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A Fully Wireless and Batteryless Localization
System With 50 Micrometre Motion Detection
Capability and Adaptive Transmitter Power Control
for Point-of-Care Biomedical Applications
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Abstract—Localization has varied applications in biomedicine,
such as wireless capsule endoscopy (WCE), detection of cancerous
tissue, drug delivery, robotic surgeries, and brain mapping. Cur-
rently, most localization systems are battery-powered and suffer
from issues regarding battery leakage and limited battery life,
resulting in potential health hazards and inconveniences when
using them for continuous health monitoring applications. This
article proposes an entirely wireless and battery-less 2D localization
system consisting of an integrated circuit (IC) that is wirelessly
powered at a distance of 4 cm by a 40.68 MHz radio frequency
(RF) power of only 2 W. The proposed localization system wire-
lessly transmits a locked sub-harmonic 13.56 MHz signal generated
from the wirelessly received 40.68 MHz RF power signal, elimi-
nating the need for a power-hungry oscillator. Additionally, the
system, having a measurement latency of 11.3 ms, has also been
verified to sense motion as small as 50 um as well as measure
the rate of motion up to 10 beats per minute, therefore extending
its application to the detection of physiological motions such as
diaphragm motion during breathing. The localizer has a small form
factor of 17 mm X 12 mm X (0.2 mm and consumes an average
power of 6 uW. Ex vivo measurements using the localizer inside
the porcine intestine demonstrate a localization accuracy of less
than 5 mm.

Index Terms—Localization, wireless, battery-less, energy
harvesting, motion detection, biomedical, capsule endoscope.

I. INTRODUCTION

HE advent of the Internet of Things (IoT) in recent years

has led to its increasing use in biomedical applications
to enhance healthcare delivery, patient monitoring, and disease
management [1], [2]. Wireless sensor networks (WSN5s) play an
important role in transmitting and receiving data to and from
devices in IoT and can either be battery-powered or wirelessly
powered. Battery-powered WSNs have limitations such as the
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limited lifetime, chemical leakage, and failure of batteries, there-
fore limiting their use in wearable or implantable biomedical
applications, leading to wirelessly powered WSNs becoming
increasingly popular for these applications. Localization is the
process of accurately determining the position or location of
an object. Localization of wireless sensor networks (WSNs)
is particularly significant for biomedical applications where
accurate and precise data collection is essential for monitoring
the vital signs of patients to facilitate timely intervention, disease
diagnosis, and treatment. Moreover, the constraints imposed by
wireless powering have given rise to research focusing on using
cheaper methods and more power-efficient hardware to localize
these WSNs [3], [4], [5].

Among the variety of applications that require localization
of WSNs, biomedical applications form an important class.
One such application is wireless capsule endoscopy (WCE)
for treating gastrointestinal (GI) tract diseases. Conventionally,
treatment of GI tract diseases has involved surgical endoscopy,
which is performed by inserting probes into the GI tract, causing
great pain and inconvenience to the patient. WCE, on the other
hand, requires the patient to swallow capsules, which have the
capability to receive and transmit data. These capsules, there-
fore, provide an alternative painless procedure for monitoring
the GI tract. The localization of such capsules, which form the
nodes of a WSN, is therefore of paramount importance to provide
information about the location of tumors and other abnormalities
in the GI tract. Other biomedical applications of localization
include automated drug delivery and robotic surgeries [6] in
which prior knowledge of the location is crucial. Localization
can also become an important feature in implantable biomedical
sensors for detecting the location of epileptic electrical activity
in the brain [7]. Cardiac ablation procedures [8], which involve
inserting catheters into veins or arteries, could also be greatly
simplified using the localization of WSNs. Therefore, localiza-
tion has a broad range of biomedical applications which are
extremely essential for the advancement of humanity.

Prior work on the localization of WSNs for biomedical ap-
plications has broadly focused on two significant approaches:
(1) Magnetic localization and (2) Electromagnetic (EM)
wave-based localization. Magnetic localization has two major
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advantages. Due to similar values of permeability in air and
animal tissue, there is lesser signal attenuation inside the animal
body for low-frequency magnetic fields. Moreover, it does not
require the node to be in the line of sight with the transmitter
(TX) and the receiver (RX). Therefore, magnetic localization
has a higher accuracy as compared to other methods [9], [10].
However, the absence of ferromagnetic materials must be as-
certained to ensure high accuracy since they interfere with the
magnetic field used for localization. Among the EM waves,
radio frequency (RF) has most commonly been used. RF-based
localization provides savings in hardware compared to magnetic
localization using permanent magnets. Using coils to generate
magnetic field gradients overcomes this limitation at the cost of
a large form factor and generating a large amount of heat for a
large field of view (FOV). Therefore, RF-based localization can
be implemented with a smaller form factor, and lower cost [9],
[10]. However, RF signals are attenuated by different amounts
at different locations inside the animal body. Therefore, proper
characterization of the medium is required before localization.
The choice of frequency is also important for such methods.
Higher frequency signals do not pass through the animal tissue.
Lower frequency improves penetrability through animal tissues
but reduces accuracy.

Over the years, the rapid scaling of CMOS has enabled a
reduction in the IC size and, therefore, that of the nodes used.
Today, the size of these nodes is almost entirely dominated by the
size of passives. In RF-based localization, the requirements for
penetration of RF signals through animal tissue, skin, and bones
limit their frequencies to less than a few hundred megahertz
(MHz). Reducing the form factor of the localization system
requires the design of millimeter-scale coils or antennas. At
such frequencies, the constraints on antenna size reduce the
efficiency of the wireless link [11], [12]. This entails the usage
of either higher TX power or the design of an IC having lower
power consumption. The localization accuracy also directly
depends on the Signal-to-Noise Ratio (SNR) at the receiver.
A larger received signal power is therefore required to obtain
an improved SNR. At MHz-range frequencies, the TX and
RX antennas are almost always in the near field. Attempts to
increase the operating range of the link lead to increased path
loss (x 1/ %) and, therefore, lesser received power. Therefore,
multiple transmitting nodes with the same frequency and phase
can be used to increase the received signal power. A conventional
technique to do this is using oscillators in phase-locked loops
(PLLs) [13] or injection-locked power oscillators [14], [15],
[16]. PLLs require a crystal oscillator, while injection-locking
suffers from limited locking range. Since both these techniques
are extremely power-hungry, it is a challenge to synchronize
these nodes for low-power applications efficiently.

In the past few years, numerous systems have performed lo-
calization in literature. Authors in [17] used a magnetic gradient-
based change in oscillator frequency for 2D localization. This
approach reduces the dependency of localization on the variance
of the received RF signal power due to the intervening medium
while using the magnetic field for spatial information. However,
the resolution of the frequency shifting depends on the phase
noise characteristics of the oscillator, necessitating the use of a
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Fig. 1. Conceptual representation of proposed localization system.

PLL to reduce the phase noise before the transmission phase,
subsequently increasing the power budget. Further, due to the
small coil sizes, the operating range of the system is only 3 mm.
Authors in [18] used magnetic beacons to generate alternating
magnetic fields at low-MHz frequencies for 3D localization,
which helps in reducing the TX power and coil size. Each beacon
generates an excitation signal at a different offset frequency. This
work also suffers from limited resolution due to oscillator phase
noise. Further, the system uses many TX coils spread over a
large spatial dimension, making it unsuitable for point-of-care
applications. Both [17] and [18] are battery-powered, although
the power consumption is low enough for wireless powering.
This limitation gives rise to the need for periodic battery or
capsule replacement, which is highly inconvenient. Authors
in [19] implemented the 2D localization of a capsule endo-
scope using the compensated received signal strength indicator
(RSSI) technique. However, the transceiver ICs in this work
are battery-powered, resulting in a lifetime of about 12 hours.
The power consumption of the transmitter inside the capsule
is 1.7 mW, which makes wireless powering infeasible. Authors
in [20] implemented magnetic gradient-based 3D localization
for capsule endoscopy and had a maximum range of over 1 m
with a penetration depth of 40 cm. Although the capsule had
a longer lifetime of up to 4 weeks, it remains battery-powered.
This work also requires an excitation power as high as 800 W
for the non-portable system and 60 W for the portable system
to generate static magnetic fields. Even though the rise in tem-
perature is less than 0.1°C per minute for the portable version,
a heat dissipation mechanism is required since it might become
an important safety consideration if the capsule is inside the GI
tract for a long time.

This article is an extended version of [21] and presents a
detailed qualitative and quantitative analysis of the circuit design
used in the IC and the wireless power transfer link. Fig. 1
shows the conceptual representation of the proposed localization
system in [21] for reference. Moreover, this article also presents
additional experimental results based on a technique for sensing
and detecting motion as small as 50 ym using the power of the
13.56 MHz received signal. The power of the received signal has
also been used to modulate the power of the RF signal generator,
therefore leading to a reduction of up to 50% in the TX power.
The rest of the article is organized as follows. Section II discusses
the system architecture. Section III discusses the coil design
procedure for an efficient wireless power transfer link design.
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Fig. 2. Localizer architecture.

Section IV discusses the details of circuit implementation and
simulation results. Section V describes the measurement setup
and results. Finally, Section VI concludes the article.

II. SYSTEM ARCHITECTURE OVERVIEW

Fig. 2 shows the architecture of a localizer. The localizer
includes an integrated circuit (IC) (enclosed by dashed lines)
wire bonded on a PCB and two planar coils fabricated on the
same PCB. Each of these coils has a diameter of § mm. The
IC comprises a cross-coupled rectifier, an LDO, and a digital
divide-by-3 circuit. The TX coil couples a continuous-wave
sinusoidal RF signal at a frequency of 40.68 MHz to localizer
coil 1 connected to the input of the rectifier. The RF power is
harvested by the rectifier, generating a DC voltage at the input
of the LDO. The LDO generates a regulated supply voltage of
1.1 V for the divide-by-3 circuit. The divide-by-3 utilizes the
40.68 MHz TX signal and divides its frequency by 3 to generate
a locked sub-harmonic 13.56 MHz signal, therefore eliminating
the need for power-hungry oscillators or PLLs. The 13.56 MHz
signal at the output of the buffers following the divide-by-3
is coupled to the RX coil through localizer coil 2. Using two
separate frequencies for transmitting and receiving prevents
interference of the received signal with the TX power signal and
ensures more localization accuracy. The wireless power transfer
(WPT) link is optimized to ensure reliable wireless powering
of the system at a maximum distance of 40 mm with 2 W of
external power.

III. WIRELESS POWER TRANSFER LINK DESIGN

Fig. 3 illustrates the circuit model for the wireless power
transfer (WPT) link between (a) the TX coil and localizer coil
1 and (b) localizer coil 2 and the RX coil. Since the two links
have similar characteristics, only the link shown in Fig. 3(a)
is analyzed, and the insights obtained have been applied to the
design of the other link. The link efficiency (7;;,,%) is given by
the product of the efficiency of the localizer coil (;,.) and that of
the TX coil (n7rx ) [22]. The maximum 77 x is obtained when the
operating frequency is equal to the resonant frequency (wy.s) of
the localizer coil. Since the input resistance of the rectifier (R;,,)
is much larger than the resistance of the localizer coil (R;,.), a

TX coil with Resonant Rectifier
Prx __Mmatching  localizer coil 1p,,,, model
Rs |_>|r Cser1 RTX RIoc I :-
]

T

|
Zrx Zin

RX coil with
matching

Resonant

P Spec. analyzer
“localizer coil 2

Psamodel

Rbuf_out

Fig. 3. Circuit model of the wireless power transfer (WPT) link between
(a) TX coil and localizer coil 1 and (b) localizer coil 2 and RX coil.

parallel capacitance Clq,2 is used to resonate the localizer coil
atits operating frequency of 40.68 MHz [22]. In such a topology,
Wres 18 given by

9 1

= . 1
res Lloc(cpar2 + Om) ( )

w,

where L. is the inductance of the localizer coil and C;, is
the input capacitance of the rectifier as shown in Fig. 3(a).
Similarly, Cypq,3 is used to resonate localizer coil 2 at its op-
erating frequency of 13.56 MHz. Off-chip ceramic capacitances
Cpar2 and Cpqr3 of values 16.8 pF and 150 pF respectively were
therefore connected in parallel to the localizer coils, improving
the power received and transmitted by the localizer at these
desired frequencies. m;oc, N7x, and 7y, of the link are then
given by [22]

QlocL

oc — (2)
n Qrect
kQQTX QlocL
= . 3
X k2QrxQroc, +1 3
Miink = MiocT X - (4)

where Q.. 1s the quality factor of the load given by Qect =
Rin/wlioes Qioc, is the loaded quality factor of the local-
izer coil given by QlocL = Qlochect/(Qloc + Q'rect) (Qloc =
wLioe/Rioe), Qrx is the quality factor of the TX coil given by
Qrx = wLrx/Rrx,and k is the distance-dependent coupling
factor between the 7X coil and the localizer coil. The coupling
factor can be determined from the self and mutual inductances
of the coils or can also be empirically given by [22]

d%X dl200 ) (5)

= 3
8V Arxdioe (D? + G )

k
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Fig. 4. (a) Coupling coefficient k between TX coil and localizer coil 1 with
respect to the distance between TX coil and localizer for a localizer coil diameter
of 8 mm and (b) Calculated link efficiency versus coupling coefficient.

TABLE 1
DESIGN PARAMETERS OF COILS USED
Localizer coil TX coil RX coil
Trace width (mm) 0.18 1.1 1.1
Trace separation (mm) 0.26 1.1 1.1
Diameter (mm) 8 35 45
Substrate FR4 FR4 FR4
No. of layers 2 2 2
Substrate thickness 02 1.6 1.6
(mm)
Turns per layer 6 3 6
Self-resonant frequency
(SRF) (MHz) 100.74 59.08 17.95
63.77 at 40.68
(siml\lﬁize o | 4403 at40.68 | 2699 at 13.56
Quality factor (Q) MHz MHz
48.59 at 13.56 (measured) (measured)
MHz ’ i
(simulated)
0.96 1.91 12.5
Inductance (1.H) (simulated) (measured) (measured)
[S11] (dB) NA -22.73 -15.42

where dr x and d;,,. are the diameters of the TX coil and localizer
coil, respectively, while D is the distance between these coils.
The diameter of the localizer coils is constrained to 8 mm to
minimize the form factor of the entire system, thereby enabling
the use of these localizers in capsules for endoscopy. Fig. 4(a)
shows the coupling factors obtained using (5) for a localizer coil
diameter of 8 mm as the diameter of the TX coil and distance
between the TX coil and localizer are varied. At a distance of
4 cm, a maximum coupling factor of 0.01 can be obtained for
a TX coil diameter of 10 cm. The coupling factor also does not
change much at larger distances when the diameter of the TX
coil is increased. Therefore, a diameter of 3.5 cm is chosen for
the TX coil. Fig. 4(b) plots the link efficiency calculated using
(2), (3) and (4) as a function of the coupling factor at a distance
of 4 cm between the TX coil and localizer. The parameters of
the designed TX coil and localizer coil given in Table I have
been chosen for this plot. A maximum of 6% link efficiency is
obtained for a coupling factor of 0.01.

From (4), it can be deduced that the link efficiency increases
with an increase in the values of k, Q7 x and Q... The larger
self-inductance of the TX coil and localizer coil improves the
link efficiency for wireless power transfer (WPT) by increasing
the quality factor of each of these coils. Since the localizer coils
have extremely small inductance due to their small diameter, (1)
the trace widths of these coils are minimized, (2) the number
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Fig. 5. (a) HFSS schematic with two localizer coils and the simulated
(b) re(Z11), (c) inductance, and (d) quality factor of each localizer coil in
the absence of a resonating capacitor.

of turns is maximized, and (3) the thickness of the substrate
is reduced to obtain the maximum possible value of inductance.
Therefore, these coils are fabricated on a 0.2 mm thick two-layer
FR4 substrate with 6 turns on each layer. Since these coils
are small, the parasitic inductance of connectors is comparable
to the coil inductance, making it unfeasible to measure their
s-parameters or inductance using commercially available equip-
ment such as a vector network analyzer (VNA) [23]. Fig. 5 shows
(a) the Ansys HFSS schematic of the localizer and the simulated
(b) real part of Z11, (c) inductance, and (d) quality factor of
each localizer coil when it is not connected to the resonating
capacitance.

The TX and RX coils are designed to have a large quality
factor and a self-resonant frequency (SRF) close to the operating
frequency to improve the link efficiency. The performance of
these coils is measured using a Keysight N5230 C PNA-L
Network Analyzer. Fig. 6 shows the (a) TX coil and its measured
(b) real part of Z;1, (c) inductance, and (d) quality factor while
Fig. 7 shows the same parameters for the RX coil. The TX and
RX coils are matched to 50 ) for maximum power transfer.
The path loss of the TX and RX links is simulated using Ansys
HFESS. Fig. 8(a) shows the simulated path loss between the TX
coil and the localizer coil 1 at 40.68 MHz, while Fig. 8(b) shows
the simulated path loss between the localizer coil 2 and the RX
coil at 13.56 MHz. Since R;,, varies from 9 k) to 16 k{2 (as
shown in Fig. 10(d)) over the range of input powers, the path
loss between the TX coil and the localizer coil 1 at 40.68 MHz
is simulated for these two values of R;,, to obtain the possible
range of path loss. Moreover, the path loss between the localizer
coil 2 and the RX coil is simulated for an Ry, s ou¢ of 5 kO
since it is equal to the simulated output resistance of the buffer
(as shown in Fig. 14(c)). The distance between the TX coil and
the localizer coil 1 is varied from O to 4 cm, while that between
the RX coil and the localizer coil 2 is varied from O to 12 cm.
Table I describes the details of the coil design parameters.
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Fig. 9. Schematic of four-stage passive cross-coupled rectifier.
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Fig. 10. Simulated (a) PCE and (b) bandwidth of the rectifier for different
transistor widths and input RF powers. (c¢) and (d) show the variation in
localizer resonant frequency (determined by the variation in C},,) and variation
in R;, respectively with different input RF powers for the selected W/L =
4 pm/0.18 pm.

IV. CIRCUIT IMPLEMENTATION
A. Rectifier

A passive full-wave CMOS rectifier having four stages is used
to convert the wirelessly received 40.68 MHz RF signal to a DC
voltage. Each stage of the rectifier incorporates a cross-coupled
topology, as shown in Fig. 9. When Vp is greater than Vy,
transistors M, and M,,; are turned on, while transistors Mo
and M, are turned off. The charge on the coupling capacitor
connected to Vp is therefore used to charge the output node of the
rectifier stage (V). On the other hand, when Vy is greater than
Vp, transistors My, and M, are turned on, while transistors
M, and M,,; are turned off. In this half cycle, the charge on
the coupling capacitor connected to Vi is used to charge V.
The power conversion efficiency (PCE) of a rectifier is the ratio
of the power delivered to the load at the output of the rectifier
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Poyr to the RF power supplied at its input Prp. It is given by

Pour _ Pour
Prr Pour + Pross

PCE = (6)
where Pross is the effective power loss in the rectifier. An
important parameter in the design of the rectifier is its bandwidth
given by

Jo
Qrect

where fj is the operating frequency and Q.. is the quality
factor of the rectifier, as defined earlier. Since C,, of the rectifier
varies with input power, w,.s given by (1) also changes. A
higher rectifier bandwidth is, therefore, essential for reliable
wireless powering of the localizer. The rectifier is simulated
for an output voltage of 1.1 V using an input 40.68 MHz RF
signal of power ranging from —80 dBm to 0 dBm at a constant
load current of 12.75 pA, which is the maximum current that
the LDO draws from the rectifier output. Fig. 10 illustrates the
(a) PCE and (b) bandwidth of the rectifier for different NMOS
transistor widths and input powers. Higher PCE is obtained using
larger transistors, but the bandwidth drops due to increased input
resistance. Therefore, the aspect ratio of NMOS transistors is
chosen to be 4 ym / 0.18 pm. The PMOS transistor widths are
chosen to be double that of the NMOS transistors. Fig. 10(c)
shows the variation in the resonant frequency of the localizer
wres due to the variation in C},, of the rectifier with input power,
while Fig. 10(d) shows the variation in its input resistance R;,,
for the selected transistor aspectratio. Since this variation in R;,,
only changes the path loss between the TX coil and the localizer
coil 1 by 2 dB (illustrated in Fig. 8(a)), it can be concluded that
the rectifier has enough bandwidth to withstand the changes in
w’r'es .

Another critical parameter is the sensitivity of the rectifier,
which is defined as the minimum RF power required at its input
for generating the minimum required voltage at its output for
proper operation of the circuit at the desired load. Reducing the
rectifier sensitivity is therefore paramount for increasing the link
efficiency and, subsequently, the operating range of the wireless
power transfer (WPT) system. In this work, the cross-coupled
topology is chosen due to its superior sensitivity and PCE among
its counterparts [21], [24], [25]. Deep n-well NMOS transistors

BW =

)

are used to enable the connection between source and bulk,
reducing the source-bulk potential for the subsequent rectifier
stages and, consequently, the threshold voltage, leading to better
sensitivity and PCE. As mentioned in Section IV-B, an LDO
output voltage of 1.1 V is targeted, while the LDO has a dropout
voltage of 47.64 mV. Therefore, the minimum rectifier output
voltage for proper operation is approximately equal to 1.16 V.
The sensitivity of the rectifier simulated at an output voltage
of 1.16 V and a load current of 12.75 pA is obtained to be
equal to 32 yW. For each stage, coupling capacitors of 6 pF are
chosen to couple the signal to the input of the rectifier with an
attenuation of less than 1%. A 5 nF on-chip storage capacitor
C) is used to reduce the ripple at the output of the rectifier.
A diode limiter is used to limit the rectifier output voltage
Viyeet to less than 3.8 'V, therefore preventing the breakdown of
transistors.

B. Low-Dropout Regulator (LDO)

The output of the rectifier acts as the line voltage of the LDO.
The LDO is required to generate a regulated DC voltage of 1.1 V
at its output, which is used as the supply voltage for the IC.
Fig. 11 depicts the schematic of the LDO. It includes an error
amplifier that compares a reference voltage (Vrgr) of 336 mV
and the voltage generated by the resistive division of the output.
The reference voltage is generated using a bandgap reference
generator with proportional-to-absolute-temperature (PTAT) ar-
chitecture. The pass transistor of an LDO can either be a PMOS
device acting as a voltage-controlled current source (VCCS) or
an NMOS device acting as a source follower. LDOs with current
source pass transistors have higher loop gain and lower dropout
voltage as compared to those with source followers [26]. There-
fore, an LDO with a current source is used in the design. The pass
transistor in such a topology is typically a large device to reduce
the dropout voltage [26]. The pass transistor is therefore sized
appropriately to generate a low dropout voltage at the highest
load current, and the feedback resistor values of 300 and 150 kX2
are chosen to minimize quiescent power consumption. The LDO
requires a smoothing capacitor of 100 pF at its output, which can
easily be implemented on-chip. For an LDO with an on-chip
output capacitor, the worst-case stability condition occurs when
the load current is zero. Therefore, based on the value of the
smoothing capacitor, a 3 pF Miller compensation capacitor is
chosen to ensure LDO stability under the zero-load current
condition. Fig. 12(a) and (b) show the simulated magnitude
and phase of the loop gain of the LDO, respectively, under two
conditions: zero and 10 p A load current. It can be observed from
Fig. 12 that the LDO has a low-frequency loop gain of 31.53 dB
and a phase margin of 57.79 degrees at a unity-gain bandwidth
of 21.14 kHz when the load current is zero. The loop gain drops
to 30.3 dB, and the unity-gain bandwidth increases to 25.22 kHz
when the load current is 10 pA.

Specifications of the LDO include the quiescent current con-
sumption, which is the static current consumed by the LDO
when the load current is zero. Line and load regulations are other
important specifications that quantify the variation in the LDO
output voltage with changes in line voltage and load current at
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for the LDO.

steady state and are defined as

AV,

Line Regulation = —LDo x 100%. 8)
AVRect t—00
AV

Load Regulation = Z7LDO . )
AIL0AD |4—eo

The load regulation of the LDO is related to its closed-loop
DC output resistance. The power supply rejection ratio (PSRR)
measures the amount of ripple at the output of the LDO due to
aripple at its input. Therefore, the line regulation of an LDO is
equal to its PSRR at DC. Fig. 13(a) shows the simulated PSRR
of the LDO, while Fig. 13(b) shows the power spectral density
(PSD) of the noise at the LDO output. Table II summarizes the
specifications of the LDO.

C. Divide-By-3 and Buffers

Fig. 14(a) shows the schematic of the divide-by-3 circuit.
It includes a mod-3 counter and an additional D flip-flop to
generate a 50% duty cycle signal at its output. The designed
flip-flops are conventional master-slave flip-flops and have an

TABLE II
SUMMARY OF LDO SPECIFICATIONS

Parameter Value

Preset output voltage (VL po) | 1.1 V

Load current (/1) range 0-10 pA

Dropout voltage 47.64 mV at I;, = 10pA
Quiescent current (/) 275 pA

Line Regulation <0.2% for both I;, = 0 and 10z A
Load Regulation 562€2

PSRR (I, = 10pA) 22948 dB at 10 Hz

-26 dB at 1 kHz

-8.9 dB at 10 kHz

3253 dB at 10 Hz

-27.46 dB at 1 kHz

-8.9 dB at 10 kHz

14.31 pV/v/Hz at 100 Hz

0.22 puV /v Hz at 100 kHz

D—Q!D)_G Vour

PSRR (I;, = 0)

PSD of output noise
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Fig.14.  (a) Schematic of the divide-by-3 circuit; (b) Output power of the buffer

versus rectifier input power, when the buffer is loaded by the circuit parameters
of the localizer coil 2 and (c) Output resistance of the buffer versus rectifier input
power.

asynchronous set-reset functionality. The divide-by-3 circuit
consumes 1 uW power. Fig. 14(b) depicts the power at the
output of the buffer following the divide-by-3 circuit with respect
to the input power of the rectifier when the buffer is loaded
with the circuit parameters of localizer coil 2. The sensitivity
of the localization system is determined by that of the recti-
fier and the divider-buffer combination. The sensitivity of the
rectifier has already been defined earlier. The sensitivity of the
divider-buffer combination, on the other hand, is defined as
the minimum power at the input of the rectifier for which it
generates a detectable 13.56 MHz signal at the output of the
buffer. From Fig. 14(b), it can be observed that the sensitivity
of the divider-buffer combination is 99 pW. The sensitivity of
the divider-buffer combination, therefore, dominates over that of
the rectifier. Fig. 14(c) shows the output resistance of the buffer
with respect to the input power of the rectifier. It can be observed
that once the divider-buffer combination turns on, the buffer has
a constant output resistance of around 5 k2.
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Fig. 16. (a) Measured rectifier and LDO output voltages versus input rms
40.68 MHz signal (b) Breakdown of simulated power consumed by the IC.
Total power consumption: 6 W.

V. MEASUREMENT RESULTS

A. IC Functionality Verification

Fig. 15 shows the die micrograph of the IC in the proposed
system. The IC has dimensions of 1.65 mm x 1.15 mm and is
fabricated using TSMC 0.18 pm process. In a separate setup for
wired measurements, a 40.68 MHz RF signal was connected
to the input of the rectifier using an RF generator (Agilent
33250 A). The voltage at the output of the rectifier and the LDO
were then measured using an oscilloscope. Fig. 16(a) shows the
rectifier and LDO output voltages with respect to input RMS
voltage. The rectifier output voltage increases with an increase
in the input rms voltage, and the rate of increase starts to reduce
after a certain input rms voltage. This is due to the reduction in
PCE of the rectifier as the input power is increased. The LDO
generates a stable DC voltage of 1.05 V for an input rms voltage
above 0.8 V. The LDO output voltage is close to the simulated
value of 1.1 V. The total simulated power consumption of the
IC is equal to 6 uW. Fig. 16(b) shows the breakdown of the
power consumption of the IC. The LDO dominates the power
consumption of the IC.

B. Localization System Verification

Fig. 17(a) illustrates the measurement setup for verifying the
proposed localization system. The objective of this measurement

To spectrum
analyzer

<

40
X(mm)

(a) (b)

Fig. 17.  (a) Measurement setup for verifying the proposed localization system
(b) Obtained coordinates for the center of the localizers at (40, 30) mm (top)
and (40, 75) mm (bottom).
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Fig. 18.  (a) Measurement setup used for obtaining received power profile with
respect to different angular orientations of the TX and RX coil (b) Received
13.56 MHz signal power in dBm across different angular orientations of the TX
and RX coil.

o

Localizer

was to ascertain the position of two localizers at known locations.
Therefore, the localizers are placed on a surface, and one edge of
the surface is fixed to be the origin. The centers of the localizers
are fixed at known coordinates of (40, 30) mm and (40, 75) mm.
A 40.68 MHz RF signal having —20 dBm power is generated
using the RF signal generator. A power amplifier (PA) (Mini-
circuits ZHL-20W-13+) was connected in cascade with the RF
signal generator to increase the operating range of the wireless
link. The PA has a small-signal gain of 50 dB and a saturated
output power of 43 dBm. Therefore, the boosted RF signal of
30 dBm power is delivered to the TX coil for wireless powering
of the IC. The TX coil is placed at a distance of 4 cm from the
localizers. The localizers generate the divide-by-3 signal and
transmit back the 13.56 MHz signal to the RX coil, which is
placed at a distance of 10 cm from the localizers. Motorized
rails (Thorlabs LTS300) are interfaced with MATLAB and used
to automate the simultaneous movement of the TX and RX coils
to scan the entire area with a 1 mm resolution in the X and Y
directions. At each coordinate, the spectrum is recorded using
a spectrum analyzer (Keysight PXA Signal Analyzer N9030 A)
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the proposed localization system inside porcine intestine; (c) Contour plot of
the peak-to-average spectrum of the spectrum received at each coordinate. The
brighter regions indicate a greater magnitude of the received 13.56 MHz signal.

connected to the RX coil. The spectrum analyzer is also in-
terfaced with a laptop for data processing using MATLAB. The
coordinate with the maximum received signal power is extracted
as the experimentally obtained locations. Fig. 17(b) depicts the
extracted coordinates obtained for the localizers placed at (40,
30) mm and (40, 75) mm. The obtained coordinates have an
error of less than 5 mm.
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Fig. 20. (a) Schematic of the measurement setup for sensing the rate of
physiological motion; (b) picture of the setup when localizer is in air and
(c) when it is in PBS solution.

Using a measurement setup described in [27] and also illus-
trated in Fig. 18(a), two paper protractors are added around the
TX and RX coils, and the coils are then rotated to measure the
received power of the 13.56 MHz signal at different angular
orientations of the TX and RX coils with respect to the localizer.
For the purpose of this experiment, a separation of 3.5 cm is
used between the TX coil and the localizer, while a separation
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(a)

(b)

Fig. 21.  Spectrogram for motion rates of (a) 10 and (b) 5 beats per minute.
Brighter regions indicate a stronger received 13.56 MHz tone.

of 10 cmis used between the RX coil and the localizer. The noise
floor for these measurements is observed to be at —128 dBm.
Fig. 18(b) illustrates the contour plot of the received power
across different angular orientations. In case of misalignment
between the TX/RX coil and the localizer, it can be observed
that the received power (and consequently SNR) reduces, but
this does not affect the spread of the received power, which
is determined by the size of the localizer coils. Therefore, the
misalignment does not increase localization error. If the mini-
mum SNR required is constrained to 20 dB (chosen only for the
purpose of quantifying an acceptable level of misalignment),
it can be observed that the system is fairly robust to angular
misalignments of up to 60° between the TX coil and localizer and
up to 70° between the RX coil and localizer. Increasing (decreas-
ing) the minimum SNR requirement leads to the detection of
the 13.56 MHz tone for smaller (larger) angular misalignments
between the TX/RX coil and the localizer.

A measurement setup illustrated by Fig. 19(a) is used for ex
vivo verification of the localization system using porcine intes-
tine. Two localizers are placed in an unknown location inside the
porcine intestine, and the intestine is placed inside a container
filled with phosphate-buffered saline (PBS) solution. This is
done to mimic the characteristics of animal tissue closely. The
localizer is encapsulated with a thick layer of ultraviolet (UV)
light-cured epoxy resin (BONDIC) before being used for the ex
vivo measurement to prevent water and/or PBS solution from
leaking into the microchip and causing electrostatic discharge
(ESD). A 40.68 MHz RF signal of 36 dBm power is used in
this experiment for wireless powering of the IC. A higher power
is required due to the extra attenuation of the RF signal as it
passes through the bottom of the container, PBS solution, and
the intestine. The TX and RX coils were automated to move
simultaneously using motorized rails with a resolution of 1 mm
in both X and Y directions to scan the bottom surface of the
container. Fig. 19(b) shows a picture of the measurement setup.
At each coordinate, the spectrum is recorded by the spectrum
analyzer and sent to MATLAB for processing. The peak-to-
average ratio of the spectrum is used to quantify the strength
of the received 13.56 MHz tone with respect to the noise floor.
Fig. 19(c) shows the contour plot of the entire area constructed
using peak-to-average values of the received spectrum at each
coordinate. Assuming the estimated location of the localizers to
be within the region with the brightest contour, the maximum
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possible localization error in both dimensions for the raw data
is =5 mm. The error depends on the spatial region where there
is sufficient coupling between the TX/RX coil and the localizer
coil. Since the localizer coils are much smaller than the TX/RX
coils, the detection error is strongly related to the physical size of
the localizer coils (which have a radius of 4 mm). It is important
to note that the maximum error, in this case, is limited by the
diameter of the localizer coil. Therefore, a smaller error could
be obtained if a smaller localizer coil is used to transmit back.
However, a smaller coil might lead to a reduction in the operating
range of the system.
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C. Physiological Motion Sensing

1) Sensing the Rate of Motion: The functionality of sensing
the rate of physiological motion is verified using the measure-
ment setup as shown in Fig. 20(a). In two different variations
of the measurement, the localizer is placed in (i) air and (ii)
PBS solution and periodically moved up and down by 4 mm at
rates of (a) 10 and (b) 5 beats per minute using a motorized rail
(Thorlabs LTS300). Fig. 20(b) shows the picture of the setup
when the localizer is placed in air, while (c) shows the picture
when the localizer is placed in PBS solution. Similar to the
previous experiment, a 40.68 MHz RF signal of 36 dBm power
is delivered to the TX coil for wireless powering. The TX and
RX coils are kept in a fixed position during this measurement,
at average distances of 4 cm and 10 cm, respectively, from
the localizer. The spectrum analyzer, connected to the RX coil,
records the variation of the received spectrum around 13.56 MHz
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(a) Schematic and (b) picture of the measurement setup for sensing the distance moved by the localizer.

with time for the entire duration of this measurement. Fig. 21(a)
and (b) show the received spectrogram for the motion rates of
10 and 5 beats per minute, respectively. For the measurements
in both air and PBS, the magnitude and phase information of the
spectrogram is then lowpass filtered to remove the 60 Hz supply
noise, and the motion rate is extracted using MATLAB.

Fig. 22(a) and (b) depict the signal power magnitude obtained
from the magnitude of the received spectrogram when the lo-
calizer is placed in air and PBS solution, respectively. It can
be observed that the received signal power is around 90 pW
when the coils are closest to the localizer and drops to almost
zero when the coils are farthest. Fig. 22(c) and (d) depict the
extracted motion rates from the received signal power when
the localizer is placed in air and PBS solution, respectively.
Fig. 23(a) and (b) depict the frequency noise obtained from the
phase of the received spectrogram when the localizer is placed
in air and PBS solution, respectively. The frequency noise is



RAY et al.: FULLY WIRELESS AND BATTERYLESS LOCALIZATION SYSTEM WITH 50 MICROMETRE MOTION DETECTION CAPABILITY

TABLE III

PERFORMANCE COMPARISON WITH PREVIOUS LOCALIZATION SYSTEMS

Nature Elec. *23

Nature Bio. ’17

685

This work (18] SSC-L 23 [17] JSSC "18 [16] [15]
Technology (1m) 0.18 N/A* 0.18 0.18 0.18
Wireless power** Yes No No No No
Downlink frequency (MHz) 40.68 2400 2.048 40 500
Uplink frequency (MHz) 13.56 2400 57 160 480-520
Avg. power (W) 6 180-240 336 9880 339
Excitation power (W) 2 60 NM e kk® N/A* NM e kk®
X and Y coils: 60
. . 3.5 cm diameter cm x 30 cm 10 cm x 10 cm « 0.5 cm diameter
Excitation coil size (number) ) 7 coil: 60 em ) N/A 1)
diameter (1)
Localization dimension 2D 3D 3D 2D 2D
RF with . .
. R . N . . Magnetic gradient;
o . inductive Magnetic gradient; | Inductive magnetic
Localization modality . . . RF frequency
magnetic spatial encoding field .
i encoding
coupling
Accuracy (mm) < Gk <7.5 <1 <10 <1
Measurement latency (ms) 11.3 300 1000 < NM sk 5
Motion detection Yes No No No No
Point-of-care application Yes Yes No Yes Yes

*N/A: Not Applicable **No wireless data transfer
defined as the difference between the expected signal frequency
(13.56 MHz) and the frequency of the maximum tone received.
It can be observed that the frequency noise is much larger when
the coils are farthest from the localizer because the localizers
are not powered in this position, and the received signal almost
entirely consists of noise. The frequency noise is much lesser
when the coils are closest to the localizer. Fig. 23(c) and (d)
depict the extracted motion rates from the frequency noise of
the received signal when the localizer is placed in air and PBS
solution, respectively.

2) Sensing the Distance Moved: Another measurement
setup, as illustrated by Fig. 24(a), is used to sense the distance
moved by the localizer. Fig. 24(b) shows the picture of the setup.
The power of the received signal is also used to modulate the
40.68 MHz TX power signal, causing savings in TX power.
This improves the link efficiency for wireless powering while
maintaining a minimum SNR for the received signal. For this
measurement, a double-tuned double-input coil, the details of
which are given in [28], is used. The double-tuned coil is
matched to the frequencies of 40.68 MHz (HF) and 13.56 MHz
(LF) at the HF and LF inputs, respectively. It has a matching
of —26.2 dB and —21.5 dB at HF and LF, respectively, and an
isolation of —17.7dB and —11.7 dB at each port. This coil acts as
both the TX and RX coil and has been shown to reduce inter-coil
couplings compared to a two-coil system (separate TX and RX
coils). The localizer is placed at a distance of 10 mm from the
double-tuned coil and is periodically moved up and down in the
Z-direction by distances ranging from 50 to 1000 pm using a
motorized rail (Thorlabs LTS300). A 40.68 MHz RF signal of
13 dBm power is delivered to the double-tuned coil for wireless
powering. Although a larger operating range can be obtained
using a higher TX power, it significantly increases the coupling
of the 40.68 MHz signal to the output, requiring more aggressive
filtering to reject this coupled signal. It is important to note that
the cascade of filters to reject the coupled 40.68 MHz signal
is optional and has been used only to ensure that the received

##*Raw data; no data processing

##4NM: Not mentioned

13.56 MHz signal is visible in the time domain using an oscil-
loscope. The motion detection measurements can be performed
using just the spectrum analyzer to record a spectrogram of the
received signal in the time domain.

Since the power of the received 13.56 MHz signal at the
LF input is needed to generate the modulation input for the
40.68 MHz RF source, it is filtered out, and the 40.68 MHz
coupled signal is rejected using the cascade of a low-pass filter
(LPF) having a cut-off frequency of 22 MHz (Mini-Circuits
BLP-21.4+) and a band-pass filter (BPF) having a passband be-
tween 12 and 15 MHz (Mini-Circuits ZFBP-13.55+). The signal
obtained after filtering is passed through a chain of low-noise
amplifiers (RF Bay LNA-1050, RF Bay LNA-1800, and RF Bay
LNA-500H), providing a total gain of 100 dB. The resultant
signal is then passed through a 6 dB splitter (Mini-Circuits
ZFRSC-42-S+), and one of the branches is connected to a 30 dB
attenuator followed by the spectrum analyzer (Keysight PXA
N9030 A). The other branch is used for detecting the power
of the amplified and filtered signal using a power detector (HP
8473 C). The power detector output is passed through an LPF
with a cut-off frequency of 5 kHz (Thorlabs EF114) and sent to
the oscilloscope for sensing. Fig. 25 shows the spectrum of the
signal at the input of the power detector, while Fig. 26(a), (b), (c),
(d), and (e) shows the oscilloscope waveforms obtained when
the localizers are moved by a distance of 50, 100, 200, 500 and
1000 pem respectively. Fig. 26(f) shows the peak-to-peak voltage
obtained at the oscilloscope with respect to the distance moved.

The oscilloscope input is then also connected to the modula-
tion input of the RF signal source that generates the 40.68 MHz
TX signal. When the localizer is closer to the double-tuned coil,
an increase in the power detected leads to a more negative DC
voltage generated at its output. When this voltage is fed back to
the RF source, it reduces the power of the 40.68 MHz TX signal.
Similarly, when the localizer is farther away, a decrease in the
power detected increases the power of the 40.68 MHz TX signal.
Therefore, this leads to savings in TX power. The modulation
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Fig. 25.  Spectrum of the signal at the input of the power detector after it is
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Fig. 26. Oscilloscope waveforms obtained when the localizer moves by
(a) 50 (b) 100 (c) 200 (d) 500 and (e) 1000 pm (f) Peak-to-peak voltage versus
distance moved by the localizer.

index of the RF signal source determines the savings in TX
power. At a modulation index of 100%, the TX power can be
reduced by a maximum of 3 dB. Fig. 27(a), (b), and (c) shows the
oscilloscope waveforms obtained when the oscilloscope input
is connected to the modulation input of the RF source, and the
localizers are moved by a distance of 200, 500, and 1000 pm
respectively. Fig. 27(d) shows the peak-to-peak voltage obtained
at the oscilloscope with respect to the distance moved.

Table III compares the performance of this system with pre-
vious localization systems.
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Fig. 27. Oscilloscope waveforms obtained when the oscilloscope input is
connected to the modulation input of the RF source, and the localizer moves
by (a) 200 (b) 500 and (c) 1000 pm (d) Peak-to-peak voltage versus distance
moved by the localizer in this case.

VI. CONCLUSION

A fully battery-less wirelessly powered localization system
with an ultra-low average power consumption of 6 ©W has
been presented here. The low power consumption of the IC,
fabricated in 0.18 pm technology, is due to the sub-harmonic
locking scheme, which uses the RF power signal to generate the
signal transmitted by the localizer. This enables it to be reliably
powered wirelessly at a distance of 40 mm with a minimum
TX power of 2 W. The localization system has an error of less
than 5 mm, and this has been verified ex vivo using a porcine
intestine. Moreover, it has also been verified to detect a motion
as small as 50 pm, as well as rates of motion up to 10 beats per
minute. The received signal for this system has also been used to
control the power of the transmitter adaptively, leading to further
savings in the TX power of the system. Due to its extremely
small form factor of 17 mm x 12 mm x 0.2 mm, the localizer
can be fabricated on a flexible polyimide substrate, enabling it
to be used inside 000-sized capsules for next-generation WCE
and other biomedical sensor network applications.
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