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In-Vitro Demonstration of Ultra-Reliable, Wireless
and Batteryless Implanted Intracranial Sensors
Operated on Loci of Exceptional Points

Minye Yang ", Zhilu Ye

Abstract—Vital signal monitoring, such as pulse, respiration
rate, intra-organ and intra-vascular pressure, can provide impor-
tant information for determination of clinic diagnosis, treatments,
and surgical protocols. Nowadays, micromachined bioimplants,
equipped with antennas for converting bio-signals to modulated
radio transmissions, may allow remote continuous monitoring of
patients’ vital signs. Yet, current passive biotelemetry techniques
usually suffer from poor signal reproducibility and robustness in
light of inevitable misalignment between transmitting and receiving
antennas. Here, we seek to address this long-existing challenge
and to robustly acquire information from a passive wireless in-
tracranial pressure (or brain pressure) sensor by introducing a
novel, high-performance biotelemetry system. In spite of variable
inductive links, this biotelemetry system may have absolute ac-
curacy by leveraging the uniqueness of loci of exceptional points
(EPs) in non-Hermitian radio-frequency (RF) electronic systems
with parity-time (PT) symmetry. Our in-vitro experimental demon-
stration shows that the proposed intracranial (ICP) monitoring
system can provide a sub-mmHg resolution in the ICP range of
0-20 mmHg and ultra-robust wireless data acquisition against
the misalignment-induced weakening of inductive link. Our re-
sults could provide a practical pathway toward reliable, real-time
wireless monitoring of ICP, and other vital signals generated by
bio-implants and wearables.

Index Terms—Biomedical measurement, biotelemetry and
wireless sensing, intracranial pressure (ICP) monitoring, PT-
symmetry, wireless vital sign monitoring.

1. INTRODUCTION

HE CAPABILITY to accurately and continuously measure
physiological pressure in the human body is important
in the clinical practice and medical research [1]-[5]. Although
in-vivo pressure measurements have been routinely carried out,
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the majority sensors rely on the wire connection for data transfer,
which, however, largely hinders their use in continuous, real-
time monitoring and poses problems associated with safety, in-
fection, patient comfort, [6]-[11] etc. Wireless and battery-free
pressure sensors opened new pathways for efficient management
of chronic diseases, such as heart failure (HF) [12], [13], eye
disease [14], [15], and brain injury [16]-[18]. Recently, several
wireless implantable pressure sensors have been approved by the
U.S. Food and Drug Administration (FDA); examples include
CardioMEMS HF system for pulmonary artery pressure moni-
toring [19] and Triggerfish Smart Contact Lens for intraocular
pressure measurement [20]. These implantable sensors typically
exploit a compact coil antenna to receive radio signals transmit-
ted from a remote reader coil and backscatter them without the
need of internal power supply. Hence, the physiological factors
that need to be monitored are encoded in the amplitude, phase,
and resonant frequency of reflected radio signals. Although wire-
less sensing principles based on near-field inductive coupling
have been invented since 1967 [21], key challenges limiting
their practice have not yet been fully addressed, such as the
frequency drift due to coil antenna alignment and low sensitivity
due to parasitic effects and power losses in human tissues at high
frequencies. The discussion about the intracranial pressure (ICP)
was firstly arisen by Alexander Monro and George Kellie back
to 18" century and reinforced by America neurosurgeon later
[22]-[24]. In general, ICP is a comprehensive product created
by a compensation among pressures contributed by brain tissue,
cerebral blood volume, and cerebrospinal fluid (CSF) inside
the skull [25], [26]. ICP is measured in millimeters of mercury
(mmHg) and is normally 7-15 [mmHg] at rest for a supine adult.
Abnormal ICP is usually caused by traumatic brain injury (TBI),
intracranial space occupying lesions, hydrocephalus, idiopathic
intracranial hypertension, and intracranial hemorrhage which
may result in severe neurological sequelae [27]-[29]. Therefore,
areliable wireless ICP monitoring system would be of immense
value for patients suffering from the ICP elevation. Nonethe-
less, it remains extremely challenging to remotely monitor the
ICP using the inductive coupling-based biotelemetry because
human skulls are rigid and thus the ICP variation is on a small
pressure scale (i.e., 10-15 [mmHg] [30]). Additionally, since
the implanted sensor is invisible, misalignment between coil
antennas would unavoidably cause unwanted frequency shift,
thus affecting the accuracy, reliability, and robustness of the
ICP monitoring system. To date, although several different
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Fig. 1. (a) Schematic and equivalent circuit diagram of the PTX-symmetric

biotelemetric system used for wireless intracranial pressure (ICP) monitoring.
This wireless sensing system has an external reader and a bioimplant, which
comprises a pressure-tuned piezoresistive transducer, a micro-coil antenna, and
a chip capacitor. (b) Dependency of resistance on the applied pressure for the
piezoresistive transducer in two different temperature. The inset of (b) depicts the
photograph of wireless ICP sensor. (¢) In-vitro experimental setup for wireless
ICP monitoring; here, an acrylic board and adipose tissues are placed in between
the sensor and reader coils for respectively mimicking human skull and organic
tissues.

prototypes (e.g., NEUROVENT-P-tel from RAUMEDIC Inc.)
have been demonstrated, the wireless ICP monitoring technique
is still facing problems, such as reduction in accuracy compared
to those wired methods [9], shortened lifetime due to limited
battery durability [31], [32]. Most importantly, inevitable signal
drift due to the coil collimation issue becomes more critical for
the applications of ICP monitoring since the implanted coil an-
tenna is invisible. In general, passive wireless ICP measurement
setups require precise alignment between the coil antenna of the
reader and that of the sensor because the system’s frequency
response is a strong function of its inductive coupling strength
[33]. This represents a critical obstacle in clinical practice, as the
complicated alignment system not only hinders the mobility of
patients, but also brings discomfort. On the other hand, battery
enabled wireless ICP monitoring systems [34], [35] may also
suffer from mandatory surgeries for maintenance within their
short lifetime, which yields increased risk of hemorrhage or in-
flammatory responses [36]. Besides, the relatively large volume
of implanted devices and chemical compositions of batteries are
potentially harmful to human organs and tissues.

We herein propose an accurate, continuous biotelemetric
technique for wireless and batteryless ICP monitoring by means
of tracing loci of exceptional points (EPs) of the non-Hermitian
open system with loss and gain. Our method can address the
longstanding challenge, i.e., questionary robustness against the
coil-antenna misalignment. The system is made of an active
reader (—R, L, C oscillator) and a passive implantable sensor
(zR,zL,C/x oscillator, where x is the scaling factor), as
shown in Fig. 1(a). The proposed system is symmetric with
respect to the combined parity (P)-time (7)-reciprocal scaling
(X) transformation [37]-[40], with its equivalent circuit model
shown in Fig. 1(a). By carefully choosing the impedance values
of each element in the PTX-symmetric circuit, unidirectional
reflectionless properties can be obtained at EPs, which can
be seen as spectral singularities in the parameter space of

the system. Besides, EPs can respond sensitively to the
perturbations, such as the pressure-adjusted resistance in the
ICP sensor (which is equivalent to a variable RLC oscillator
[Fig. 1(a)]), thereby enabling high sensitivity and detectability.
Moreover, the simultaneous existence of a pair of EPs may allow
for compensation of coil misalignment without the need of any
sophisticated collimation instrumentation. In the following,
we will present theoretical analysis and in-vitro experiment to
demonstrate the effectiveness and robustness of the proposed
wireless ICP measurement. In our in-vitro demonstrations, a
passive wireless ICP sensor comprising a compact coil antenna
and an on-chip piezoelectric pressure sensor [Fig. 1(b)], is
contactlessly interrogated by an active reader. Here, a composite
structure formed by a thick acrylic board and adipose tissues are
placed in-between the reader and the sensor, in order to mimic the
effect of human skull and skin, as shown in Fig. 1(c). Although
this work mainly focuses on real-time ICP monitoring, the
proposed telemetry concept can be applied to other wireless im-
plantable biosensor systems for physiological status monitoring.

II. RESULTS AND DISCUSSIONS
A. Theory of PTX-Symmetry Enabled ICP Monitoring

Fig. 1(a) depicts the equivalent circuit model of the PTX-
symmetric biotelemetry system comprising inductively coupled
oscillators, namely the active reader (—R, L, C resonant tank)
and the passive sensor (xR,xL,C/x resonant tank), where
the scaling factor x is positive and real. Here, the equivalent
resistance of the pressure-tuned piezoresistive transducer Ry =
x(R + Zp) and the reader has a negative resistance element (e.g.,
negative resistance converter or NRC) connected in series to
the radio frequency (RF) signal generator with characteristic
impedance Zj. This two-port network in Fig. 1(a) is a non-
Hermitian electronic system, which follows the PTX-symmetry,
namely the system is invariant under the combined parity trans-
formation P (V} <> V4), time-reversal transformation T (¢ —
—t), and reciprocal scaling X (V; — V2V, Ve — x’l/QVQ),
where V;(V3) corresponds to the voltage across the terminals
[39]. Such a system is known to counterintuitively enable exotic
physical features, such as EPs where the system experiences
phase transitions and coherent perfect absorber-laser (CPAL)
points [41]-[47]. The scattering responses of a two-port network

can be described using the scattering matrix S = | Tt rf ], which
L

relates incoming and outgoing voltage signals (V= and V5") as:
(Vi Vo) T =S(V;F,Vy)T, where 71, rg, and t respectively
stand for reflection coefficients seen looking into left and right
sides of the network and the transmission coefficient (see Ap-
pendix A for the explicit expression of S). We should point out
that S is independent of the reciprocal scaling factor x. When
x =1, the system would degenerate into the PT-symmetric
system [48]-[50]. We note that = offers great flexibility in
designing the telemetry system. The phase transition in the
PTX-symmetric system can be understood from the evolution
of eigenvalues of S, A+ = (b+ ,/c;¢")/2a [see Appendix A
for the expressions of a, b, and c. ], with the sensor’s effective
Q factor v = R~\/L/C (i.e., non-Hermiticity in PTX system)
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Fig. 2. (a) Contours of eigenvalues as functions of angular frequency w (in
unit of the natural frequency wqp) and effective Q-factor of the sensor ~y for
the two-port PTX-symmetric network in Fig. 1(a) under x = 0.45; here, the
ratio of the absolute resistance in the reader to the characteristic impedance of
the port n = 1.5. (b) Contours of eigenvalues as functions of w and x under
v = 4.88. Magnified views of eigenspectra in (a) and (b) are presented to
illustrite exceptional points (zeros in the reflection transfer function); here,
(z2,23) and (21, 2z4) highlighted by colored points correspond to zeros in
reflection transfer function 71, (rg), respectively.

and the coupling coefficient k = M/+/L(xL), where R = nZ,
M is the mutual inductance between two coil antennas and L is
self-inductance of coil antennas. As seen in Figs. 2(a) and (b),
when the Q factor v and the coupling strength x are varied, the
eigenvalues of S experience clear transitions from unimodular
ones (exact symmetry phase) to nonunimodular ones (broken
symmetry phase) at EPs where the eigenvalues and eigenstates
coalesce. There is another type of spectral singularity where zero
and infinite eigenvalues would co-exist, as seen in Figs. 2(a) and
(b); while A = 0 presents coherent perfect absorption (CPA),
A_ = oo results in the lasing effect with bidirectional gigantic
reflection [43], [51], [52]. Such a singularity existing in the
broken symmetry phase is named as the CPA-laser (CPAL)
point. From the circuit analysis perspective, it is convenient to
use zeros and poles in unit of the natural frequency of a lossless
tank wy = 1/v/LC to describe the EPs and CPAL points, given
by:

1— 29262 + /1 — 49262 + 4riy2ed
2923 (s% 1) ’
(1a)

21,2,3,4 = two

—s+ + /sy — A

4 b

P1,2,3,4 = Wo (1b)

where £ = 1/(1 + 1~ 1) [see Appendix B for explicit expression
of poles in (1b)]. From the inset of Figs. 2(a) and (b), we find

that the system has four zeros, and among them, z; and z4
correspond to the EPs highlighted by red circles in Figs. 2(a) and

d) k-os

E
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Fig. 3. (a) (b) Loci of exceptional points as a function of y (a) and x (b). (c)
Measured (solid lines) and calculated (dotted lines) reflection coefficients rp,
under different coupling strengths «, with v = 4.62; excpetional points or zeros
(in unit of wg = 27 x 73.12 x 10%[rad/s]) obtained from the measurement
results are presented in (a). (d) Measured (solid lines) and calculated (dotted
lines) reflection coefficient 7, for different values of «y; here k = 0.45; zeros
obtained from the measurement results are presented in (b).

(b), which resultin reflection dips (i.e., g = 0) when an RF gen-
erator is connected to the right port. We note that poles, although
being of less interest for telemetric sensing due to linearity and
stability issues, could be beneficial for design of oscillators and
resonators. Figs. 3(a) and (b) present the calculated contours of
223 as a function of v and ~ with measurement results (dots).
It is seen from Figs. 3(a) and (b) that zeros arise after critical
points, v and k7, given by:

1+t [14+1-r2
vE = —1 ; (22)
K 2
14+ n)y/42n2 — (1
Hci:( mVA4y*n? — (1£n) (2b)

2v2n?

We note that under a fixed & the first (second) kind of unidirec-
tional reflectionless property, 7, = 0 and rp # 0 (rr, # 0 and
rr = 0) is obtained when v > v (7 > ~.). Similarly, under a
fixed v, the first and second kinds of unidirectional reflectionless
are obtained when Kk > nj and kK > K, respectively. Hence, the
PTX-telemetric system can work effectively when v and x are
higher than the critical values presented in Egs. (2a) and (2b).
More importantly, we know from Egs. (1) and (2), and Fig. 2
that the unique pair of zeros (z2 3 and/or z1 4) is resulted from a
specific set of (v, k). Hence, by tracking the loci of zeros (i.e.,
resonance frequencies where the dips appear in the reflection
spectrum) and applying the values to Eq. (1a), one may be able
to retrieve the information of v related to the sensor information
and the inductive coupling strength related to coil alignment
and displacement. Since the values of inductance and capac-
itance of the implantable sensor are pre-known, the pressure
information encoded in changes of the resistance can be known
(y = R~1/L/C). On the contrary, conventional wireless RLC'
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sensor systems [53]-[56] exploiting the passive coil-antenna
reader typically exhibit a single weak resonance that depends
on both 7 and k. Since different (v, ) could result in the same
resonant frequency and spectral lineshape, it is therefore difficult
to extract the exact value of «y. Such a longstanding issue in
passive wireless pressure monitoring system may be addressed
by the proposed approach, as it provides an accurate and ultra-
robust sensor data acquisition, independent of displacement and
alignment between the two coils.

For the circuit shown in Fig. 1(a) with z = 4.8, Figs. 3(c)
and (d) plot the calculated (dashed lines) and experimentally
measured (solid lines) reflection spectra for the highlighted
points in Figs. 3(a) and (b). Here, the reader is connected to a vec-
tor network analyzer (VNA; N5242B, Keysight Technologies.
Inc) for measuring the scattering parameters. All the lumped
components in the circuit are properly selected such that & > x 1
andy > v (see Appendix C for details of experimental setups).
We find that the evolution of the lineshapes in the reflection
spectra (rr,) is varied by -, with a trend following Eq. (1a),
i.e., zeros or resonant reflection dips would rapidly bifurcate
around the critical value ;7. Similar effects are also observed
around /ij, when k is swept under a fixed ~y. Further, there is a
good agreement between measurements and theoretical results.
Noticeably, under a particular set of condition, there exist two
unique zeros in the reflection transfer function 7, and thus, the
exact values of (+y, ) can be obtained by mapping the measured
zeros to contours presented in Fig. 2. As a result, the PTX-
symmetric telemetry method may enable accurate and robust
data transmission, by means of direct observation of loci of two
EPs (zeros), which reflect both the sensor impedance informa-
tion and the coil alignment condition. In practical short-range
biotelemetry, the reader is usually connected to a frequency
synthesizer (e.g., VNA with input impedance Z;), while the
passive sensor is terminated by a load resistance (which may
be contributed by the sensing or transducing device and thus
be variable), as illustrated in Fig. 1(a). To make the above
two-port network model valid also in analyzing the system’s
scattering properties, the equivalent resistance of the sensor is
decomposed into two components, Ry = xR + xZ, where x 2
is the scaled input impedance of a “virtual” port assumed here
to maintain the PTX-symmetry condition [see Fig. 1(a)]. In this
setup, the VNA can continuously acquire reflection coefficient
r1,, whose spectral response allows us to find poles and zeros,
necessary for retrieving the sensors’ internal information (vy)
and the reader-sensor coupling rate (x). For a system initially
working near the critical value v, a slight resistive perturbation
AR introduced by, for example, the bioimplant will break the
scaled symmetry between the absolute total resistance in the
reader and sensor tank circuits (i.e., x| — R| # Rs — xZ) and
thus the unidirectional reflectionless phenomenon disappears.
The absolute value of negative resistance on the reader side must
be adjusted appropriately to reconfigure the system back to PTX-
symmetry, which is determined by observation of two distinct
resonant dips (zeros) in the measured reflection spectrum. Once
the value of + is retrieved using Eq. (1a), with the pre-known
capacitance of mounted capacitor C'//x and self-inductance of

coil 2L on the sensor, the exact value of sensor resistance can
be obtained.

B. In-Vitro Wireless ICP Monitoring

We have conducted an in-vitro experimental demonstration of
PTX-symmetric biotelemetry system for continuous, real-time
ICP monitoring, with the setup shown schematically in Fig. 1(c).
The wireless and batteryless ICP sensor [see the inset of
Fig. 1(b)] is composed of a micro-coil antenna with inductance
Ly ~ 1210[nH] loaded with a capacitor with capacitance Cs ~
4[pF] (C1005NP01H040C050BA, TDK Corporation) and a
piezoelectric transducer (FSRO1CE, Ohmite) fabricated using
flexible printed circuit board (FPCB) technology. The equivalent
resistance of the sensor is Ry = x(R + Z), whose dependency
on the applied pressure is shown in Fig. 1(b), and x = 4.8.
The reader is composed of a spiral coil with inductance L, ~
252[nH], an NRC with impedance —R and a chip capacitor
with capacitance C,. ~ 18.8[pF] (CGA2B2C0G1H180J050BD,
TDK Corporation), which are in series combination. The reader
is connected to the VNA with characteristic impedance Zp =
50[€?]. In order to mimic the rise of ICP, the wireless ICP
sensor is placed at the bottom of a reservoir filled with different
volumes of deionized water [see details in Appendix C]. In
addition, an acrylic board and a piece of adipose tissue, re-
spectively mimicking skull and human organ tissues, are placed
in between the reader and the sensor. In the initial stage, the
resistance of the reader should be tuned to Rr = —(R + Zp).
When the volume of water in the reservoir increases, the ex-
ternal pressure P imposed on the piezoelectric transducer will
increase, which in turn reduces its effective resistance by AR
(ie., Ry = #(R+ Zy) — AR), with results shown in Fig. 1(b).
In order to maintain PTX-symmetry, the equivalent resistance
of the NRC on the reader must be adjusted accordingly to:
Rr'= —(R+ Zy — AR/z), achieving a scaled resistance but
opposite sign compared to the resistance of the implantable
sensor. For simplicity, we assume R = 0 and thus the NRC can
be removed. By that means, the reader should be mounted with
a variable resistor (trimmer; PVG3G500C01R00, Bourns Inc.)
with resistance R; = AR/x. Under zero initial pressure (i.e.,
empty water tank), the sensor resistance Ry = xZy = 240][(}]
and v = 4.62. Here, the wireless ICP monitoring system is
carefully designed so that v > ~., ensuring that during the
in-vitro experiment, two EPs-related reflectionless points can be
achieved in the spectrum. During the measurement, the cranial
pressure could increase the value of v and the trimmer must
be tuned manually or via programmable controller to detect the
EP frequencies that result in the reflectionless property. Fig. 4(a)
reports the measured reflection coefficient 7, under applied pres-
sure P = 11[mmHg], which results in a corresponding reduc-
tion in sensor’s resistance by AR = 59.5[Q] [see Fig. 1(b)]. Itis
seen from Fig. 4(a) that the resonant lineshape in the reflection
spectrum is sensitively determined by the trimmer resistance
R; in the reader, and two reflection dips (i.e., 25 and z3) are
obtained when R, = AR/x = 12.4[Q] (which makes the PTX-
symmetry condition valid). When R; < AR/xor Ry > AR/x,
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Fig. 4. In-vitro analysis for the PTX-symmetric wireless ICP monitoring

system. (a) Reflection coefficient rj versus frequency under pressure P =
11[mmHg] (Rs = 180.5[€2] or AR = 59.5[Q2]), varying the trimmer resis-
tance R; in the reader. When R; =~ AR/xz, two reflection dips emerge as
PTX-symmetry is obeyed. (b) Evolution of real and imaginary parts of zo and z3
as a function of Ry. Purely real zo and z3 are obtained when Ry ~ AR/x.
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Fig. 5. (a) Experimental measurements of reflection spectra when applied the
same pressure with (red solid) and without (blue dashed) adipose tissue and
acrylic board placed in-between two coil antennas. (b) ICP measurement under
different temperatures.

the resonant disappear due to the destruction of PTX-symmetry.
In all measurement, the distance and azimuth between the cen-

ters of two coil antennas are fixed to d = (0,0, 2)[mm]. Once
the reflection dips (zeros) are obtained, the value of R; in the
reader can be exploited to deduce the ICP-induced resistance
change in the sensor AR. Fig. 4(b) presents the loci of real
and imaginary parts of zeros under the variation of R;, under
pressure P = 11[mmHg] (Rs = 180.5[€2]). We find that when
R, = AR/x = 12.4[Q], two EP-related zeros in the reflection
transfer function are purely real, which correspond to reflec-
tionless dips in Fig. 4(a). By applying the measured real zeros
in Fig. 4(a) (22, z3) = (0.86, 1.37)[wo] to Eq. (1a), the Q factor
and coupling strength can be obtained as: (v, k) = (6.14,0.45),
where wy = 27 x 73.12 x 10%[rad/s]. Although the measured
real zeros could be different for each sensor telemetry (due to
the change in the position of the portable reader and the corre-
sponding k), the retrieved pressure value should be consistent,
as will be discussed later.

Moreover, we find that the existence of organ tissues and
skull will not affect the sensitivity and resolvability of the
proposed ICP monitoring system. Fig. 5(a) compares the mea-
surement results with and without the adipose tissue-acrylic
structure under the same applied pressure and the same the
coil alignment condition. It can be seen from Fig. 5(a) that the
adipose tissues almost have no effect on the measured reflection
spectrum, and both resonance frequencies do not shift. This
representative example illustrates that this magnetically-coupled
wireless ICP monitoring system is reliable even the sensor is
embedded in lossy dielectric samples (i.e., biological tissues).

(a) Pressure [mmHg] (b) Pressure [mmHg]
0 0 55 74 92 11 16.55 2 0 55 74 92 11 16.55
N
LN
5 AN — 44" = .
2 8 g N )
2 10 AN S CRE :
o S = : D=
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Fig.6. Comparison of in-vitro experimental results for the PTX-symmetric and
traditional biotelemetry methods. (a) Recorded R; at exceptional points under
different applied pressures and in different wireless interrogation scenarios; here,
wired measurement was also conducted to measure the resistance change AR
in the sensor. We note that the R; versus AR curves are almost overlapped,
showing a slope of 1/4.8. (b) Amplitude of reflection coefficient versus applied
pressure at the resonant frequency (fo ~ 76.25[MHz]|) measured using the
traditional passive coil antenna; here, the wireless ICP sensor and interrogation
scenarios are the same as those used in (a). As usual, the measurement results
display discrepancy among different coil alignment conditions.

Fig. 5(b) presents the measurement results obtained at different
temperatures, such as the indoor/outdoor room temperature and
body temperature. It is seen that the results are insensitive to
temperature changes and, thus, the system is suitable for organ
pressure/vital signs monitoring. We should also mention that the
sensitivity of the proposed ICP monitoring system is determined
by the piezoresistive pressure transducer, which, in our design, is
~6.25[2/mmHg][see Fig. 1(b)]. The sensitivity can be further
improved by replacing the commercial pressure transducer with
the optimum in-house pressure sensor.

A portable reader ideally offers convenient, continuous and
real-time wireless monitoring. However, it is quite difficult to
precisely control its position during each interrogation. To illus-
trate the robustness and reliability of the proposed alignment-
and positioning-free biotelemetric technique, Fig. 6(a) presents
the measurement results for four different reader-sensor coil
positions dy, do, d3, and d4, which considers both vertical and

horizontal coil misalignments. In the first case (dj ), the two coils
are separated by a 1.57 mm-thick acrylic board and a0.5 mm-

thick adipose tissue, while for the rest cases (d27 d3, and d4)
only the adipose tissue is considered. The range of applied
pressure is 0~ 16.5[mmHg], which is similar to normal human
cranial pressure fluctuations (10 ~ 15[mmHg]). Our experimen-
tal results in Fig. 6(a) show that all measured R; versus AR
curves have the same slope of 1/x, showing that the proposed
telemetry is robust to misalignment and displacement between
the reader and the sensor coils. To quantitatively validate the
robustness of our system, we set the data point with maximum
deviation considering the coil misalignments as:

R—-FR

Robust =(1-
obustness < ‘ 7

>x1m%, 3)

where R is the exact resistance of sensor and R’ is deviated
resistance of sensor obtained from the measurement. The results
reported in Fig. 6(a) shows that the robustness can be 98.17%.
Itis also worthwhile mentioning that the scaling factor used in
the PTX-symmetric system may offer additional design flexibil-
ity in selecting transducers with a diverse range of resistance
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TABLE I
ICP MONITORING SYSTEMS PERFORMANCE SUMMARY

Publications TBCAS [31] JSSC [32] TBCAS [33] Nat. Comm. [16] This Work
Measuring Range -20-150 0-20 0-40 0-100 0-20
(mmHg)
Operating Frequency 416 MHz - 35M-2.7 GHz ~5GHz ~100 MHz
Size (mm) 24x19x8 2.2x2.6 10x10 2.5x2.5 20x30
. Capacitive Capacitive . . .
Algorithms change change Frequency Shift Frequency Shift Frequency Shift
Power Supply Method Battery Battery Batteryless Batteryless Batteryless
Robust Against Coil
- - No No Yes

Misalignment

and sensitivity. A single, multi-purpose reader may be used
to interrogate multiple bioimplants in human organs (which
have different R, L, and C values to suitably sense different
internal organ pressures). For making a comparison, we also
use the conventional coil antenna reader [57], [58] to perform
the in-vitro experiments in Fig. 6(b), where the pressure-induced
resistance variation is monitored based on the amplitude changes
at the resonant frequency (fo &~ 76.25[MHz]) [see Appendix D
for detailed setups]. Fig. 6(b) reports the measurement results
obtained with the conventional near-field measurement method
that tracks the resonant frequency shift. Itis seen that there exists
alarge discrepancy in the measured resonance frequencies under
different coil alignment conditions. This is because in conven-
tional short-range passive biotelemetry, the resonant frequency
shift, modulating the amplitude and/or phase of reflection co-
efficient, highly depends on the inductive coupling strength
[59]. This generally renders misleading data interpretation and
questionable reliability. In conventional near-field probing sys-
tems, the robustness can be defined by replacing R and R’ in

Eq. (3) with the expected resonance frequency f(achieved at d =
(0, 0,2)[mm]) and the measured second resonance frequency f”,
respectively. The result shows the robustness is 58.33%, which,
when considering the portable reader and the patient’s possible
mobility, is rather impractical for the wireless ICP measurement.
Moreover, we also include a comparison among different current
state-of-art of designs of the ICP monitoring systems in Table I. It
can be seen that the traditional passive wireless ICP monitoring
systems cannot provide such robustness. On the contrary, the
proposed PTX-symmetric wireless ICP monitoring system can
fundamentally address this issue, thus paving a promising way
towards robust, alignment-free passive biotelemetry. We note
that although this work focuses on the wireless ICP sensor,
similar concept can be readily applied to other implantable
sensor, such as intraocular pressure (IOP) sensors and blood
pressure sensor. Finally, we note that when implementing our
wireless pressure monitoring system to the above applications,
biocompatible materials [60] should be used for protecting the
physical system and the human body, ensuring a prolonged
lifetime.

III. CONCLUSION

We have proposed and conducted the in-vitro study for a
new PTX-symmetric biotelemetry system, which may allow

for continuous, real-time wireless ICP monitoring. Unlike con-
ventional biotelemetric systems [14], [16], [18], the proposed
method does not require complicated alignment and positioning
of coil antennas, thus significantly improving the robustness,
reliability and convenience. Specifically, the reflection transfer
function (i.e., exceptional points) that can be related to the sen-
sor’s effective quality factor and the inductive coupling between
the sensor and reader coils. We have theoretically proved that the
uniqueness found in the loci of exceptional points may guarantee
the successful retrieve of the sensor’s information and inductive
coupling condition. Moreover, the reciprocal scaling operation
may offer additional degree of freedom in design of sensors
and readers. Our in-vitro experimental results clearly show that
the PTX-symmetric wireless ICP monitoring system can have
radically improved sensitivity and reliability, particularly for
its outstanding tolerance for misaligned coils, when compared
with the conventional wireless ICP monitoring [14], [16], [18].
The proposed biotelemetry technique may be beneficial for a
wide range of wireless wearables and bioimplants widely used
in critical healthcare, vital signs monitoring, and tracking of
postoperative recovery.

APPENDIX A
SCATTERING CHARACTERISTICS OF PTX-SYMMETRIC SYSTEM

The scattering matrix S can be obtained using the transfer
matrix method [61] as:

o= [, 7]-2[4 5]
a="b+4d—2jynw —w?(n —1); (4b)
b=2jynw’;d =y’ n’2w? — 1+ (&? = D]y (@40
cr =d—wi(n=E1). (4d)

here, time harmonic notation of e/“* is adopted throughout this
paper.
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APPENDIX B
EXPLICIT EXPRESSION OF POLES IN REFLECTION
TRANSFER FUNCTION

In this system, poles are solutions of a standard quartic func-

tion, given by:
—S4 + ’/S?l» - A (5 )
; a

4

P1,2,34 = Wo

se=a=x[®+4(p— 01— /@2)’1)]1/2; (5b)
A =8(usy +2a)/[0® +4(n— (1 — &%) Y% (50)
B (_1 _j\/g)[®+ (@2 _ P3)1/2]1/3
a 2
(<14 ,V3)P L
26+ (07— POV T 31— r2) Y
2 2 _ 2zt
P:3a +5 +;2(1 K?) ; (5¢)
2 2 3 2 _ _ .2yl
o _ 270 +9a%3+ 28 +5247(a A=K - (sp
2 1— 2v2
o= 8= 1N+ 27°n (5g)

n(K? —1) V2P (s — 1)

APPENDIX C
MEASUREMENT OF PTX-BIOTELEMETRIC SYSTEM

Our PTX-biotelemetric experimental setup consists of a piezo-
electric transducer as the bioimplant inductively interrogated
by an active reader using the FPCB technology, as shown in
Fig. 1(c). The piezoelectric transducer is made of a pressure-
tuned resistor, loaded with a micro-coil antenna and a chip
capacitor. The active reader comprises a —RLC' tank mounted
with a potential trimmer for adjusting the total resistance of the
tank and is connected to the VNA. A piece of acrylic board in
thickness of 1.57 [mm] along with a piece of adipose tissue in
thickness of 0.5 [mm] are placed in-between two coil antennas
for modeling realistic human skull and organ tissues. Two coil
antennas are held by micropositioners, which has three degree
of freedoms of manipulation, for mimicking the misalignment
scenarios in four different relative positions. The piezoelectric
transducer is initially placed on the bottom of an empty reservoir
corresponding to an ICP of P = 0[mmHg]. By adding deionized
water into the reservoir, the pressure P imposed to the trans-
ducer gradually increases, representing the increase of ICP. The
monitoring of this pressure, as the vital parameter of interest, is
achieved by tracking the loci of EPs from the measured reflection
spectrum in the VNA. In the experiment, the pressure range is
varied from O[mmHg] to 16.5[mmHg], covering the normal ICP
scale of an adult. Each measured point in Fig. 6(a) is an averaged
result from four measurements in total with an error bar applied.

When there is no pressure applied, the sensor coil antenna
is designed to be L, ~ 1210[nH]loaded with a chip capaci-
tor with capacitance Cy ~ 4[pF] (C1005NPO1H040C050BA,
TDK Corporation). The reader coil antenna is built to be L, ~

252[nH],seriesly connected with a chip capacitor with capaci-
tance C, ~ 4[pF] (CGA2B2C0G1H180J050BD, TDK Corpo-
ration) and a potential trimmer (PVG3G500C01R00, Bourns
Inc.) with the resistance in range of 0~ 50[€2], which is tuned to
be 0[Q?] initially. Such a circuitry allows the system having an
initial Q factor v = 4.62 > v and z = 4.8. Additionally, since
the lumped elements in the system keep unchanged during the
ICP monitoring, the resonant frequency of the PTX-symmetric
system is fo &~ 73.12[MHz]. The max pressure imposed on
the piezoresistive transducer is 16.5[mmHg], which leads to
v =T7.24 or AR = 86.4[€2], as shown in Fig. 1(b).

APPENDIX D
MEASUREMENT USING CONVENTIONAL WIRELESS SYSTEM

The ICP monitoring experiment presented by a conventional
passive wireless interrogation system makes use of the same
piezoresistive transducer. The sensor comprising an RLC' os-
cillator has the same micro-coil antenna being exploited in
the PTX-biotelemetric measurement setup, loaded with mod-
ified capacitance C' =~ 5[pF] (GCQ1555C1H5R1BB01D, Mu-
rata Electronics). Whereas the reader of the conventional wire-
less system is solely made of a micro-coil antenna with an
inductance L ~ 252[nH] seriesly connected to the VNA, which
leads to a signal weak resonance occurring at fo & 76.25[MHz]
for closing to the resonant frequency of the PTX-biotelemetric
system. The monitoring of the resistive change on the sensor tank
reflecting the pressure information is achieved by characterizing
the amplitude change at resonant frequency. The variation of
pressure is realized in the same way that being exploited in
PTX-biotelemetric measurement setup. In addition, to make a
fair comparison between these two biotelemetric approaches,
we perform the same four relative positions between the centers
of two coil antennas as exploited in the PTX-biotelemetric
measurement setups to investigate the influence of coil mis-
alignments. As can be seen from Fig. 6, the amplitude change at
resonant frequency is significantly altered by the misalignment.
Finally, each data point in Fig. 6(b) is also an averaged result
from four measurements in total.
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