to frequency conversion while
op-amp offset (mentioned in Section II-B) becomes the next
largest component.

D. Counters

Generated frequencies are converted into a digital output
through asynchronous counters. Fig. 12 shows the block di-
agram; PTAT and reference frequency are connected to the
first stage of PTAT and reference counters, respectively. The
reference counter consists of 9 bits whereas PTAT counter has
15 bits. The PTAT counter size is chosen such that it will not
overflow, especially at high temperature where PTAT frequency
is at its maximum. Adding more bits to the PTAT counter in-
creases static power linearly with little impact on dynamic
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Fig. 12. Block diagram of a frequency to digital converter.

power since MSB switching activity is very low. Flip-flops
use I/O devices to minimize leakage and short circuit current
during transitions. As a result, the leakage current of a single
flip-flop is measured to be 112 fA at room temperature.

When Start signal is triggered, the oscillators start running
and both counters begin counting upward. Both counters stop
when the reference counter saturates and the Done signal is set.
At the same time, the digital code is read from the PTAT counter.
The counter is reset by the Start signal. Conversion time is tun-
able by selecting the size of the reference counter (6 to 9 bits).
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Fig. 13. Measured output voltage of sensing element.

E. Noise Analysis

Noise simulation of the sensor shows 0.26° C,,,,s of error at
room temperature and the dominant noise source (~ 80%) is
thermal noise of the op-amps in the temperature sensing core
due to their low current consumption. Therefore, to further
improve noise performance, op-amp tail current should be
increased. Once op-amp thermal noise is decreased (at the
expense of power), thermal noise in the sensing element and
reference generator becomes the next dominant source of noise.
This noise can be decreased by adding capacitors, slowing
response time. The next dominant source of noise is flicker
noise in the op-amps. Such low frequency noise can be reduced
by implementing auto-zeroing or chopping. However, care
must be taken with these techniques due to the extremely small
current flowing through the sensing element. The addition of
MOSFET switches introduces subthreshold and body leakage
which degrade the temperature characteristics of the sensing
element. Also, clock feedthrough and charge injection will
require additional stabilization time for the sensing element.

III. MEASUREMENT RESULTS

The proposed temperature sensor is fabricated in 0.18 pm
CMOS in 0.09 mm?. Measurements were made on 18 dies,
taken from four different wafers in two different lots to observe
the effect of process variation. Measured sensing element output
voltage is given in Fig. 13. The proposed circuit generates a
process-independent slope and output value while maintaining
good linearity. Average sensing element power consumption
is measured to be only 10 pW. Measured average PTAT fre-
quency ranges from 176 kHz to 275 kHz, leading to a resolution
of 0.04 °C/LSB with the 8-bit reference counter running at 8.4
kHz (Fig. 14). However, the effective resolution of the sensor is
thermal noise-limited. Fig. 15 shows measured rms resolution
across different chips at a conversion rate of 32.8 samples/sec;
average resolution is measured as 0.3 °C,,5. Resolution can be
improved by using a longer conversion time at the expense of
energy. Fig. 16 shows measured temperature uncertainty with
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Fig. 16. Measured temperature uncertainty depending on conversion time.

different conversion times. It can be seen that rms error de-
creases as conversion time increases since high frequency noise
is averaged out.

Supply sensitivity of the sensor is measured to be
+2.5/ — 3.15°C from 1.0-1.4 V supply variations (Fig. 17).
The complete sensor consumes 54 nA at room temperature
with supply voltage of 1.2 V (59 nA average across the 18
dies). Fig. 18 provides the overall power breakdown and shows
that the ring oscillator is the largest component. Fig. 19 gives
the measured temperature sensor inaccuracy over 18 different
test chips. After 1-point calibration at 50°C, the measured error
is +3.7° C/-4.5°C across 0 to 100°C. However, the measured
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error is reduced to 41.5° C/—1.4°C after 2-point calibration at
10°C and 90°C.

The test chip die photo is shown in Fig. 20. The two resis-
tors occupy 42% of the total area. Table I compares the de-
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sign with other low-power temperature sensors. The sensors
that consumes less than 10 pw and 100 nJ/conversion are high-
lighted for its possible usage in sensor nodes. The proposed de-
sign shows significantly better energy per conversion and rela-
tive inaccuracy compared to our previous fully-integrated tem-
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Fig. 23. Block diagram of a temperature sensor in the system and its timing diagram.

perature sensor [14]. The sensor consumes the lowest power
even when compared to other MOSFET-based designs that use
high accuracy external clocks while achieving comparable res-
olution and relative inaccuracy.

IV. SYSTEM INTEGRATION

The proposed temperature sensor was fabricated into a sepa-
rate chip for integration into an ultra-low power wireless sensor
node [3]. Fig. 21 shows a die photo of the stacked system and
corresponding IC layers. The newly designed sensor layer con-
tains the proposed temperature sensor. The other layers are sim-
ilar to those reported in [3]. After initial programing, the stacked
system switches between sleep and active modes to periodically
take temperature measurements. Measured data has been suc-
cessfully retrieved by the processor layer and checked with an
external debugger. Also, measured data is transmitted and re-
ceived by using a near-field radio [2] (Fig. 22).

Fig. 23 shows a block diagram of the temperature sensor in-
terface with the full system. The temperature sensing core con-
sumes 20 nW at room temperature and is power-gated to min-
imize standby power consumption. However, ring oscillators
and counters are not power-gated since they consume negligible
power (~7 pW) during standby mode. When power gating is
released, a certain amount of startup time is required for the
temperature sensing core to stabilize. Stabilization requires 100
ms at room temperature with an energy consumption of 1.6 nJ
(simulated). Since there is no benefit to having the processor
running during this time, the processor initially goes to sleep
after a temperature measurement request. The start-up delay is
generated internally using a leakage-based oscillator [20] and
programmable counter. When a temperature measurement is re-
quested, power gating is released and the leakage-based oscil-
lator starts. Frequency of the leakage-based oscillator has com-
parable temperature dependency to the required stabilization
time of the sensing core. After counting up to a pre-configured
number of cycles, Start signal is released and oscillation begins.
To allow the frequencies to stabilize, conversion starts after a
fixed number of cycles of the reference oscillator. When con-
version is finished, interrupt is asserted to wake-up the processor
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o]

-2 T J T ) T Y T T T
40 60 80
Temperature (°C)

T
100
Fig. 24. Measured temperature error of the stacked system over 4 samples.

for data acquisition. Finally, the CLR signal is set from the pro-
cessor to reset the temperature sensor and power gating is re-
asserted.

Fig. 24 shows measured error of 4 stacked sensor nodes after
2-point calibration at 10°C and 90°C (+1.2°C/—1.4°C). Com-
pared to measurement results shown in Section III, the accuracy
of the sensor is maintained. On the other hand, average resolu-
tion is measured to be 0.8°C (rms, 30 ms/conversion). The reso-
lution degrades by x 2.6 compared to standalone testing, mainly
due to supply voltage ripple when generated by the power man-
agement unit (PMU) based on switch capacitor network. How-
ever, the resolution is improved to 0.37°C by increasing con-
version time {x4), at the expense of energy.

V. CONCLUSION

This work demonstrated a novel temperature sensor that can
be integrated into a battery-driven ultra-low power system. The
sensor achieves ultra-low power by introducing a new sensing
element that benefits from low output voltage and process
invariant temperature characteristics. Moreover, a second feed-
back loop is introduced into a conventional voltage-to-current
converter to eliminate power consumed in a current mirror.



1692

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 8, AUGUST 2014

TABLE I
PERFORMANCE SUMMARY AND ITS COMPARISON WITH RECENTLY PUBLISHED LOW POWER TEMPERATURE SENSORS
Parameters | This Work [14] [13] [11] [12] [15] [21] [22] 23] [24] [25] 9]
Technology 0.18pum 0.18um 0.35pum 0.18um 0.18um 0.16pum 0.35um 0.35pm 0.18um 0.18um 65nm 0.16pm
Type MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET | MOSFET BIT
Area 0.09mm’ 0.05mm* | 0.084mm’* | 0.042mm’ 0.032m> | 0.085mm’ | 0.175mm’ | O4mm® | 0.0413mm® | 0.18mm’> | 0.008mm’ | 0.08mm?>
Supply Voltage 1.2V v 14V,21V | 05V,1V 12V 0.85-1.2V 33V 3V 11V 12V v 1.5V

T"‘l‘{;enrg;““ 0-100°C 0-100°C 35-45°C | -10-30°C 0-100°C | -40-125°C | 0-100°C 0-75°C 35-105°C 0-100°C 0-110°C | -55-125°C

Resolution 0.3°C' 0.1°C'  |0.035°C/LSB| 0.2°C/LSB | 03°C/LSB | 0.063°C' | 0.16°C/LSB | 0.5°C/LSB | 1.94°C/LSB | 0.25°C/LSB 0.94°C! 0.02°C!

C‘"%‘i’::i"" 30ms 100ms 100ms 30ms 1ms 6ms 500ms 50ms 0.128ms | 0.0125ms | 0.00213ms | 53ms

Calibration 2-point 2-point 2-point 2-point 2-point 1-point 2-point 2-point 1-point 1-point 1-point 1-point

Inaccuracy |+1.5°C/-1.4°C*| +3°C/-1.6°C™ | +0.1/-0.1°C*" | +1°C/-0.8°C** | +1°C/-0.8°C* | £0.4°C%™ [+0.9°C/-0.7°C*| +1/-1°C**  |[+2.7°C/-1.4°C*"| +0.5°C/-0.5°C* |+1.5°C/-1.4°C*| +0.15°C*"

Relative | 29 46 2 45 18 0.48 16 2 46 1 27 02

Inaccuracy

In tfg“:;’;e 4 Yes Yes No No No No Yes Yes No No Yes No

Power 71nW 220nW 110nW* 120nW° 405nW* 600nW* 100W 9uW 23.1uW* 24uW° 500uW 510w’
Cf:::fsyif) N 2203 2207 11ns° 3.6n)° 0.41n8° 3.6n)° 5000n] 450n) 3n® 0.3n)° 11nJ 2P
FOM*® 0.19 0.22 0.013° 0.14° 0.037° 0.014° 32 110 11 0.019° 0.94 0.011°
1. Degree RMS.
2a. Maximum error value, 2b. 36 value.
3. Relative Inaccuracy (%) = Max error/Temperature range x100 [26] .
4. The sensor does not require any external references for their operation.
5. Power or Energy for generating external references not include.
6. FOMI[nJ/K?| = Energy/conversion x (Resolution)’ [26].
As a result, the sensor consumes only 71 nW at room temper- [10] M. K. Law, A. Bermak, and H. C. Luong, “A sub-uW embedded
ature. Without any external components, the sensor achieves CMOS temperature sensor for RFID food monitoring application,”
. IEEE J. Solid-State Circuits, vol. 45, no. 6, pp. 1246-1255, Jun. 2010.
=) [} o] o > > > B
+1.5°C/—1.4°C of lnaccuracy from 0°C to 100 C_ and con- [11] M. K. Law and A. Bermak, “A 405-nW CMOS temperature sensor
sumes 2.2 nlJ/conversion. An example use scenario for the based on linear MOS operation,” IEEE Trans. Circuits Syst. II, vol. 56,
proposed sensor is demonstrated in a battery-operated wireless no. 12, pp. 894-895, Dec. 2009..
d [12] A. Vaz, A. Ubarretxena, 1. Zalbide, D. Pardo, and H. Solar, “A full
Sensor node. passive UHF tag with a temperature sensor suitable for human body
temperature monitoring,” IEEE Trans. Circuits Syst. II, vol. 57, no. 2,
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