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RC-Oscillator-Based Battery-Less Wireless Sensing System Using
RF Resonant Electromagnetic Coupling

Zixuan LI†a), Nonmember, Sangyeop LEE†, Noboru ISHIHARA†, and Hiroyuki ITO†, Members

SUMMARY A wireless sensor terminal module of 5cc size (2.5 cm ×
2.5 cm × 0.8 cm) that does not require a battery is proposed by integrating
three kinds of circuit technologies. (i) a low-power sensor interface: an FM
modulation type CMOS sensor interface circuit that can operate with a typ-
ical power consumption of 24.5 µW was fabricated by the 0.7-µm CMOS
process technology. (ii) power supply to the sensor interface circuit: a
wireless power transmission characteristic to a small-sized PCB spiral coil
antenna was clarified and applied to the module. (iii) wireless sensing
from the module: backscatter communication technology that modulates
the signal from the base terminal equipment with sensor information and
reflects it, which is used for the low-power sensing operation. The module
fabricated includes a rectifier circuit with the PCB spiral coil antenna that
receives wireless power transmitted from base terminal equipment by elec-
tromagnetic resonance coupling and converts it into DC power and a sensor
interface circuit that operates using the power. The interface circuit mod-
ulates the received signal with the sensor information and reflects it back
to the base terminal. The module could achieve 100 mm communication
distance when 0.4 mW power is feeding to the sensor terminal.
key words: battery-less, wireless sensing, wireless power transmission,
sensor interface circuit, CMOS integrated circuit, FM modulation, oscilla-
tor

1. Introduction

IoT (Internet of Things) technology [1], [2] is spreading
in various fields and areas, and the sensor network that
supports it requires an enormous number of sensor termi-
nals. Thus, cost reduction, low power consumption, and
miniaturization of terminals are required. In particular, low
power consumption is expected to have an effect on reducing
maintenance costs since battery life can be prolonged and
battery-less operation in which battery replacement work is
not required can be expected. In logistics systems, the trans-
port of luggage is controlled by ID tags [3]. However, for
cardboard or Styrofoam boxes packed with fresh food, sen-
sors that can monitor temperature and humidity inside en-
closed spaces for quality control purposes are expected [4].

The monitoring of the closed space is anticipated to be
applied not only to the logistics systems but also to the sens-
ing in the living body such as the oral cavity in the medical
field, and the monitoring in the building structure [5], [6].

For these reasons, research and development of a wire-
less low-power consumption sensor terminal module are be-
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ing promoted. For example, a battery-less operation is real-
ized by combining Bluetooth with rectenna and operating
intermittently [7], [8]. And there is a wireless communica-
tion system called RoLa that can transmit a small amount
of information but cover a wide communication area with
low power has been proposed [9], [10]. However, in these
systems, the communication distance can be ensured, but
the antenna size limits the miniaturization because the UHF
band RF signal is used.

To realize a small battery-less wireless sensing mod-
ule, we focused on integrating three kinds of circuit tech-
nologies. (i) a low-power sensor interface: an FM modu-
lation type CMOS sensor interface circuit that can operate
with low power supply. (ii) a power supply for the sensor
interface circuit: a wireless power transmission character-
istic to a small-sized PCB coil antenna were clarified and
applied to the module. (iii) wireless sensing from the mod-
ule: backscatter communication technology that modulates
the signal from the base terminal equipment with sensor in-
formation and reflects it is used for the low power sensing
operation.

By combining these technologies, we designed and
made a prototype of a small wireless sensor terminal mod-
ule that does not require a battery. The module consists of a
PCB spiral coil antenna, a rectifier circuit, and a sensor inter-
face circuit. The sensor interface circuit was integrated with
a low-cost 0.7-µm CMOS technology, achieving 24.5 µW
low-power operation. The rectifier circuit uses full bridge
rectifier IC: NMLU1210. The module size is 5cc (2.5 cm
× 2.5 cm × 0.8 cm). When the power signal of 5 MHz was
radiated to the sensor module, the sensing operation without
a battery was successfully realized. The maximum commu-
nication distance was about 100 mm.

In this paper, the design and the configuration method-
ology of the battery-less wireless sensor terminal module are
discussed. Section 2 introduces the design concept of the
proposed module that integrates three kinds of circuit tech-
nologies. Sections 3 to 5 discuss detailed circuit techniques
for each technology. Section 6 describes the evaluation re-
sults of the module fabricated to confirm the effectiveness of
the circuit technology, and Sect. 7 concludes.

2. Design Concept of Proposed Module

2.1 Wireless Sensing

Figure 1(a) shows the conventional wireless sensing sys-
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Fig. 1 Wireless sensing system.

tem [11]–[15]. In this system, the sensor information is
converted into digital data by an analog-to-digital conver-
sion circuit, and the circuit configuration transmits a high-
frequency digitally modulated signal to the base station. The
wireless transmission circuit consists of a phase-locked loop
circuit and a power amplifier and requires power of at least
1 mW or more.

First of all, in order to achieve battery-less operation, it
is essential that the sensor interface circuit and the wireless
transmitter circuit operate at low power. To meet this target,
we employed an analog domain wireless sensing system as
shown in Fig. 1(b). RC relaxation oscillator (OSC) was used
as a sensor interface to be operated with lower power. By
using this, the resistance or capacitance type sensor can be
connected directly, and sensor value change can be observed
as frequency variation, in other words, frequency modula-
tion (FM) signal. To transmit the sensor information to the
base station, we employed backscatter technology that uses
signal reflection to transmit the information to the base sta-
tion that was used in the RFID system [16], [17]. The RF
signal from the base station is reflected back depending on
the mismatch condition between the antenna and a MOS-
FET output. As the output impedance is switched with the
RC-OSC output signal, the received signal is modulated and
reflected back. In this configuration, energy-hungry transmit
circuitry is not required and the reflection operation con-
sumes no power, significantly lower power operation is pos-
sible.

2.2 Wireless Power Supply

As shown in Fig. 2, there are two methods of wireless power
supply, one that uses radio wave energy and the other that
uses electromagnetic coupling. The former requires consid-
eration of the trade-off between antenna size and RF signal
frequency. Assuming a 1 GHz signal, from the wavelength
the antenna size should be 15 cm. The latter, on the other
hand, uses a coil instead of an antenna which is powered by
a low-frequency signal such as less than 10 MHz. Although
the communication distance is as short as a few centimeters,

Fig. 2 Wireless power supply.

Fig. 3 Proposed sensing system.

Table 1 Design target specifications.

it has the advantage of allowing the coil to be miniaturized.

2.3 Proposed Battery-Less, Wireless Sensing System

Based on the above basic studies, the proposed sensing sys-
tem was configured as shown in Fig. 3. Assuming appli-
cation to battery-less monitoring in invisible closed spaces
such as delivery boxes, structural buildings, and living or-
ganisms, (i) RC-OSC circuit is used as the sensor interface
circuit, (ii) sensor information is transmitted by backscatter
technology, (iii) electromagnetic field coupling technology
with coils are used for wireless power supply.

The design target specifications are summarized in Ta-
ble 1. Each detailed technology will be described in detail
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Fig. 4 Inverter base RC relaxation oscillator.

in the following sections.

3. Low-Power Sensor Interface Circuit

3.1 RC Relaxation Oscillator

An inverter-based RC relaxation oscillator circuit shown in
Fig. 4 was adopted as the sensor interface circuit [18]. Its
operation is as follows.

When the node voltage Vx is 0 V in the initial state and
the output of the inverter A is at high level, the capacitor
Ci starts to be charged via the resistor Ri, and Vx increases
due to charge accumulation. When Vx exceeds the thresh-
old voltage (VDD/2) of inverter A, the output of inverter
A changes to the low level, and the output of inverter B
changes to the high level. At this time, while the voltage
of Vx is held, it jumps up by the power supply voltage VDD,
and then, discharge from Ci to the output of the inverter A
is started via Ri. When Vx falls below the threshold voltage
(VDD/2) of inverter A, it shifts to the charging mode again.
This action is automatically repeated. The oscillation period
TOSC is determined by the time constant of Ri and Ci and can
be expressed by the following equation.

TOSC = 2 ln 3 · Ri ·Ci (1)

When the change in Ri or Ci due to sensor connection can
be detected as a shift in TOSC or in oscillation frequency
fOSC = 1/TOSC.

The power consumption POSC of this circuit can be
expressed by the following equation, considering that it is
mainly consumed in the charge/discharge operation to Ci.

POSC =
V2

DD

ln 3 · Ri
(2)

POSC is determined by the value of Ri and VDD. Figure 5(a)
shows the relationship between Posc and Ri obtained from
this equation. The three lines show characteristics under
the conditions of VDD = 1 V, 2 V, and 3 V, respectively.
From these characteristics, it is noticeable that the power
consumption is less than 100 µW when Ri is set more than
10 kΩ with VDD = 1 V. Figure 5(b) shows the relationship
between the oscillation time period TOSC and the oscilla-
tion frequency fOSC with respect to the capacitance Ci ob-
tained from Eq. (1). For example, when Ci is 10 pF and Ri is
100 kΩ, TOSC is 2.2 µs and fOSC is 455 kHz.

Fig. 5 Characteristics of RC relaxation oscillator.

Fig. 6 Circuit for monolithic integration.

3.2 Monolithic Integration

Monolithic integration of the circuit is effective for realiz-
ing highly reliable small modules. For this reason, the RC
oscillator circuit shown in Fig. 6 was integrated using 0.7-
µm CMOS process technology [19]. Advanced integrated
circuit technology is not required since the RC oscillator
operating speed is dropping to less than 1 MHz. The inte-
grated circuit technology was chosen considering manufac-
turing cost.

In the integrated circuit, besides the RC oscillation cir-
cuit, the voltage regulator and the MOSFET MBS for the
backscatter are also integrated. The operation and design
of the MBS is described in Sect. 5. The RC oscillator has a
multi-stage configuration of inverters to secure gain so that
stable operation at 1 V is possible. The number of stages
is a combination of 3, 5, and 7 stages so that the inverter
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operation of each part does not interfere [20]. The circuit
was designed to oscillate above 800 kHz for initial opera-
tion with no external sensors connected. A resistance Rioc
and a capacitance Cioc were integrated on chip to guaran-
tee initial oscillation operation. The Rioc is set to be large
as 120 kΩ and the Cioc is set to be small as 4 pF to sup-
port connecting the external resistive or capacitive sensors
which are connected in parallel. This is because the ad-
justable frequency range becomes small with the external
sensors when the Rioc is small and the Cioc is large. From
the circuit simulation without the external sensors for Fig. 6,
TOSC was 1.2 µs and thus fOSC became about 830 kHz. How-
ever, calculating from Eq. (1) substituting 120 kΩ of Rioc to
Ri, and 4 pF of Cioc to Ci, TOSC becomes 1.05 µs and fOSC
is about 950 kHz. As a result of examining the reason why
TOSC in the circuit simulation result is about 0.15 µs larger
than the calculation result, we found that it is due to the
propagation delay time of the multi-stage CMOS inverters.
Equivalently converting the delay time as a capacitance Cpd
results in 0.6 pF. As the value of Ci in Eq. (1), the sum of Cioc
and Cpd, which is 4.6 pF, is considered in the circuit design.

The voltage regulator is a common configuration and
enables a low voltage output of 1 V.

3.3 Fabrication Results of Sensor Interface IC

Figure 7(a) shows a microphotograph of a fabricated chip.
Its size is 1.15 mm square. For the evaluation, the bare chip
is mounted directly on the PCB board, connected to the
board with bonding wires, and covered with resin for pro-
tection as shown in Fig. 7(b).

Figure 8(a) shows the dependence of the oscillation fre-
quency on the power supply voltage. It is observable that
the oscillation frequency fosc is stabilized when the power
supply voltage Vp exceeds 1 V. The fosc was 758 kHz which
is smaller than the designed value of the IC chip, 830 kHz.
This is because TOSC further increases and fOSC decreases
due to the parasitic capacitance Cbd at the connection be-
tween the IC and the substrate wiring. Cbd is estimated to
be 0.4 pF, and the capacitance is to be considered as Ci in
Eq. (1) is the sum of Cioc, Cpd, and Cbd, which is 5 pF. In
the IC design with the board, it is important to consider the
effects of the propagation delay of the CMOS inverters and
the parasitic capacitance of the connection with the board
wiring. The frequency change was 25 kHz (3% of fosc) when
Vp was changed from 1 V to 3 V.

Figure 8(b) shows the results of evaluating the power
supply voltage dependence of the output signal amplitude
Va. It can be seen that Va stabilizes at the voltage regula-
tor’s output voltage of 0.8 V. The current consumption of the
circuit was 25 µA, and the power consumption at Vp = 1 V
became 25 µW. The power consumption of the oscillator cir-
cuit part is about 4 µW from Eq. (2), and most of the power is
consumed by the voltage regulator circuit and output driver
circuit for monitoring.

Figure 9 exhibits the results of measuring changes in
oscillation frequency due to changes in external resistor Rs

Fig. 7 Microphotograph of fabricated chip and sensor interface evalua-
tion board.

Fig. 8 Characteristics of fabricated chip.

and external capacitor Cs, assuming connection with resis-
tive or capacitive sensor devices. The horizontal axis is the
value of the external resistance Rs, and the three character-
istics are the characteristics when external capacitances are
10 pF, 33 pF, and 100 pF. The solid lines are the measure-
ment results, and the dashed lines are the calculation results
by Eq. (1). In the calculation with Eq. (1), Ri is the total re-
sistance of paralleled Rs and Rioc (120 kΩ). Ci is 5 pF which
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is the sum of Cs, Cioc, Cpd, and Cbd.
By combining 10 pF to 100 pF capacitance Cs and

20 kΩ to 1000 kΩ Rs, 40 kHz to 1000 kHz oscillation output
range can be obtained. The circuit worked with the resis-
tance value of Rs above 20 kΩ. If it is lower than 20 kΩ, the
input and output of inverter A shown in Fig. 4 are strongly
coupled, which suppresses oscillation. In Fig. 9, the devia-
tion from the calculated results in the range of Rs from 20 kΩ

to 100 kΩ is due to this coupling.
For temperature measurement, assuming a thermistor

as Rs, and assuming that the resistance changes from 20 kΩ

to 500 kΩ with temperature changes, the oscillation fre-
quency will change from 1000 kHz to 300 kHz when com-
bined with Cs of 10 pF. Specific application results for tem-
perature measurement are described in Sect. 6.

Fig. 9 Dependence on external resistance and capacitance.

4. Wireless Power Supply

4.1 Magnetic Resonance Coupling

We focused on magnetic resonance coupling technology
[21], [22] as a wireless supply method for the sensor inter-
face IC. As shown in Table 2, there are four possible con-
figurations for magnetic resonance power transmission, de-
pending on the combination of series and parallel resonance
circuits on the power transmitting side and the receiving side
[23]–[25]. Additionally, L1 and L2 represent the inductance
of two coils, r1 and r2 are for the parasitic resistance of the
coils, and C1 and C2 work as the resonation capacitance for
two coils, Q1 and Q2 are quality factor, ωr is the resonation
angle frequency, M is the mutual inductance.

Firstly, for the purpose of grasping the fundamental
characteristics, the frequency responses were analyzed us-
ing a T-type equivalent circuit. Figure 10 shows the simu-
lation results of the frequency responses of the series-series
magnetic resolution coupling, and the parameters of the cir-
cuit are marked in the figure. Realistic resonance parame-
ter values were set and analyzed so that the resonance fre-
quency fr would be 10 MHz. The coupling coefficient k
was set to 0.1. The impedance modifications on both the
power transmitting and power receiving sides give rise to a
variety of distinctive characteristics. It can be seen that in
this serial-serial resonance type, at a resonance frequency
of 10 MHz, the maximum transmission gain S 21 and the
matching characteristic S 11 (minimum reflection) with max-
imum power supply are obtained at Rs = RL = 6.35 Ω. This
value can be given by the equation of RL opt, which is the
optimized resistance to get ηmax in Table 2.

When Rs and RL are lower than RL opt, which is 6.35 Ω,

Table 2 Wireless power transmission with magnetic resonance.
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Fig. 10 Serial-serial magnetic resonation coupling.

Fig. 11 Parallel-parallel magnetic resonation coupling.

two peaks appear in the frequency characteristics [26]. This
is due to the strong resonance coupling. The two frequen-
cies are about

√
(1 ± k) times of the resonance frequency

fr = ωr/(2π). Furthermore, as the value of the coupling co-
efficient k increases, the value of RL opt also increases, and
two frequency peaks become prominent.

Figure 11 shows the parallel-parallel resonant type sim-
ulation results. In this case, the transmission characteristics
are maximized when RL opt = Rs = RL = 631 Ω. Com-
pared to the serial-serial resonant type, the values of RL opt
are about 100 times higher. In this case, when Rs and RL
are greater than 631 Ω, two peaks appear in the frequency
characteristics. This is also due to the strong resonance cou-
pling.

The power transmission efficiency η can be expressed
by the equations in Table 2. Figure 12 shows the results of
calculating the efficiency ηwhen the value of RL is changed.
A plurality of characteristics manifests when the Q values
of resonance are changed for different resonance types. The
value of RL that maximizes the power efficiency η is higher
when the resonance circuit on the power receiving side is of
parallel type than when it is of series type. In general, the
efficiency η can be increased by increasing the kQ product.
When the Q value of resonance is 62.8, the maximum effi-
ciency ηmax is 0.73 for the series resonance type and 0.76 for

Fig. 12 Wireless power transfer efficiency.

Fig. 13 Simple geometry of magnetic coupling efficiency.

the parallel resonance type, and the RL values at that condi-
tion are 6.35 Ω and 631 Ω, respectively.

From the above results, it can be concluded that the se-
ries type is suitable for a low-resistance load RL and the par-
allel type is suitable for a high-resistance load RL. Since the
sensor interface IC has low power consumption with high
impedance, a parallel resonance type is selected for the sec-
ondary coil on the receiving side, and a series resonance type
configuration is selected for the transmitter side assuming
low signal source impedance.

4.2 Transmission Range

The value of the coupling coefficient k depends on physi-
cal parameters such as the size and distance of the transmit-
ting and receiving coils. Therefore, we analyzed the simple
configuration shown in Fig. 13 for the purpose of quanti-
tatively understanding the parameter dependence on the k
value [26]–[28].

The coupling coefficient k is given by the following
equation, where L1 and L2 are the coil inductances and M
is the mutual inductance.



LI et al.: RC-OSCILLATOR-BASED BATTERY-LESS WIRELESS SENSING SYSTEM USING RF RESONANT ELECTROMAGNETIC COUPLING
733

Fig. 14 k value estimation of single ring coil coupling.

k =
M

√
L1 · L2

(3)

In this formula, the inductance L of the single-loop coil is

L = a · µ0 ·

(
log

8a
b
−

7
4

)
(4)

Where parameter a is coil radius, b is the radius of the coil
conductor, and µ0 is the space permeability. Mutual induc-
tance M can be obtained by following Neumann’s formula.

M =
µ0

4π

∫ 2π

0

∫ 2π

0

a1 · a2 · cos (θ1 − θ2) · dθ1 · dθ2√
a2

1 + a2
2 + d2 − 2a1 · a2 · cos (θ1 − θ2)

(5)

where a1 and a2 are for the radius of the coils, θ1 and θ2 are
the angular coordinates, respectively, and d is the distance
between two coils.

Figure 14 shows the calculation results of the relation-
ship between the distance d between the transmitting and re-
ceiving coils and the coupling coefficient k using the equa-
tions above. The characteristics of the three wires are ob-
tained when the radius of the receiving coil on the sensor
circuit side is fixed to a small size of 10 mm, and the ra-
dius of the transmitting coil is set to 25 mm, 50 mm, and
100 mm. From this result, when the size of the transmission
coil is increased, the value of k at d = 10 mm decreases, but
the attenuation rate slows down as d increases. When the
size of the transmitting coil is small, k is high at short dis-
tances, but it attenuates rapidly as d increases. Considering
long-distance power transmission, it is better to set the size
of the coil on the transmission side larger.

Figure 15 shows the calculation results of the d depen-
dence of the maximum efficiency ηmax and the optimum load
RL opt using the k values of line (2) in Fig. 14, and equations
of ηmax and RL opt equations for the parallel LC structure in
Table 2.

The three characteristics in Figure 15 are the results
of calculations assuming three different resonance frequen-
cies. As the resonant frequency increases, the Q value of

Fig. 15 Distance dependence of efficiency and optimum load value.

the coil increases, resulting in improved efficiency and the
optimum load of high resistance. It is preferable to set the
resonance frequency to a higher value for power supply to a
sensor module that operates with small power and is a high-
resistance load.

4.3 Experiment of Wireless Power Transfer

Based on the above basic results, the transmitting and re-
ceiving coils were designed and created on printed circuit
boards [29], [30], respectively, and wireless power transmis-
sion experiments were conducted. Figure 16 shows fabri-
cated PCB coils. The transmitting side has a 100 mm square
spiral configuration, and the receiving side used as a sen-
sor terminal has a 20 mm square. The reason for adopting a
square shape is to make it possible to utilize the component
mounting space as a module. The number of turns N was set
appropriately to obtain a large mutual inductance value M.
In order to reduce the resistance loss for the high Q opera-
tion, the line width of the transmission coil was 2 mm, and
the gap between the lines was 0.2 mm. The receiving coil
has a wire width of 0.3 mm and secures 6 turns on a small
PCB, with a gap of 0.3 mm.

Figure 17 shows the evaluation results of these coils
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Fig. 16 Transmitting and receiving coils on PCB.

Fig. 17 Inductance of coils on PCB.

and their modeling results. It shows the frequency depen-
dence of the inductance value L up to 10 MHz. The receiv-
ing coil has almost no frequency dependence, but the in-
ductance value of the transmitting coil increases as the fre-
quency increases. This is due to the large line-to-line capac-
itance of the coil Cp, and the effect of improving the Q value
can be expected when the frequency is set to be high. The
dashed line is the result of the calculation using the equiva-
lent circuit model in the figure that considers the line-to-line
capacitance Cp and resistance loss r, and it agrees well with
the actual measurement result.

Using these equivalent circuit models, the coupling
characteristics between the transmitting and receiving coils
were simulated. Figure 18 shows the simulated frequency
response of coupling between transmitting and receiving
coils. In the equivalent circuit, the tuning capacitances of
Cts and Ctr were adjusted so that the resonance frequency
fr1 on the transmitting side and the fr2 on the receiving side
were 5 MHz. Here, the resistance rrec and the capacitance
Crec are parameters that express the rectifier circuit. Since
the rectifier circuit behaves non-linearly, a linear model was
used for analysis with ease although it is not exact. Con-
sidering the capacitance of the assumed rectifier circuit was
as large as 500 pF and L2 value from Fig. 17, the resonance
frequency was set to 5 MHz. Cts acts as C1 in the equivalent
circuit of Table 2, and the parasitic capacitance Cp1 of L1
acts to increase the inductance value of L1. C2 in Table 2 is
the sum of the parasitic capacitance Cp2 of L2, Ctr, and Crec.

In the simulation, the input signal is assumed to be a
sine wave of 20 Vp-p, and the received DC voltage Vr is a

Fig. 18 Simulated frequency response of coupling between transmitting
and receiving coils on PCB.

value calculated by assuming the lossless full-wave rectifi-
cation and smoothing operations. The load RL was set to
10 kΩ. As a result, if the coupling coefficient k is greater
than 0.01, we can expect the Vr greater than the voltage 2 V
(current 200 µA) that is enough for driving the sensor inter-
face IC described in the Sect. 3. The IC can be operated with
the voltage more than 1 V.

Also, when the k value is greater than 0.06, two peaks
appear in Fig. 18 and the received voltage Vr drops as de-
scribed in Sect. 4.1.

Wireless power transmission (WPT) experiments were
performed to confirm the validity of these simulation re-
sults. A 4.2 mm × 3.7 mm rectifier IC (NMLU1210 [31])
was mounted on the receiving side PCB coil, as shown in
the photo in Fig. 16(b), and the output voltage was measured
against a 10-kΩ load. As a signal source on the transmitting
side, a waveform generator (Agilent 33500B) was used to
supply a 20-Vp-p amplitude output to the transmitting coil.

Figure 19 shows the evaluation results. The frequency
responses were measured with the transmitting coil and the
receiving coil facing each other in parallel. A plurality of
characteristics emerges when the distance d is changed from
5 mm to 105 mm in 10 mm steps. It can be seen that the re-
ceived DC voltage monotonically decreases as the distance
d increases. Even when the distance d is 105 mm, we ob-
tained a receiving voltage Vr of about 1 V at 5 MHz that
can drive the sensor interface IC. When the frequency fp
is shifted to 5.1 MHz, the voltage Vr becomes 2 V with peak
splitting.

However, this result does not match the simulation re-
sult of Fig. 18. In Fig. 18, the voltage Vr monotonously de-
creases in the region where the k value is lower than 0.06,
but two peaks do not appear and do not agree with the eval-
uation results.

In the experiment, it was not easy to tune the reso-
nance frequency by controlling the capacitance value, espe-
cially for the transmitting side because the inductance value
was large. Therefore, considering the possibility that the
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Fig. 19 Measured frequency response of coupling between transmitting
and receiving coils on PCB.

frequencies of the transmitting side and the receiving side
are different, the frequency response was re-simulated with
that the resonance frequency fr1 is 4.75 MHz and the fr2
is 5.25 MHz by the tuning capacitances of Cts and Ctr pre-
cisely. The results are shown in Fig. 20. As in the experi-
mental results, two peaks appear, and it can be seen that the
voltage Vr decreases monotonically as the k value decreases.

Compared to the simulation results in Fig. 18, the volt-
age Vr has dropped from 4.2 V to 1 V when the k value is
0.02. Also, the voltage Vr increases monotonously even
when the k value is greater than 0.06. It is considered that
this is because the resonance effect decreases due to the
difference in resonance frequency between the transmitting
and the receiving sides.

By matching the resonance frequencies with higher ac-
curacy, it is expected that a higher voltage Vr can be obtained
in a region where the k value is low. However, since the tar-
get is satisfied when use the characteristics of Fig. 19 as the
power transmission characteristics in our application, it is
tolerated.

Conversely, it is possible to widen the operating band
by intentionally setting a difference between the resonant
frequencies, but this is a trade-off with the resonance effect.

Considering that the experimental result of Fig. 19
agrees with Fig. 20 roughly, the distance dependence of the
k value of the experimental system was obtained and plotted
on the graph of the basic characteristic analysis results of
Fig. 14. The results are shown in Fig. 21. Although it is not
accurate to compare with the theoretical analysis results of
single circular coils, the distance dependence of the k value
is showing the same trend as the distance dependence of the
single coil (3). The change in k value ranges from 0.095 to
0.02 for a distance of up to 100 mm, which is thought that
about 10 times larger due to the multi-turn configuration.

In addition, since the results in Fig. 19 were obtained
with the transmit and receive coils centered, the effect of
horizontal misalignment shown in Fig. 22 was also eval-
uated. As the transmitting coil is 100 mm square and is

Fig. 20 Simulated frequency response with the resonation frequency dif-
ference between transmitting and receiving coils on PCB.

Fig. 21 Relation between k value and distance d.

Fig. 22 Effect of horizontal misalignment of transmitting coil and sens-
ing module.

symmetrical, the effect of horizontal misalignment ∆x up to
50 mm from the center to the edge was evaluated. These are
the characteristics when the frequency fp is 5 MHz. As the
size of the receiving coil module is 20 mm square, which is
small compared to the transmitting coil size, it can be seen
that there is almost no effect of misalignment up to about
20 mm. From this result, it can be said that power transmis-
sion is possible even with rough alignment.
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5. Backscatter Sensing with Electromagnetic Coupling

Figure 23 shows the result of obtaining the impedance at
the signal source terminal P1 on the transmission side and
calculating the reflection coefficient ΓBS. The ΓBS is low in
the 4 to 6 MHz frequency range where wireless power trans-
mission is available. The black line shows the characteris-
tics when the coil on the receiving side is short-circuited
with a switch, and it is evident that the amount of reflec-
tion is greater than when the switch is open. When switch-
ing between the short and open states, the wireless power
transmission frequency fp is modulated by the switching fre-
quency fs and reflected back to the transmission side.

Figure 24 shows the result of simulating the reflected
signal voltage waveform and its frequency spectrum when
the coupling coefficient k is assumed to be 0.06, fp is 5 MHz,

Fig. 23 Reflection coefficient (simulated).

Fig. 24 Backscatter signal sensing (simulated).

and the switching frequency fs of the receiving side coil was
set to 500 kHz. As shown in Fig. 9, the oscillation frequency
output of the sensor interface circuit ranges from 40 kHz to
1000 kHz, so 500 kHz was selected as a representative value
in this simulation. Although the modulation is as low as
4%, the switching frequency fs of the receiving side coil
can be captured as a backscatter signal from the frequency
spectrum.

By using the output of the circuit that transforms the
sensor information into the frequency domain shown in
Fig. 4 as fs, sensor state changes can be captured wirelessly
as changes in the frequency of the backscatter signal. The
switch for realizing this modulation is built into the sensor
interface IC. As illustrated in Fig. 6, the switch MBS is com-
posed of MOSFET and switched by the output of the os-
cillation circuit. The gate length of the MOSFET is 0.7 µm,
and the gate width is set to 196 µm (7 mm × 28 fingers) so as
to ensure a small on resistance during on/off operation. The
MOSFET does not consume power because it only changes
the output resistance value for the reflecting operation.

The feasibility of wireless sensing by backscatter will
be shown in the evaluation results of the prototype battery-
less wireless sensing module in the next section.

6. Battery-Less Wireless Sensing

By combining the three circuit technologies discussed in
Sessions 3 to 5, an experiment was conducted to wirelessly
monitor the temperature of the blind space without batteries.

The sensor interface board shown in Fig. 7(b) and the
receiving coil board shown in Fig. 16(b) are stacked as
shown in Fig. 25 to form the proposed wireless sensing
module that operates without the battery. The sensor inter-
face board is equipped with a 100 kΩ NTC chip thermis-
tor [32] as an environmental temperature detection sensor.
The parameter values were set so that the frequency var-
ied from 200 kHz to 700 kHz with respect to temperature
changes from 0◦C to 60◦C. The thermistor has a B-constant
of 4250 K, and the resistance changes from 400 kΩ to 22 kΩ.

Fig. 25 Battery-less wireless temperature sensing module.
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Fig. 26 Experimental system.

A chip capacitance of 22 pF was selected as Cs in Fig. 6
based on the analysis results of Fig. 9. And if the thermis-
tor is connected directly as Rs, the oscillation will stop if
the resistance drops below 20 kΩ. To prevent this, a 10 kΩ

chip resistor was connected in series with the thermistor as
insurance. When the temperature is 25◦C, the oscillation
frequency is designed to be 300 kHz based on Eq. (1). At
0◦C and 60◦C, they are 185 kHz and 660 kHz respectively.

In order to confirm the wireless temperature sensing
operation without a battery, we attached the module to the
back of the lid of the cool box (18 cm × 24 cm × 19 cm) as
shown in Fig. 26, and tried to measure the temperature inside
the box. Temperature changes within the box are detected
as frequency changes in the oscillator circuit. In order to
get the relationship between the frequency and the temper-
ature inside the box, the experiment was conducted while
monitoring the temperature inside the box with a thermo-
couple device. The temperature inside the box was con-
trolled using cold and hot water. A Waveform generator
(Agilent 33500B) supplied power to the TX coil antenna
and the backscatter signal was monitored with a spectrum
analyzer (RIGOL RSA3030-TG). The distance between the
transmitting antenna coil TX and the receiving antenna coil
RX inside the box is about 50 mm and the maximum could
reach 100 mm.

Figure 27 shows the measured frequency spectrums.
The upper spectrum is characteristic when the temperature
inside the box is 10◦C and the lower one is 29◦C. It de-
tected 215 kHz at 10◦C and 332 kHz at 29◦C, and success-
fully wirelessly sensed the temperature inside the box with-
out a battery.

Figure 28 shows the results of evaluating the relation-
ship between the temperature inside the box and the sensing
frequency. From this relationship, by monitoring the fre-
quency, the temperature inside the box in the blind environ-
ment can be detected without opening the lid.

The dashed line is the result calculated based on
Eq. (1), which agrees well with the actual measurement re-
sult. Sensitivity to temperature can be arbitrarily adjusted
by changing the variation range of the Rs value and the Cs
value.

Table 3 shows the specifications of the prototype mod-
ule. The target properties shown in Table 1 were realized.

Fig. 27 Measured frequency spectrum of backscatter signal from sensing
module.

Fig. 28 Measured relationship between temperature and sensing fre-
quency in cooling box.

In this experiment, a temperature sensor was mounted, but
it is also possible to mount capacitive and resistance-type
sensors such as humidity, strain, pressure, tilt, and so on.
Additionally, further miniaturization is possible by reducing
test terminals.

7. Conclusion

We have designed and built a battery-less wireless sensing
system that enables the monitoring of closed spaces and ob-
tained the following results.

(1) Sensor interface circuit technique: It is analytically clar-
ified that an RC relaxation oscillator circuit, which can be
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Table 3 Summary of prototype sensing system.

directly connected to a sensor and can convert its informa-
tion to the frequency domain, is suitable for low-power op-
eration. Furthermore, in order to obtain a more compact and
highly reliable operation, we integrated the circuit using 0.7-
µm CMOS technology and succeeded in realizing a 758 kHz
oscillation operation with a power supply voltage of 1V and
a current consumption of 24.5 µA.

(2) Wireless power transfer technique with magnetic reso-
nant coupling: The power transfer characteristics to a small
coil were clarified analytically, and a design guideline was
obtained. Based on this, a transmitter coil, and a receiver
coil were prototyped and evaluated. As a result, we achieved
power transmission characteristics that almost match the
analysis results.

(3) Backscatter sensing technique: It was confirmed by
simulations and experiments that sensor information can
be backscattered to the transmitting side by switching the
receiving-side resonance circuit with the oscillation circuit
output of the sensor interface.

(4) Blind space monitoring: By combining the three circuit
technologies, an experiment was conducted to wirelessly
monitor the temperature of the blind space without batter-
ies. As a result, we succeeded in monitoring the temperature
inside the cool box without opening the lid as designed.

The battery-less, wireless sensing technology based on the
fusion circuit technology described in this paper will greatly
contribute to the collection of various information in the IoT
era.
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