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Abstract— This paper presents a fully integrated RF-powered
temperature sensor with non-intermittent operation. The sensor
is powered up wirelessly from a 915-MHz incident signal using
a power-efficient RF energy harvester, uses a subthreshold
ring oscillator that produces a highly temperature-dependent
oscillation frequency acting as a temperature-to-frequency con-
verter, and finally transfers the frequency-modulated signal to an
external reader using back scattering. The power management
circuits are eliminated in the designed sensor to arrive at
a minimalistic design. For proper operation, a novel voltage
regulator is developed that produces a relatively constant output
voltage as the supply voltage of the ring oscillator for a large
range of harvested input energy but allows the output voltage to
change as a function of the temperature for added temperature
sensitivity of the overall sensor. Power consumption of the
proposed sensor is only 1.05 W at room temperature, which
enables continuous operation of the sensor from an incident
energy of —16 dBm. The sensor is tested between —10 °C to
100 °C exhibiting a minimum sensitivity of 238 Hz/°C at —10 °C
and a maximum sensitivity of 31.648 kHz/°C at 100 °C. The
predicted temperature error is —2.6 °C to 1.3 °C using a two-
point calibration within the range of 10 °C to 100 °C. With a
conversion time of 25 ms, 0.046 °C (rms) resolution is achieved.
Fabricated in IBM’s 130-nm CMOS technology, the proposed
sensor occupies a die area of (.23 mm?.

Index Terms— RF-powered wireless sensor, ring oscillator,
voltage reference, voltage regulator, RF energy harvester.

I. INTRODUCTION

ECENT progress in development of energy harvest-
ing systems has opened the door to using ambient
energy as an alternative to the energy stored in capacity-
limited batteries for powering low-power wireless sensors
and devices [1]. Recently the combination of power-efficient
energy harvesting systems with low power CMOS sensory
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systems has extended the applications of CMOS sensors to
wireless environmental or healthcare monitoring, especially
thermal monitoring to monitor system reliability and perfor-
mance as a function of temperature variation [2]—[7]. A radio
frequency (RF) energy harvester produces a dc supply source
by scavenging the electromagnetic energy either transmitted
by a dedicated transmitting antenna or by other transmitters
such as television/radio stations or cellular base stations. The
harvested RF signal is sufficient for powering up a variety of
low-power wireless portable electronic sensor and devices for
many applications [8].

The major limitation of an RF energy harvesting system
is the limited amount of the energy that can be scavenged
from ambient electromagnetic waves or dedicated wireless
power transmitters. The first reason for this is the reception
of weak wireless signal whose power is limited by regulatory
constraints on the maximum allowed transmitted power and
fast attenuation of the signal power over distance [9]. The
second reason is the relatively low power conversion efficiency
of RF energy harvesters (RF-to-DC converter) that further
reduces the power that can be scavenged. Therefore, to build
a wireless sensor entirely powered by harvested RF energy,
it is crucial to minimize the power consumption of sensor
circuitry and wireless transmitter that is required to transmit
the sensed data to a reader. To be able to power up a wireless
sensor, one strategy is to allow for RF harvester to store
enough energy in an on-board battery or capacitor and then
wake up the sensor and transmitter circuitry for a limited time.
This requires implementation of an active power management
system that cycles between standby/charging mode and active
mode [3]-[7], [10]. When enough energy accumulates during
standby mode, the whole system turns ON in active mode.
These structures need a power management unit or a mode
selector to monitor the storage power and select between these
two modes. However, these power management units increase
the complexity of the circuit and consume additional power.
Furthermore, the toggling between charge and active modes
means that these circuits do not work continuously as no data
is measured or transmitted in their standby mode. If the circuit
to be powered by the RF energy harvester consumes less
power than the total harvested power, the sensor can operate
continuously. This removes the need for a power management
unit and also decreases the complexity and size of the device.

1549-8328 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-6528-3396
https://orcid.org/0000-0003-4759-3272

1530

In this paper, an ultra-low power, RF-powered wireless
temperature sensor with continuous operation is presented.
The sensor is developed to monitor the temperature inside
a high-pressure high-temperature chamber to eliminate the
costly bulkhead connection to such a chamber. To power the
wireless sensor solely by harvested RF energy, a minimalistic
design approach is adopted to minimize the number of sensor’s
building blocks that are required to harvest the RF energy,
sense the temperature, and transmit the sensor data wirelessly
to an external reader. Also, each building block must consume
the minimum power that is needed to adequately perform its
function. One approach for reducing power consumption is the
use of subthreshold circuits, which are becoming increasingly
popular in low-power, low-voltage designs [11]. Subthreshold
operation can be achieved by scaling down the power supply
below the threshold voltage [12], [13]. A ring oscillator oper-
ating in subthreshold region is used for temperature sensing
not only because its low power consumption but also because
its oscillation frequency varies exponentially with tempera-
ture [14]. To power up the ring oscillator from harvested
RF energy, a new supply voltage regulator is designed that
produces an output voltage which remains relatively constant
for a large input voltage range but changes as a function of
temperature adding to the temperature sensitivity of the ring
oscillator and improving the exponential behavior of the oscil-
lator’s output frequency as a function of temperature. In order
to use a single antenna (coil) for both energy harvesting
and wireless data transmission avoiding the use of duplexers,
a backscattering technique is employed that reflects back a
significant portion of incoming RF energy with a frequency
that is the function of the sensed temperature.

The wireless sensor presented in this paper is designed
and implemented in a standard 130 nm CMOS technology.
The paper is organized as follows: Section II describe the
existing RF-powered wireless sensors in details proving the
background necessary to understand the proposed sensor archi-
tecture. Section III describes the proposed system architecture
where building blocks of the system are explained in the sub-
sections; Section IV reports the measurement results; finally,
Section V concludes the paper.

II. EXISTING RF-POWERED WIRELESS SENSORS

There are several reports of RF-powered wireless sens-
ors [2]-[7], [15]-[17]. In [3], a wireless temperature sensor
is presented that utilizes a half wave rectifier producing dc
supply voltage for the other system blocks. A mode selec-
tor circuit that is based on a hysteresis comparator decides
whether the system is in standby mode or active mode. When
the circuit is in active mode a bootstrapped voltage source
temperature sensor generates a complementary to absolute
temperature (CTAT) voltage. The CTAT voltage sets the volt-
age control on MOS varactors of a cross coupled oscillator
to modulate the output frequency with changes in ambient
temperature. The sensed data is transmitted by a class AB
power amplifier. In [17], a RF identification (RFID) sensor
for human body temperature monitoring is presented. In this
paper a differential voltage multiplier with Schottky diodes
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is implemented to provide required energy for the other
blocks. Two voltage regulators are implemented. One of them
supplies a regulated voltage to digital core and the other one
supplies a regulated voltage to the analog part. The digital
core controls the communication flow with the reader. In this
paper a bootstrapped current source generates a temperature-
dependent supply current. This temperature-dependent current
provides the supply current for a ring oscillator. As far as the
supply current of the ring oscillator varies with temperature,
the output frequency varies with temperature in a proportional
way. A 15-bit binary counter counts the number of pulses
delivered by the oscillator in a fixed time interval. In [7] an
RF-powered temperature sensor for biomedical applications is
presented. A mode selector monitors the supply voltage and
enables the other blocks when rectifier collects enough energy
in charging mode. A voltage regulator is used in this system
for providing the stable voltage. A threshold based current
reference generator is employed as a temperature sensor in
this work. A current starved ring oscillator modulate the output
frequency based on the temperature-dependent current of the
sensor. Data is sent back to outside through current starved
ring oscillator and a back scattering switch.

As discussed, most of existing RF-powered wireless sen-
sors use power management systems to activate the sensor
circuitry when the enough energy is accumulated during
the standby mode. Also, most of the reported RF-powered
wireless temperature sensors have a voltage sensor to generate
a temperature dependent voltage/current and a temperature-
independent oscillator to modulate the output frequency or
pulse width based on the measured sensor temperature, thus
requiring two essential blocks for sensing and wireless trans-
mission. Cross-coupled LC tank oscillators are often used to
produce a temperature-independent voltage-independent oscil-
lation frequency but these kinds of oscillators are consuming
large current to be able to provide the oscillation condi-
tions [3], [15]. Another method of generating temperature and
voltage independent oscillation is using low power oscillators
such as current starved ring oscillators that modulate the output
frequency based on the temperature-dependent current of the
sensor [7], [17]. However these kind of oscillators are voltage
dependent, thus a voltage regulator is needed. In this case,
the added power consumption of the voltage regulator must
be considered.

To achieve a minimalistic design for an RF-powered wire-
less sensor with ultra-low-power consumption, we have taken
the following initiatives. First, for reducing the power con-
sumption and chip area, we have combined the sensor circuitry
and oscillator part by using a subthreshold ring oscillator
temperature sensor both for sensing the temperature and mod-
ulating the wireless signal. This will produce a temperature-
dependent frequency modulated signal that can be transmitted
to the reader. However, as the oscillation frequency of the
subthreshold ring oscillator varies not only as a function of the
temperature but also as a function of supply voltage (Vpp).
For producing an oscillation frequency that is independent
of variation in supply voltage caused by varying incoming
signal power, a very low-power subthreshold voltage regulator
with embedded voltage reference is designed that produces a
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Fig. 1. Block diagram of proposed RF-powered wireless sensor.

supply voltage that is relatively constant for a wide range input
voltages but varies with temperature resulting added sensitivity
of the temperature sensor circuit. Second, to reduce the overall
sensor power consumption and complexity, we have eliminated
the power management circuitry that is required for wake-
up sensing and transmission operation (intermittent operation).
To achieve this goal, the desired sensor is designed with such
low power consumption that is less than the total harvested
power for continuous operation.

III. PROPOSED RF-POWERED WIRELESS SENSOR

A block diagram of the proposed RF-powered wireless
sensor is presented in Fig. 1. An antenna (or coil) collects the
incident RF signal from the dedicated wireless power transmit-
ter or ambient electromagnetic energy. A matching network is
required to enable maximum power transfer from antenna to
RF-DC power converter. The high efficiency RF-DC converter
converts the incident RF power to dc voltage. The dc voltage
is stored in an external large capacitor C, acting as a dc supply
voltage for powering the other circuitries in the system.

A voltage limiter is placed directly after the rectifier output
to limit the voltage to the highest supply voltage supported
by this technology, which is 1.5 V as per IBM’s 130 nm
CMOS technology, to avoid voltage breakdown of transistors.
As the output voltage of RF-to-DC rectifier varies with the
amount of received RF energy and power consumption of the
circuitry powered by the rectifier, a voltage regulator is needed
to produce a stable output voltage for biasing the rest of the
system in subthreshold region. The proposed voltage regulator
is designed in a way to produce stable output voltage for a
wide range of input voltage generated by variable received
RF energy but allows the output voltage to increase with tem-
perature that can be used to increase the temperature sensitivity
of the sensor. The next block is the ring oscillator temperature
sensor. The ring oscillator is biased in the subthreshold region
and has high dependency to temperature [14]. By biasing
the ring oscillator in the subthreshold not only the power
consumption is reduced substantially but also the oscillation
frequency of the ring oscillator become stronger function of
temperature compared to a regular ring oscillator. Upon a
change in temperature, both the output voltage of the regulator
and the ring oscillator frequency sensitivity yield a combined
shift of the characteristic frequency in the same direction.
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A level shifter is attached to the output of the ring oscillator.
Biasing the ring oscillator at subthreshold results in a low
output’s amplitude, which is not able to actuate the ON-OFF
back scattering switch. A simple level shifter is used to shift
the output of the ring oscillator to the Vpp (output of the
rectifier) without altering the frequency.

The level shifter output is applied to the back scattering
switch. When the output of the level shifter is high, the back
scattering switch is ON and it is conducting current. Its low
ON resistance (Zj; ~ 0) creates a strong mismatch at the
output of antenna causing most of the signal power reflected
back to the reader. When the back scattering switch is OFF as
the input impedance of the rectifier is matched to the output
impedance of the antenna, little power will be reflected by
the antenna. As the output frequency of the ring oscillator
is a function of sensed temperature, the ON-OFF switching
frequency of the back scattering switch that can be detected by
an external reader by observing the reflected signal strengths
on the transmitting antenna can be used for sensing the
temperature sensed by the wireless sensor.

A. RF to DC Converter

The RF-to-DC power converter extracts the required
dc power for powering up the rest of the system. Sensitivity
and power conversion efficiency (PCE) of the rectifier are
the most important factors that could affect the operating
range of the sensor and required minimum power transmission
from the antenna. The performance parameters of RF-DC
converters such as PCE are mostly affected by the threshold
voltage of the rectifying devices. Several works have been
reported on the compensation of threshold voltages of the
rectifying devices [18]-[22]. Although static threshold voltage
compensation improves the forward bias performance of the
rectifying device but increase the reverse bias leakage as
well, degrading the efficiency performance [23]. There are
recent works in RF energy harvesting that incorporate power
management with ultra-low power consumption [24]-[26].

In this paper for simplicity a PMOS 10-stage with Dickson
topology [27] is designed to provide 800 mV output voltage
at room temperature from minimum input incident power
of —16dBm that is required for proper operation of the
downstream voltage regulator. The advantage of PMOS in
comparison to NMOS is that PMOS’s bulk can be connected
to its source that prevents increasing threshold voltage of later
stages because of the body effect [22]. A block diagram of the
complete rectifier along with the schematic of a single stage
are given in Fig. 2. The coupling capacitors C1 and C2 in this
design are chosen as 4pF.

B. Voltage Limiter

For IBM’s 130 nm CMOS process, the maximum allowed
supply voltage for avoiding breakdown is 1.5 V. The voltage
limiter is designed to sink a large current when the input
voltage exceeds 1.5 V. the designed voltage limiter is shown
in Fig. 3. When the output voltage of the rectifier exceeds
1.5 V current starts to flow from resistor Ry, makes the gate
voltage of PMOS transistor M, low enough to turn it on and in
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Fig. 2. Block diagram of the RF-DC converter.
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Fig. 3. Voltage limiter schematic.

turn switches the NMOS transistor M| on which flows most of
the current [28]. Therefore, the dc voltage output produced by
the rectifier is limited to a maximum of 1.5V and guarantees
reliable operation of system.

C. Voltage Regulator and Voltage Reference

As the output voltage of RF-to-DC rectifier varies with the
amount of received RF energy and power consumption of the
circuitry powered by the rectifier, a voltage regulator is needed
to produce a stable output voltage for biasing the rest of the
system in subthreshold region. As will be discussed in the
next section, the temperature sensor used in our design is a
ring oscillator which its output frequency is a strong function
of its supply voltage. Therefore, variation of output voltage
produced by the rectifier cannot be neglected. It is important to
note that the most regulators are designed in a way to stabilize
the output voltage versus varying input voltage and ambient
temperature changes [11], [29], [30]. Our voltage regulator
is designed to stabilize the voltage against the input voltage
variation, but not against temperature variation. The regulator’s
output voltage varies with temperature in the same direction as
the frequency of the ring oscillator. As temperature goes up,
the output voltage of the regulator also increases. The output
voltage of the regulator is used to power the next stage, which
is the ring oscillator temperature sensor. The temperature-
dependency of the regulator’s output voltage not only increases
the sensitivity of the sensor but also helps to produce a purely
exponential relation between the frequency and temperature of
the ring oscillator as will be further discussed in Section III. D.
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Fig. 4. (a) Designed voltage regulator with embedded voltage reference,
(b) Behavioral drawing of Vgs—MNT, RiIRgr and VouT_Reg-

Chen et al. [29], presented a sub-1V voltage regulator with
embedded voltage reference. In [29], a reference current is
produced that is independent of the MOSFETSs’s characteristics
and supply voltage. In our design, because of channel length
modulation effect in the CMOS process that we use for
implementation of the sensor, the voltage reference presented
in [11] with minor modifications is used instead of the current
reference implemented in [29] to achieve a less dependent
output voltage than the one produced by [29]. The designed
voltage regulator with embedded voltage reference is shown
in Fig. 4(a).

All the transistors except Mpg are designed in subthreshold
region that ensure low power consumption. To find the rela-
tion between the regulator’s output voltage and temperature,
we start by writing the transistor current in the subthreshold
region, ip sub, as [31]

W, kT
iDsub = MeffCox I m — 1(2=)?
Lesy
q qVps
—_(vgs—V. 1 — exp(— :
X exP(kaT( s — Vru)) x (1 —exp( iaT )
(D

where u.ry is the effective mobility of carriers in the channel,
Cox is the gate oxide capacitance per unit area, W,y and
Ly are the effective channel width and length of transistor
respectively, m is the subthreshold slope factor, and kp is
Boltzmann constant that is temperature independent, ,and Vpg
is the drain-source voltage of the transistor. For Vps > kpT/q,
Equation (1) simplifies to

. W, kgT
ipsub = UeffCox Leff (m — 1)(——)*
eff
x exp(—— (Vas — Vi), @)
mkpT
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where temperature-dependency of the carrier mobility and
threshold voltage can be described by the following
relations [32]:

—1.5
Heff = HO (TO) and Vryg = Vruo + av,, (T — To),
3)

where Vrtyo and uo are the threshold voltage and carrier
mobility at T:TSK, and avyTy is the threshold voltage coeffi-
cient that is negative.

Writing KVL for the loop created by gate-source ter-
minal of transistors M1, M2 and M3, we can find that
Vesa=Vgs1 + Vgs3. Knowing these transistors are biased
at subthreshold region and using the I; is mirrored to I
by a factor of a(lr=ali), the drain current of M can be
calculated as

kgT 2 AVry
11 = AlLteffCOX(m — 1) (7) exp(—m . (4)

q

where A = (W/L)1(W/L)2/(W/L)3 and AVry = Vru1 +
Vru3—Vra2 [11]. The output voltage of regulator (VouTt—Reg)
is equal to Vgs mnT + R1IrEF based on KVL at the regulator
output. /rgF is proportional to I; that is determined by the
voltage reference part. Thus Voyr—pgeg=Ves_MNT+K.R1.11,
where K is independent of temperature and it is proportional to
the sizes of transistors M7, Mg, M;__;5 and Mnt. From (2)
Vs _mnTcan be expressed as

AK

kpT
Ves MNT =VrH_MNT—AVrg +m b ln( W ) 5)
q (T)MNT

Vru_mnT 1s complementary to absolute temperature (CTAT)
but —AVry and the last term in (5) is proportional to
absolute temperature (PTAT). By proper sizing of transistors,
coefficient A.K will be large enough that Vgs ymnr has a PTAT
coefficient. As all the terms in (5) are linearly dependent to
temperature, Vgs_ypn7 is linearly increasing with temperature.
The other term in Voy7_geg expression is K.Ry.I; which has
a PTAT coefficient as well but it is not linearly proportional
to temperature because of nonlinear relation of /; and tem-
perature (proven in Equation (4)) although resistor R; has
a linear dependency on temperature. Therefore Voyr_ges 1S
PTAT as it is the sum of two terms, Vgs ynrand K.Ry.Iq,
with PTAT coefficients. The temperature dependencies of
Ves_mnt, KR1.I1 and Voyr_greg are shown in Fig 4(b).
As will be discussed in section III.D, ring oscillator’s output
frequency versus temperature is not completely exponential
with a supply voltage (VouTt_greg) that is linearly increasing
with temperature. By adding the nonlinear term of K.R;./; in
VouT_Reg» VOUT_Reg 18 designed to become such a nonlinear
function of temperature to produce an exponential relation
between the ring oscillator frequency and temperature when its
supply voltage connected to the output of the devised voltage
regulator.

The output voltage of the designed regulator is 165mV
at room temperature. The low output voltage of the voltage
regulator guarantees the subthreshold operation of the ring
oscillator temperature sensor.
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D. Temperature Sensor

A ring oscillator biased in subthreshold region has a high
sensitivity to temperature and consumes limited power [14].
The current of transistor biased in subthreshold region is expo-
nentially dependent on the temperature, thus ring oscillators
operating in subthreshold region can be used for construction
of a temperature sensor with high sensitivity [14]. Hence
as temperature increases, the frequency of ring oscillator
increases as delays of the loop inverters decreases.

In this sensor, frequency increases both with increasing tem-
perature and power supply voltage. The oscillation frequency
(Freq) of a ring oscillator is inversely proportional to the
time delay (z7) of the inverter which in turn is proportional
to the average ON current of the inverter (ip) and inversely
proportional to the total output capacitance of each stage (C,)
and the output voltage swing of ring oscillator (Vg-Vr) as
described by the following equation [14]:
ta Co(Vu — Vi)

In our design, the inverters are working in subthresold
region, where ip in subthreshold region is given by (2).

The temperature coefficient of ip can be expressed as

Freq = (6)

1 di 1 d
TCCsub - _2 = Peff
ipdT terr dT
+%+ qg dVeés = q dVru
T kaT aT kaT aT
1 ipsubL q
-= N e D))

T WesrtterrCox(m —1) kT
Based on (3), u.rr and threshold voltage Vry are temperature
dependent and determine 7CC [14], [33]. Both Vry and u.rr
are inversely proportional to temperature, but the variation of
Vry is dominant. By increase of temperature, t.fy attenuates
the current but Vry intensifies the current. Since the effect
of Vrp is dominant, the total change in current increases by
increasing the temperature. Equation (7) clearly shows that
TCC of the transistor’s current in the subthreshold region is a
function of the gate-source voltage (Vgs). As the transistor’s
current is an exponential function of Vgg, the transistor’s
current exponentially increases with Vgg. On the other hand
as it can be seen in Equation (6), the oscillation frequency
is reduced by increasing output voltage swing (or Vgg).
However, the exponential dependency to Vgs dominates
resulting in increased oscillation frequency with increasing
Vis. Therefore, if the gate-source voltage proportionally
increases with temperature, #4 is further reduced and frequency
of the ring oscillator is further increased with temperature
compared to the case where the gate-source voltage is kept
constant with temperature. Consequently, the sensitivity of the
oscillation frequency of the ring oscillators will increase if the
supply voltage itself is an increasing function of temperature.
Output of the regulator plays the role of power supply for
temperature sensor. As discussed in the last part, the regulator
is designed in a way that its output voltage is directly por-
portioanl to temperature. Thus as the temperature increases,
frequency increases because of two factors: first, increasing
the power supply as regulator produce an output voltage that
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Fig. 5. (a) Schematic of the temperature sensor ring oscillator. (b) In (Freq)
versus temperature (Analytical result).

increases with the temprature, and second, inherent property
of a subthreshold region oscillator that its output frequency
increases by temperature. Thus this structure has an enhanced
sensitivity to temperature. Schematic of the ring oscillator
temperature sensor is shown in Fig. 5(a). In ring oscillators the
output of inverters in each stage swings between the supply
voltage (in our case Vour_reg) and GND periodically. Output
of each inverter is connected to the gate of NMOS of the
next inverter thus the Vg of the NMOS transistors in ring
oscillator structure also varies periodically from Vour_reg
to GND. While the relation between the output frequency
of subthreshold ring oscillator with constant supply voltage
is examined in [34], here we need to find the behavior of
the output frequency with respect to temperature for a ring
oscillator with variable supply voltage. Assuming the supply
voltage linearity increases with temperature, the gate-source
voltage of the transistor can be written as:

Vs = Vour_reg = VoUT_Reg0 + @Vour ey I - (8)

By substituting (3) and (8) in (2), ip,sup can be rewritten as

) as
ipsup = a1 T"? exp( (a3 + 7)), 9)
where
W, kp
a1 = poTy 3 Cox =L m — 1) (2 )2, (10)
Lesy q
v = Q(aVOUT,Reg - aVTH)’ an
ka
and
V, -V
o3 = OUT_Reg0 THO. (12)

OVour_reg — *Vruy
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As explained the output swing of ring oscillator is equal to
VouT_reg- Thus (6) can be rewritten as

iD,suh

Freq ~ (13)

CoVoUT_Reg’
where ip sup and Vour_reg are given in (9) and (8), respec-
tively. Taking the natural logarithm (/n) of both sides in (13)
gives us

1
In(Freq) = In(a1) + 3 In(T) + a2 + “2—;3 —n(C,)

_ 111(VOUT_Reg0 + AVouT Reg T). (14)

For selected values of (uerrCoxWerr/Le f:688.2,uA/V2,
m=1.4, C0=354ﬁ, VTH0=476mV, aVTH=-0.8mV/°C,
To = 0 °C, Vour_rego=140mV, oy ouT_Reg=0.957mV/°C),
In (Freq) is plotted in Fig. 5(b) based on (14).
terfCoxWers/Lerr, m, Co, Vrho, ayrh are estimated
from simulations of NMOS transistor in 130nm CMOS
and Vour_rego and ayouT_reg are approximated from
linear fitting of measurement results of voltage regulator as
will be shown in Section IV. As can be seen in Fig. 5(b),
R2 correlation between the linear fit and calculated In (Freq)
for a linear-varying Vour Reg 1S 0.9959 for the temperature
range of —10°C to 100°C and is 0.9976 for the temperature
range of 10°C to 100°C. As discussed in Section III.C,
we intentionally made the voltage regulator nonlinear to make
the logarithm of ring oscillator’s output frequency more linear.
The In (Freq) versus temperature for the designed voltage
regulator is depicted in Fig. 5(b) where Vour_greg is the same
as the measurement output voltage of the regulator as shown
in Fig. 11. The R? correlation in this case has improved
to 0.9983 for the temperature range of —10°C to 100°C
and to 0.9991 for the temperature range of 10°C to 100°C.
Therefore, the designed voltage regulator’s output voltage
helps make the behavior of In (Freq) of ring oscillator a more
linear function of temperature. Comparing the correlation
factors of the oscillator’s output frequency for the fixed, the
linear, and the designed supply voltage as shown in Fig. 5(b),
it can be concluded that the designed voltage regulator not
only increase the sensitivity but also improve the exponential
behavior of the oscillator’s output frequency as a function of
temperature. As such, we can apply a two-point calibration
on logarithm of frequency for calibrating the proposed sensor.

E. Level Shifter and Buffer

As the ring oscillator temperature sensor is biased in the
subthreshold region, the peak output voltage amplitude is not
sufficient to be able to turn on the back scattering switch. Level
shifter shifts output voltage of the ring oscillator to the highest
dc available voltage in the circuit, which is Vpp, the output
voltage of the RF-DC converter. For low power consumption
and high temperature sensitivity, the output voltage of the
regulator is designed to be 165mV. Thus a level shifter that is
very sensitive to low voltages is required to be able to sense
very low voltage variations properly and shift it up to Vpp.
The level shifter that is used in this circuit is based on [35].
Fig. 6 shows the schematic of the level shifter. After the level
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Fig. 6. Level shifter and buffer.

shifter, a one stage buffer is used to isolate the level shifter
from the back scattering switch. The level shifter and buffer
do not change the frequency of the temperature sensor. The
output frequency of the level shifter and buffer is the same as
the frequency of the ring oscillator.

F. Backscattering

Backscattering is performed by an NMOS switch, respon-
sible for sending the information to the reader. Output of
the buffer is applied to the backscattering switch turning
ON the backscattering switch when the output of the buffer
is high, and turning it OFF when the output of the buffer is
low. By switching between ON-OFF, the input impedance is
changed. When the switch is OFF, the input is matched as
Zin = 50 ohm, and there is no reflection. When the switch
is ON, it is conducting current and Z;, is mismatched. There-
fore, a significant portion of the incident signal is reflected
back to the reader. The reflected signal strength will change
periodically with a frequency that is equal to the frequency of
buffer output driven by the temperature sensing ring oscillator.
As the sensed data is transmitted by a backscattered signal
produced by modulating the incident signal, at no time of the
operation the RF power source can be turned off. If there
is no RF power source at any given time, no signal will be
backscattered to reader and no erroneous temperature reading
will occur due to the interruption in wireless powering.

G. Matching Network

Impedance matching circuit is crucial for optimizing
the performance of the RF energy harvesting system.
An impedance matching circuit is required to maximize
power transfer between the source and the circuit when the
backscattering switch is OFF. The impedances of the source
and the load are matched at the desired operating frequency
such that the impedances are complex conjugates of each
other. To allow maximum power transfer, the input impedance
of the circuit should be matched to 50 ohms. An off-chip
L-section impedance input matching network is implemented
on a printed circuit board using off-chip components. This
matching network consists of a parallel inductor with a series
capacitor. Discrete inductor from MURATA-LQW 18AN series
with quality factor of more than 80 and discrete capacitor from
AVX-Accu-P series with quality factor of more than 200 are
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Fig. 7. Chip microphotograph.

chosen for the matching network to minimize the insertion
loss and maximize the sensitivity.

IV. EXPERIMENTAL RESULTS

Fig. 7 shows the chip microphotograph of the fabricated
wireless sensor, occupying a small core area of 0.23 mm?
(without the charging capacitor and matching network) imple-
mented using IBM’s 130nm process with eight layers of
metallization. Electrostatic discharge (ESD) protection is used
on all pads. The die is packaged in a 36-pin QFN package.
The chip is soldered onto a 2-layer FR-4 PCB board and tested
with Agilent 8648D signal generator in the 902-928 MHz
industrial, scientific and medical (ISM) band.

A. Testing of Individual Building Blocks

Before testing the overall sensor performance, each indi-
vidual block is tested to ensure its functionality and show
adequate performance as detailed below.

The RF-to-DC converter was tested by connecting an
off-chip capacitor to the output as the energy storage
component. Fig. 8(a) and Fig. 8(b) show the measured output
voltage of the rectifier and voltage regulator at room tempera-
ture when RF-to-DC converter is driven with a —16 dBm input
power and is loaded with the other circuits of the wireless
sensor with storage capacitors of 1 uF and 100 pF. The
comparison between the Fig. 8 (a) and Fig. 8 (b) shows that
when the capacitor is 1 uF, the rise time of RF-DC converter
is 320 ms but with lower ripples. When the storage capacitor
is reduced by a factor of 10 to 100 pF, the rise time of RF-DC
converter is reduced by a factor of 10 to 33 ms as well but the
ripples are increased as expected. As the output of RF-DC is
regulated by voltage regulator, these ripples are suppressed by
voltage regulator as shown in Fig. 8 (b). Therefore, the sensor
can work with a wide range of the storage capacitor (tested
100 pF- 1 uF) as long as the ripple caused by small capacitors
can be filtered by the regulator and the long rise time caused
by large capacitors can meet the sensor’s required wake-up
time specifications.

Fig. 8(c) shows the simulated PCE with and without acti-
vated switch when the rectifier is connected to 1MQ load
and the estimated measured PCE of the designed RF-to-DC
converter when is loaded with wireless sensor and activated
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Fig. 8. (a) Measured output voltage of RF-DC converter and voltage regulator
versus time for C¢ of 1 uF, (b) measured output voltage of RF-DC converter
and voltage regulator versus time for C¢ of 100 pF, and (c) simulated PCE
with and without dynamic operation of switch with 1 MQ load and measured
PCE when the harvester is loaded with wireless sensor during the dynamic
operation of the switch.

backscattering switch. The simulated power conversion effi-
ciency of the rectifier is 17.63% when the input power of
—16 dBm is applied directly to the rectifier and the rectifier
is connected to 1MQ load and the backscattering switch is
not activated. The estimated measured PCE of the designed
RF-to- DC converter when is loaded with wireless sensor and
activated backscattering switch at the input power of —16 dBm
is 7.67%. To increase the scavenged power, the proposed
system can be designed with much lower backscattering duty
cycle than the current 50%, allowing the RF-to-DC converter
to harvest RF energy for the most of the duty cycle while
backscattering a signal with same frequency modulation.

In order to verify the functionality of the voltage limiter in
simulation the supply voltage of the voltage limiter is swept
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Fig. 9. Limiter’s simulated current consumption across the corners.

between 0 and 1.5V, while the current dissipated in the voltage
limiter is monitored. The simulated data is available in Fig. 9.
It can be seen from the simulation results that after a voltage,
voltage limiter sinks tens of milliamps to amps and that will
protect other parts. The dependency of voltage limiter to
process variation is not an issue. The desired operation voltage
of the designed temperature sensor network is around 800 mV.
For different process corners, as can be seen in Fig. (9) the
rail voltage will be limited to 1.1 V for fast-fast (FF) corner
to 1.4 V for slow-slow (SS) corner. This is well within the
reliable operation voltage range of CMOS technology used in
design of the sensor as transistors will reliably operate with
voltages less than 1.5 V in 130 nm CMOS. As part of the
system, the functionality of the voltage limiter is verified by
monitoring the output voltage of the RF-to-DC converter that
did not exceed 1.2 V by increasing input power range.

To test the voltage regulator the voltage on the charging
capacitor was swept between 0 to 1.2V for different temper-
atures from —10° to 100°, while the output voltage of the
voltage regulator is measured by a digital multimeter, the mea-
sured data is available in Fig. 10. and Fig. 11. It can be seen
from the measurement result that for each single temperature
output voltage of the regulator is stable by variation of input
voltage. As temperature increases voltage regulator’s output
voltage increases.

B. Testing of Overall Sensor

The measurement setup for direct and wireless powering is
shown in Fig. 12.

To verify the proper operation of the sensor, we first started
by connecting the input power directly to the RF power gener-
ator through a 50 Ohm coaxial cable and monitoring the input
terminal voltage. The backscattering switch turns on/off with
the output frequency of the ring oscillator that is indicative
of the sensed temperature. To measure the temperature sensi-
tivity, the device is put in the temperature chamber. The sensor
is powered up directly with the signal generator and output
waveform is obtained with the oscilloscope. The resolution
of temperature chamber was 0.1°C over a temperature range
of —10°C to 100°C.
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Fig. 10. Measured output voltage of voltage regulator as a function of RF-DC
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Fig. 12. (a) Measurement setup for direct powering. (b) Measurement setup
for wireless powering.

Fig. 13 shows the reflected voltage waveform of chip 1
for 35°C, 52°C and 70°C when the sensor is powered directly
with —16 dBm input power. The reflected voltage waveforms
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Fig. 13.  Measurement results of reflected signal for chip 1 at (a) at 35°C
the output frequency is 2.4 kHz, (b) at 52°C the output frequency is 8.82 kHz
and (c) at 70°C the output frequency is 26.47 kHz.

show that as temperature goes up from 35°C to 70°C, the
frequency is going up from 2.4 kHz to 26.47 kHz. The
measured output reflected signal frequency in response to
temperature change for three samples is shown in Fig. 14.
As expected, the process variation causes that backscattered
frequency for one of the three chips to be significantly different
from the other two, further emphasizing the need for the
calibration. As can be seen in Fig. 14 and discussed in
Section III. B the reflected signal frequency versus temperature
has logarithmic behavior. The data can be linearized by
calculating the signal response as 10F. Logarithm of reflected
signal frequency versus temperature has linear behavior, thus
two-point calibration can be done in receiver part for the
logarithm of reflected signal frequency with respect to tem-
perature. Therefore, a two-point calibration between the results
in Fig. 14 is adopted at 20 °C and 80 °C in receiver part. The
reflected signal frequency after calibration and the measured
inaccuracy, which represents differences from the fitted lines,
are shown in Fig. 15 and Fig. 16, respectively. Within the
range of 10°C to 100°C the temperature error is —2.6 to 1.3°C



1538

w

e
=)

o
>
]

[y
=
—

=

Reflected Signal Frequency (kHz)
=

(
—

ot
=)

20 40 60 80
Temperature (°C)

1
N
(=]
(=]

100

Fig. 14. Measurement of reflected signal frequency versus temperature sweep
after calibration for three different chips.
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Fig. 15. Measurement of reflected signal frequency versus temperature sweep
after calibration for three different chips.

after two-point calibration. Multipoint or nonlinear function
fitting can improve the precision, but the complexity will be
increased.

It can be seen that frequency is varying exponentially with
temperature thus in high temperatures the sensitivity is higher.

From the calibrated data of Fig. 15, it can be seen that
between the temperature range of —10°C to -9°C the frequency
is changing from 5.321 kHz to 5.559 kHz that is equal to
sensitivity of 238Hz/°C. From 26° to 27°C the frequency is
changing from 26.57 kHz to 27.784 kHz that gives us the
sensitivity of 1.214 kHz/ °C. From 90° to 91 °C the sensitivity
is 21.172 kHz/°C and the maximum sensitivity is between
99° to 100° that is 31.648 kHz/°C. The higher sensitivity
of sensor in high temperatures makes it suitable for harsh
environment monitoring. The sensitivity (Hz/°C) is calculated
based on the linear fitting of the measured results taken with
the temperature step sizes of 5°C and 10°C.

To highlight the advantage of the proposed work, we can
calculate the sensitivity improvement of the oscillation

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 65, NO. 5, MAY 2018

Error (°C)
)

1
N
T

'
N

-20 (1} 20 40 60 80
Temperature (°C)

100

Fig. 16. Measured temperature errors for three chips after two-point
calibration at 20°C and 80°C.

frequency to the temperature when using a supply voltage that
is varying proportionally with temperature in comparison to
using a fixed supply voltage as follows:

Sensitivity Improvement (% )
_ sens(T, Vyar(T)) — sens(T, Viixed)
B sens(T, Vfixed)

x 100, (15)

where Vyu(T) is equal to temperature-increasing VouT-Reg
at temperature of T °C and Vyxeq is a fixed voltage, and the
sensitivity function sens(7,V) is defined as

sens(T,V(T))
Freq(T + AT, V(T + AT)) — Freq(T,V(T))
B AT ’
where Freq(T,V(T)) is the output frequency of ring oscillator at
temperature of T °C when it is powered by voltage of V. The
sensitivity improvement is plotted in Fig. 17 once based on the
above analysis using Equation (15) and another time based
on the circuit simulation results. In analytical calculation,
the sensitivity is calculated by substituting Equations (2),
(3), (6) and (16) in (15) and using the selected values that
are chosen for drawing Fig. 5(b) and assuming that V,(T)
is equal to Vour—Rreg as shown in Fig. 11, Vfixed is equal
to Vour—Rreg at —10°C (133.9 mV) and AT is the steps
of 1°C. Fig. 19 shows that the proposed strategy improve the
sensitivity 45% at —10°C and more than 500% at temperatures
above 70°C.

To verify the proper operation of the sensor with wireless
powering, the sensor is powered up wirelessly by connecting
the signal generator to the commercial RFID antenna. This
antenna transmits the power to the sensor. The second antenna
that is connected to the sensor receives the transmitted power
to power up the sensor. The sensed temperature is sent back
to the first antenna using a frequency-modulated backscatter-
ing signal. Wireless test of the chip is performed in room
temperature while the device is placed 50 cm away from the
transmission antenna with the minimum transmitted power
of 10 dBm from the base station. Using Friss’ free space
propagation formula [36], the power received by the RF-DC
converter is calculated to be —15.66 dBm. Fig. 18 shows the

(16)
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Fig. 17. Sensitivity improvement of proposed work in comparison with using
the fixed supply voltage for the ring oscillator temperature sensor.
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Fig. 18. Measurement results of the reflected signal at room temperature
with wireless powering for chip 1.
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Fig. 19. Inaccuracy of the measured temperature induced by VDD variation
for chip 1.

reflected waveform voltage for the chip 1 when the sensor is
powered up wirelessly at room temperature.

It can be seen in Fig. 11 that Vourgeg shifts by a few milli-
volts when Vpp varies between 0.7V and 1.2V. Fig. 19 shows
the inaccuracy of the measured temperature induced by varia-
tion of the Vpp. For temperatures below 60°C, the inaccuracy
due to Vpp variation is below 1°C.

Fig. 20 shows the total power consumption of the sen-
sor and its building blocks as functions of the temperature.
The voltage limiter, level shifter and buffer, and temperature
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Fig. 20. Measured power consumption versus temperature.

TABLE I

POWER AND AREA BREAKDOWN OF THE SYSTEM

Area (mm’) | Power Consumption (uW)
at Room temperature (27 C)
RF-DC Converter 0.14 -
Voltage Limiter 0.0011 0.0976
Voltage Regulator 0.01 0.94
Ring Oscillator 0.016 0.001
Level Shifter + Buffer 0.006 0.015
Total System 0.23 1.05
0.09 w \ ‘ :
0.08 - ]
o
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=
2
E
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=2
0.05 - 9
Measured @ 27°C
0.04 . : : ‘
0 5 10 15 20 25

Conversion time (ms)

Fig. 21. RMS resolution versus conversion time at 27°C.

sensor (voltage regulator and oscillator) consume 9.2%, 1.4%,
89.4% of the total power at room temperature of 27°C, respec-
tively, and 11.1%, 13%, 75.9% of the total power at 100°C,
respectively. The total power consumption of the sensor at
room temperature is about 1.05 uW increasing to 3.35 uW
at 100°C. Table I summarizes the room-temperature power
consumptions and the chip areas of each block of the entire
system.

RMS resolution of the proposed sensor is plotted in Fig. 21.
After 25 ms of conversion time, a resolution of 0.046°C
is obtained at 27°C. Because of the exponential frequency-
temperature relation in the proposed temperature sensor, this
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TABLE 11
PERFORMANCE SUMMARY AND COMPARISON

[3] [37] [38] [39] [40] This work
Temperature Sensor CMOS BJT SAW resonator CMOS CMOS CMOS
Circuit Technology 0.25-um 0.18-pum 0.18-pm/65-nm 0.18-um 65-nm 0.13-um
CMOS CMOS CMOS CMOS CMOS CMOS
Chip Area 1.2 mm’ 1.2 mm’ 0.112 mm?® *** 0.09mm’ 0.008mm’ 0.23 mm’
Wirelessly Powered YES YES YES NO NO YES
Incident Signal 450 MHz 915 MHz - - - 915 MHz
Frequency
Wireless Sensitivity -12.3 dBm -5dBm - - - -16 dBm
Energy Source RF RF Vibration - - RF
Temperature Range -40 C-40 C -35 C-105 C -40° C-120° C 0-100 C 0-110C 10 C-100 C
Temperature - -19°Cc~23"C +0.6 C -14C~15C | -15C~15C | 26 C~13C
Accuracy
Active Power 1.7 mW * 12.8 pW 61.5 yW 71 nW 500 pW 1.05 pW
Consumption
Resolution - 0.31/LSB - 0.3C 0.94°C 0.046 C
Conversion time - 2ms - 30ms 0.00213ms 25ms
Operation Distance 18.3 m** - - - - 10.4 m*#s*
Calibration - - - Two-Point One-Point Two-Point

* Estimated from voltage and current consumption, **predicted operation distance with 7W incident power, *** Estimated area of two chips without including
off-chip SAW resonator, **** predicted operation distance with 4W incident power.

system exhibits good resolution as other non-ideal noise
exhibits linear behavior [34].

This designed circuit is predicted to work in maximum
range of 10.4m with a 4-W base transmit power. A summary
of overall sensor specifications and comparison with other
state-of-art wireless temperature sensors are given in Table II
including three sensors [3], [37], and [38] that are wirelessly
powered and two sensors [39] and [40] without wireless
powering. Among the wirelessly-powered sensors, our pro-
posed sensor achieves the lowest chip area except for [38]
that uses an off-chip temperature sensor. The proposed sensor
requires the minimum amount of power (—16 dBm) to operate
among all reported wirelessly power sensors. The power
consumption is also the lowest among the reported works
except for [39] that is a sensor without RF energy harvester,
regulator, and backscattering switch. Finally the proposed
sensor achieves the highest resolution among the reported
sensors while its slightly higher inaccuracy is caused by
extra temperature sensitivity and slight variations of voltages
supplied by the regulator at high temperatures.

V. CONCLUSION

In this paper, we reported the design and implementation of
an RF-powered wireless temperature sensor that can operate
non-intermittently, backscattering the sensed temperature to
an external reader. To achieve a minimalistic design to min-
imize the power consumption and cost, a sub-threshold ring
oscillator is used to both sense the temperature and produce a
frequency-modulated backscattered signal for wireless trans-
mission. For the sensor to operate properly, a novel voltage
regulator is developed that produces a relatively constant
output voltage as the supply voltage of the ring oscillator
for a large range of harvested input energy but allow the
output voltage to change as a function of the tempera-
ture for added temperature sensitivity of the overall sensor.

Fabricated in IBM’s 130 nm CMOS process, the mea-
sured power consumption of the entire sensor system is
1.05 W at room temperature. The sensor was tested between
—10° to 100°C exhibiting a minimum sensitivity of 238Hz/°C
at —10°C and a maximum sensitivity of 31.648kHz/°C at
100°C. The maximum wireless operation range is measured
to be 50 cm when it is powered using a commercial RFID
tag antenna with a transmitted power of 10 dBm that can be
extended even further with high gain antennas and higher input
power. The predicted temperature error is —2.6 to 1.3°C using
a two-point calibration within the range of 10°C to 100°C. The
temperature sensor exhibits a resolution of 0.046°C (rms) with
a conversion time of 25 ms at 27°C.
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