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Implanted wireless sensors can be used to continuously measure 
a person’s internal physiological state. A key architecture for 
clinical sensing devices is the inductor–capacitor (LC) sensor, a 

class of wireless and battery-free devices that convert physiologi-
cal quantities into resonant frequency shifts that can be measured 
externally by an inductively coupled reader1–5. Over the past two 
decades, advances in microelectromechanical systems (MEMS) 
technology have enabled the development of microscale capaci-
tive sensors capable of measuring a range of parameters (including 
pressure, temperature, drug dose and bio-analytes), as well as min-
iaturized inductors capable of resonantly tuning them5,6. However,  
the translation of these capabilities into minimally invasive devices 
for continuous physiological monitoring is currently hindered by  
the limited sensitivity of the external wireless reader. When the 
reader is placed near the sensor, the coupling κ between the reader 
and sensor inductors induces a change in the reader’s spectral 
response Δω, which must be measured to read out the state of the 
sensor (Fig. 1a). For an implanted microsensor, κ is strictly limited 
by the depth and small dimensions of the sensor, and induces a 
response Δω that falls below the detection thresholds for all exist-
ing reader architectures. A method to amplify the response of the 
reader Δω to a weakly coupled (κ ≪ 1) sensor could enhance the 
sensitivity of the reader and enable wireless readout of previously 
undetectable microsensors.

Exceptional points (EPs) are degeneracies in physical systems at 
which both the underlying eigenvalues and eigenvectors of the sys-
tem coalesce7. These points are distinct features of non-Hermitian 
systems that exchange energy with their environments8. Although 
originating from theoretical explorations of quantum mechanics, 
EPs have received significant attention in relation to photonics, 

acoustics and electronics because of the growing recognition that 
their emergence in systems with controlled gain and loss can dra-
matically alter the response of a system. In particular, systems biased 
at an EP have recently been shown to exhibit an amplified response 
to a small perturbation, an effect that can be exploited to design res-
onant sensors with greatly enhanced sensitivity9,10. Enhanced sensi-
tivity at an EP has been experimentally demonstrated in photonics 
using microcavity arrangements11,12 and multilayered structures13, 
and has been explored in a broad range of other geometries7. In 
electronics, EPs have been observed in parity–time (PT)-symmetric 
circuits14–16 consisting of an LC circuit with loss described by resis-
tance R coupled to an otherwise identical circuit with gain described 
by −R. Generalized arrangements of such circuits have been used in 
the context of LC sensing to greatly increase the sharpness of the 
spectral response and its sensitivity to changes in the sensor’s state 
within the unbroken PT-symmetry phase of the system17–19. Their 
use for enhancing the wireless readout sensitivity for weakly coupled 
sensors, however, is limited by the minimum coupling κ required 
to enhance the performance due to the vanishing response Δω = 0 
encountered when κ is near zero and the symmetry is spontane-
ously broken. Similar circuits have been extensively studied in the 
context of negative resistance oscillators20, although the existence of 
a special degeneracy and its use for enhanced sensing have not been 
recognized previously. These experimental investigations have also 
so far all relied on delicate manual tuning to bias the system at an 
EP. To realize enhanced sensitivity in dynamic environments, such 
as the human body, the physical system needs to be automatically 
operated and maintained at an EP.

In this Article, we demonstrate robust and sensitive read-
out of in  vivo LC microsensors using a reconfigurable wireless  
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system locked to an EP. Using linear systems theory, we develop 
a conceptual connection between wireless sensing and EPs, and 
show that the spectral response of the reader Δω biased at an EP 
follows a dependency of Δω ≈ κ2/3 that greatly amplifies its response 
to a weakly coupled (κ ≪ 1) sensor. We design a reader that exhib-
its an EP using reconfigurable LC circuits incorporating gain and 
loss in the arrangement shown in Fig. 1b. This architecture differs 
from standard readers (Fig. 1c) used in current clinical sensing 
systems, as well as a recently proposed PT-symmetric scheme17,19 
(Fig. 1d), in that the reader system exhibits a non-trivial, EP-type 
degeneracy when uncoupled (κ = 0) from the sensor (Fig. 1e). We 
develop a controller that can automatically lock the reader to such 
an EP, and demonstrate robust readout of in  vivo LC microsen-
sors (900 μm diameter), which are subcutaneously implanted in 
a rat, with sensitivity beyond the κ limit encountered by existing 
schemes (Fig. 1f and Supplementary Fig. 1a). We also perform 
wideband interrogation of LC sensors by varying the EP-locking 
frequency for readout of the resonant frequencies of single and 
multiple sensors.

Microsensor readout
Wireless interrogation of LC sensors is based on the linear response 
of the reader to a coupled sensor. We develop a general model of the 
wireless readout process using linear system theory to establish its 
conceptual connection to EPs. We begin by studying the response of 
the reader in a standard configuration in which the reader consists 
of a resonator with resonant frequency ω1 and loss rate γ1 that is 

coupled to a sensor with corresponding parameters ωs and γs. The 
system dynamics are given by the coupled mode equations

d
dt

a1
as

� �
¼

iω1 � γ1 �iκ

�iκ iωs � γs

� �
a1
as

� �
ð1Þ

where a1 is the amplitude of the reader, as is the amplitude of the sen-
sor and κ is the coupling rate. Equation (1) can be obtained directly 
from circuit analysis of a coupled pair of parallel RLC circuits using 
the admittance matrix approach following appropriate simplifying 
approximations (see Methods). Considering time-harmonic input 
signals eiωt into the reader, the response of the system is generally 
described by a transfer function of the form H(ω) = p(ω)/q(ω) 
where p(ω) and q(ω) are polynomials. This spectral response is 
governed by the complex frequencies satisfying p(ω) = 0, termed 
the zeros ω− of the system, and q(ω) = 0, termed the poles (eigen-
frequencies) ω+ of the system. For the system described by  
equation (1), the zeros and poles are given by

ω� ¼ ωs � iγs ð2Þ

½iðω1 � ωþÞ � γ1½iðωs � ωþÞ � γs � κ2 ¼ 0 ð3Þ

The readout process can be understood by considering how the 
positions of the poles ω+ evolve in relation to the zero ω− as the 
coupling strength κ increases. When the reader is uncoupled from 
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Fig. 1 | Implantable microsensor readout with a wireless system locked to an exceptional point. a, Illustration of wireless readout of an LC microsensor 
implanted in an animal. b, Schematic of the exceptional point (EP)-locked reader. Inset: an LC microsensor. c–e, Architecture of the standard reader  
(c), parity–time (PT)-symmetric reader (d) and EP-locked reader (e). Blue circles denote resonators with loss rates γ1 and γs and the red circles a gain 
resonator with gain rate g1. κ is the coupling strength of the sensor to the reader and μ is the coupling strength between the gain and loss resonators.  
f, Comparison of reader sensitivities. All existing readers have a response Δω that is at most κ, achieved by operating at a diabolic point (DP), whereas the 
EP-locked reader amplifies the response to microsensors, Δω ≈ κ2/3 (with normalized frequency ω = 1). The corresponding sensor diameter is shown for the 
configuration in b for a separation distance of 3 mm. Panels a and b courtesy of Zac Goh, iHealthtech, National University of Singapore.
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the sensor, κ = 0, at least one solution ω+ of equation (3) coincides 
with ω− given in equation (2). This results in a pole-zero cancella-
tion that removes ωs from the transfer function H(ω), preventing 
the sensor from being detected by the reader. For non-zero κ > 0, 
however, equation (3) yields solutions that are distinct from ω−: as 
κ increases, the pole is forced apart from the zero. The response of 
the reader to the sensor can therefore be defined as the width of the 
split Δω = |Re{ω+ − ω−}| between the pole and zero. Increasing Δω 
results in a larger dip in the amplitude/phase spectrum, resonance 
split or other spectral feature, which can enable previously unde-
tectable sensors to be wirelessly interrogated.

The sensitivity of the reader is determined by the dependence 
of the response Δω on the coupling parameter κ. The standard 
reader configuration consists of the architecture in Fig. 1c with 
the reader and sensor resonances set apart ω1 > ωs. Originally pro-
posed over five decades ago1, this readout scheme continues to be 
used in nearly all LC sensing systems. In this case, the solutions to  
equation (3) can be approximated as Δω ≈ κ2/(ω1 − ωs), revealing 
a sensitivity of Δω ≈ κ2 (Fig. 2a; see Methods). The splitting of the 
pole from the zero conveniently occurs near ωs, enabling direct 
measurement of the sensor’s resonant frequency, but results in poor 
sensitivity to microsensors owing to the square dependency on κ.

We show that a simple type of degeneracy can be used to increase 
the sensitivity up to Δω ≈ κ. If the reader and sensor resonances 
overlap ω1 = ωs and γ1 = γs, the poles associated with the reader and 
sensor become trivially degenerate when uncoupled from each 
other, κ = 0. On coupling, κ > 0, the solution to equation (3) reveals 
that the poles are forced apart at an enhanced rate of Δω = κ (see 
Methods). The repulsion between poles is well known in wireless 
power transfer as frequency splitting16 and is a generic effect in 
systems of coupled oscillators. This type of degeneracy is called a 
diabolic point (DP) and is distinct from an EP in that the eigenfre-
quencies, but not the eigenvectors, coalesce9. The reader circuit can 
be tuned to sweep ω1 across a range of frequencies to implement 

readout of the sensor state ωs. The sensitivity at the DP is the high-
est that can be achieved by the system described by equation (1),  
even if gain is incorporated in the reader. Solving equation (3) 
with the substitution γ1 → −g1 for gain reveals that the response is 
limited to Δω < κ and vanishes Δω = 0 when κ < γs (see Methods). 
The PT-symmetric arrangement is therefore insensitive to weakly 
coupled sensors (Supplementary Fig. 1a), although the sharpness 
of the spectral response and its sensitivity to changes in the sensor’s 
state can be enhanced when the coupling is sufficient κ > γs (ref. 17).

We now demonstrate that the sensitivity can be enhanced  
beyond the Δω ≈ κ limit by biasing the reader at an EP. To create 
such an EP, we use the PT-symmetric arrangement of LC circuits 
shown in Fig. 1e comprising resonators with gain g1, loss γ2 and 
internal coupling μ. The sensor acts as an external perturbation onto 
this reader circuit with coupling rate κ to both the gain and loss reso-
nators. The dynamics of the reader–sensor system are described by 
the equations

d
dt
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where a2 is the amplitude and ω2 is the resonant frequency of the 
loss resonator. The isolated reader exhibits an EP at the point in 
parameter space ω1 = ω2 = ω0 and g1 = γ2 = μ where the eigenvalues 
and eigenvectors of the system coalesce7. Assuming an input signal 
eiωt from the gain side, the response of the reader H(ω) has zeros ω− 
and poles ω+ given by the equations

½iðω0 � ω�Þ � μ½iðωs � ω�Þ � γs � κ2 ¼ 0 ð5Þ

ðω0 � ωþÞ2½iðωs � ωþÞ � γs � 2iκ2½ðω0 � ωþÞ þ μ ¼ 0 ð6Þ
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Fig. 2 | Readout mechanism and sensitivity enhancement at an EP. a–c, Topology of the real part of the eigenfrequencies ω+ for a standard reader with 
ω1 = 1.25 and γ1 = 0.01 (a), a DP reader with ω1 = ω2 = 1 and γ1 = 0.01 (b) and an EP-locked reader with ω1 = ω2 = 1 and g1 = γ2 = μ = 0.2 (c). The sensor 
parameters are ωs = 1 and γs = 0.01. d–f, Parametric evolution of ω+, denoted by crosses, on the complex plane for κ varying from 0 to 0.02. The circle 
denotes the position of the transfer function zero ω− for κ = 0. The magnitude of the response of the reader is defined by the width Δω.
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To show that the response of the reader is amplified at an EP, 
we set μ ≫ γs such that equation (5) yields a zero that is nearly 
stationary with increasing κ. Solving equation (6) in this regime 
reveals three eigenfrequencies that bifurcate with rate signifi-
cantly beyond the conventional κ limit, as shown in a numeri-
cal example in Fig. 2c. The result can be analytically verified by 
obtaining the Newton–Puiseux expansion for the solutions ω+ of 
equation (6), which reveals a leading term Δω ≈ κ2/3 (see Methods). 
Owing to this κ2/3 dependency, the response Δω is amplified for 
κ ≪ 1 (Supplementary Fig. 1b). The relative strengths of the cou-
pling to the gain or loss resonators do not affect this response 
(Supplementary Fig. 2).

Effective readout of the sensor depends not only on the sensi-
tivity of the response Δω but also on its resolvability. The resolv-
ability of the response is determined by the imaginary part of the 
eigenfrequencies Im{ω+}, where values closer to zero correspond to 
sharper features in the transfer function H(ω) (Fig. 2d–f). For con-
ventional readout schemes, the reader is constrained to be passive, 
γ1 > 0, which results in a strict resolvability limit set by the sensor 
loss Im{ω+} > γs/2. This limit can be overcome in the PT-symmetric 
scheme17 by introducing gain γ1 → −g1 into the reader that bal-
ances the loss g1 = γs. When κ > g1, optimal resolvability Im{ω+} = 0 
is achieved, although the sensitivity is slightly degraded, Δω < κ. 
However, in the regime κ < g1, the reader becomes insensitive, 
Δω ≈ 0, limiting the utility of this scheme for microsensors (see 
Methods). In contrast, the resolvability achieved by locking to an 
EP exceeds the passive limit Im{ω+} < γs/2, as shown in Fig. 2f. This 
enhanced resolvability does not require a concomitant decrease in 
sensitivity as the response follows a Δω ≈ κ2/3 dependency.

Wireless system design
We implemented the EP reader using the radiofrequency cir-
cuit shown in Fig. 3a,b. Two printed spiral inductors with induc-
tances Ln were fabricated on a printed circuit board and tuned 
using parallel digitally controlled capacitors Cn to resonant fre-
quencies ωn ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
LnCn

p
I

 (Supplementary Fig. 3). The separation 
distance between the inductors determines the internal coupling 
parameter μ ¼ ω1ω2M12=ð2ω

ffiffiffiffiffiffiffiffiffi
L1L2

p
Þ

I
, where M12 is the mutual 

inductance, while the coupling strength to the reader is given by 
κ ¼ ω1ωsMs=ð2ω

ffiffiffiffiffiffiffiffiffi
L1Ls

p Þ
I

, where Ms is the mutual inductance 
between the reader and sensor inductors. A negative impedance 
converter implements a negative resistance −R1 that results in a 
gain rate of g1 = −1/(2R1C1), while the loss rate γ2 = 1/(2R2C2) is con-
trolled by a digitally controlled variable resistor with resistance R2. 
As the component values can only be determined approximately, 
careful tuning is needed to balance them such that the reader oper-
ates at an EP.

We directly measure Δω by monitoring the steady-state oscil-
lation frequency of the EP reader. Due to the inherent nonlinear-
ity of the gain element, the reader reaches a steady-state oscillation 
in which one of the system modes grows and saturates the gain16.  
These steady-state solutions can be found from equation (6) by 
allowing the gain g1 to vary and searching for solutions with purely 
real eigenfrequencies Im{ω+} = 0 (see Supplementary Information). 
Although multiple solutions are possible, the mode requiring the 
least gain g1 grows and prevents the other modes from being accessed. 
These steady-state solutions for the EP reader retain the split-
ting characteristics Δω of the underlying system (Supplementary  
Fig. 4) and provide a direct means to measure the poles of the  
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transfer function20. Furthermore, the gain corresponding to these 
solutions exactly balances the loss g1 = γ2 as long as strong coupling 
μ ≥ γ2 is maintained, enabling operation at an EP without any fine-
tuning of the gain.

The reader circuit is tuned by a controller that locks the circuit 
at an EP using the steady-state oscillation frequency ω as feedback. 
The controller is based on the phase transition that occurs in a per-
fectly tuned (ω1 = ω2) circuit as the system crosses an EP and changes 
from the unbroken PT-symmetry phase to the broken PT-symmetry 
phase. We designed an algorithm to iteratively tune ω1 closer to ω2 
by maximizing the abruptness of this phase transition measured as 
the rate of frequency bifurcation as the reader’s loss rate is swept 
across the point γ2 = μ (see Methods and Supplementary Fig. 5). 
Figure 3c shows the evolution of the oscillation frequency ω as ω1 is 
brought progressively closer to ω2 by tuning the variable capacitor. 
At the EP, the system exhibits a clear phase transition at the point 
γ2 = μ that vanishes for even slight detuning by 0.05%. The conver-
gence frequency ω0 can be arbitrarily set, enabling the sensor to be 
interrogated at multiple frequencies.

We characterize the sensitivity of the EP-locked reader by vary-
ing the distance between the reader and an LC sensor (15 mm 
diameter). For comparison, we also measure the splitting Δω for a 
DP reader obtained by removing the gain side of the reader while 
leaving the separation distance unchanged. The coupling strength κ 
at each separation distance was obtained through full-wave simu-
lations of the inductor configuration (Supplementary Fig. 6) and 

validated for large κ by comparison with the measured width of the 
resonance splitting at the DP. Because the coupling is mediated by 
the magnetic field, κ is not affected by the presence of biological 
tissue. Figure 3d shows that the response of the EP-locked reader 
exhibits a κ2/3 dependence that amplifies the response up to 3.2 times 
beyond the DP limit that applies to all existing readout schemes. The 
resolvability of Δω is also enhanced by the incorporation of gain; 
the minimum detectable frequency shift is improved by 9.4 times 
compared to the smallest resolvable splitting at a DP. The overall 
detection limit, defined as the smallest κ that produces a detect-
able frequency shift, is lowered about 26 times from ~κ = 0.037 to 
κ = 1.4 × 10−3 (with normalized frequency ω = 1).

In vivo wireless sensing
We demonstrate wireless readout of microsensors (~900 μm  
diameter, Supplementary Fig. 7) implanted in a rat abdomen in vivo 
by locking to an EP. Figure 4a shows the computed tomography recon-
struction of the wireless readout configuration in which the reader is 
placed 1.5 mm above the skin, yielding a total separation distance of 
3 mm. The EP reader is unperturbed by proximity to biological tis-
sue owing to coupling via the magnetic field (Supplementary Fig. 8).  
The response Δω of the reader during continuous sensor read-
out over a duration of 18 s is shown in Fig. 4b. The EP-locked 
signal, arising from motion of the abdomen during respiration,  
closely tracks the reference signal and enables accurate mea-
surement of the subject’s breathing rate (~65 breaths per minute,  
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indicating proper maintenance of anaesthesia) (Fig. 4c). The 
enhanced sensitivity achieved by locking to an EP is essential to 
read out the microsensor. Ex vivo comparisons with the DP reader 
in Fig. 4d,e show that proximity to a larger 3-mm-diameter LC 
sensor embedded in porcine tissue could be detected by both the 
EP-locked and DP reader, but the microsensor falls below the detec-
tion limit of the DP reader. These results demonstrate sensitivity 
sufficient to wirelessly read out LC sensors less than a millimetre in 
size in physiological environments.

Complete readout of an LC sensor also requires measurement 
of its resonant frequency ωs. By integrating a capacitive sensor,  
for example, ωs encodes a physiological quantity that is invari-
ant to the coupling κ. We demonstrate wideband interrogation of 
LC sensors by tuning the EP frequency ω0 at which the reader is 
locked. Figure 5a shows that the sensor’s resonant frequency ωs can 
be detected by the peak in the response spectrum as the EP fre-
quency sweeps through the spectrum (Supplementary Fig. 9). Shifts 
in this resonant frequency induced by force on a capacitive pres-
sure sensor can be wirelessly measured with an error less than 0.05% 
(Supplementary Fig. 10).

The EP-locked reader can also simultaneously read out multiple 
sensors with distinct resonant frequencies. Two sensors with reso-
nant frequencies spaced 0.3 MHz apart can be distinguished within a 
single spectral readout (Fig. 5b). The linewidth of this resonance, aris-
ing from the intrinsic losses of the sensor, determines the frequency 
resolution of the sensor (minimum detectable difference in resonant 
frequency), but is unrelated to the sensitivity of the readout, which 
depends only on the resolvability and magnitude of the response.

Conclusions
We have demonstrated sensitive and robust interrogation of in vivo 
microsensors by locking a wireless system to an EP. The response 
of our reader to a microsensor is directly amplified by the Δω ≈ κ2/3 
dependency of the eigenfrequency topology at an EP, enabling 
enhanced sensitivity beyond the κ limit encountered by existing 
readout schemes. We use a phase-transition-based controller to 
operate a reconfigurable circuit at an EP and maintain enhanced 
sensitivity to interrogate microsensors in a physiological environ-
ment. We also show that this EP-locking strategy allows wideband 
sensor interrogation for measurement of the resonant frequencies 
of single and multiple sensors.

Greater sensitivity can potentially be achieved by reducing the 
oscillation noise when locked at an EP, which is currently dominated 
by circuit parasitics and the stability of reconfigurable components. 
In particular, we employed a generic wideband operational ampli-
fier that can be optimized for the narrow frequency range needed 
for sensor readout. The detection limit of our reader is primarily 

limited by the tuning precision of the controller. Detuning of ω1 and 
ω2 induces a baseline bifurcation proportional to |ω1 − ω2|1/2 that 
limits the smallest Δω that can be detected. The tuning precision is 
currently limited by the discrete step size of the variable capacitors, 
and can be further improved by incorporating more precise tun-
able elements or analogue tuning circuits. Higher-order EPs have 
also been shown to provide even greater sensitivity enhancement11 
and can potentially be achieved with more complex arrangements 
of resonators.

EPs also exist in systems of coupled resonators with unbalanced 
gain and loss or with no gain and different loss rates7. A brief analy-
sis shows that the Δω ≈ κ2/3 sensitivity of the reader also exists at 
this type of EP, although the resolvability of the response is reduced 
(Supplementary Fig. 11). Such unbalanced systems could poten-
tially be exploited to enhance the readout of high-loss sensors. The 
fundamental limits of sensitivity enhancement at an EP remain an 
open area of investigation. Recent studies have pointed out that 
the amplification of the signal at an EP is also accompanied by an 
increase in noise, and they provide different estimates for the quan-
tum limit of the signal-to-noise enhancement21–24. These analyses 
suggest alternative methods for achieving sensitivity enhancement, 
such as the use of measurement protocols not based on detection of 
frequency splitting23 or exploitation of non-Hermiticity and non-
reciprocity properties without EPs24. In our experiments, we indeed 
observe increased noise at an EP (Fig. 3d), although the overall 
signal-to-noise ratio is still greatly enhanced. The application of 
such techniques to approach the theoretical bounds of sensitivity 
for wireless sensing remains an important direction for future work.

The ability to wirelessly read out implanted LC microsensors 
could be used to develop advanced health monitoring systems. The 
compatibility of the approach with minimally invasive implanta-
tion techniques, such as needle-injection, could allow safe and 
practical measurement of parameters such as glucose, bioelectrical 
activity and blood chemistry under the skin when integrated with 
miniaturized sensors. LC microsensors may also be designed to be 
bioresorbable to eliminate the need for retrieval25,26. By integrating 
readers with exceptional sensitivity and robustness into a wear-
able device, these measurements may be performed continuously, 
enabling monitoring during daily activities.

Methods
Coupled-mode equations from circuit theory. We derive the coupled mode 
equations in equation (1) from standard circuit analysis. Consider an inductively 
coupled pair of parallel RLC circuits in which Vn are the voltages and IL,n the 
currents flowing through the inductors. The voltages and currents are related as
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Fig. 5 | Wideband interrogation of single and multiple sensors. a, Normalized response Δω as a function of the EP-locking frequency ω0 for sensors with 
varying resonant frequencies ωs. Dashed lines show experimental data and solid lines show Gaussian fits. b, Response of the EP-locked reader Δω as a 
function of ω0 in proximity to two sensors with resonant frequencies, indicated by the arrows, spaced 0.3 MHz apart.
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where Ln are the inductances and M is the mutual inductance. Applying Kirchoff ’s 
current law, we also have

IL;1 þ V1
R1
þ iωC1V1 ¼ 0

IL;2 þ V2
R2
þ iωC2V2 ¼ 0

ð8Þ

where Rn are the resistances. Combining equations (7) and (8), we obtain the 
balance equation

iωC1 þ 1
R1
� L2

iωðM2�L1L2Þ
M

iωðM2�L1L2Þ
M

iωðM2�L1L2Þ iωC2 þ 1
R2
� L1

iωðM2�L1L2Þ

 !
V1

V2

 
¼ 0 ð9Þ

The exact poles (eigenfrequencies) can be directly found by setting the 
determinant of the admittance matrix in equation (9) to zero and solving for 
the complex frequencies ω. This approach is equivalent to the Laplace domain 
analysis of the circuit if s = iω is instead taken to be the complex frequency. We 
now obtain a simplified approximation of equation (9) by normalizing the voltages 
as an ¼

ffiffiffiffi
Cn
2

q
Vn

I

 such that |an|2 is the energy stored in the capacitor. Defining the 
resonant frequencies ωn ¼ 1ffiffiffiffiffiffiffiffi

LnCn
p

I

, loss rates γn ¼ 1
2RnCn

I
 and coupling coefficient 

k ¼ Mffiffiffiffiffiffiffi
L1L2

p

I

, we rewrite equation (9) as
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We make the approximation k ≪ 1 and ω2
ω2
n

ω2 � 1
� �

� ωn � ω

I

, choosing to 

retain the positive frequencies. Equation (10) then reduces to

iðω1 � ωÞ � γ1 �iκ

�iκ iðω2 � ωÞ � γ2

� �
a1
a2

� �
¼ 0 ð11Þ

where κ ¼ ω1ω2
2ω k

I
 is the coupling rate. We use normalized frequencies ω = 1 

throughout this Article such that κ can also be interpreted as the coupling 
coefficient. Equation (11) is equivalent to the coupled-mode equations in  
equation (1) with time-harmonic voltages an(t) → aneiωt.

EP locking set-up. The reader consists of a PT-symmetric pair of gain/loss LC 
circuits in which a rectangular planar spiral inductor is resonated with a parallel, 
digitally controlled capacitor. The spiral inductors consist of 22 turns with a trace 
width of 130 μm and spacing of 130 μm fabricated on a FR-4 substrate, resulting 
in overall dimensions of 8.6 mm × 8.6 mm (Supplementary Fig. 3). The digitally 
controlled capacitor (NCD2400M, IXYS Corporation) was selected for its large 
tuneable range (12.5–194 pF) and high resolution (0.355 pF). The loss circuit was 
configured with a parallel digitally controlled potentiometer (AD5254, Analog 
Devices). The gain circuit was implemented with a negative impedance converter 
based on a high-speed operational amplifier (ADA4817, Analog Devices) acting as 
a negative resistance of −39 Ω in the linear region. The reader self-oscillates when 
the amplifier is connected to a ±3.3 V d.c. power supply. The oscillation frequency 
is monitored by a small inductive probe connected to an oscilloscope (MDO3012, 
Tektronix).

EP locking algorithm. The reader is locked to an EP using a controller 
implemented in LabVIEW. The input to the program is the oscillation frequency ω 
of the circuit, obtained through the LabVIEW interface of the oscilloscope, and the 
outputs are the settings of the variable capacitor and resistor on the loss side of the 
circuit controlled by an I2C interface. The program is initialized with capacitances 
set such that ω1 ≈ ω2 as determined by the peak in the reflection spectrum of the 
uncoupled resonators. The resonant frequency ω1 is then brought closer to ω2 by 
incrementing/decrementing C1 by ΔC iteratively as follows: (1) R2 is swept from 
a preset minimum to a maximum value, (2) the resistance R2 corresponding to 
the phase transition point γ = μ is located by the peak in the function |dω/dR2| 
and (3) if ω follows the upper branch, set C1 → C1 + ΔC, else set C1 → C1 − ΔC 
(Supplementary Fig. 5). The program converges when an increment/decrement ΔC 
causes dω/dR2 to change sign.

DP comparison set-up. The DP reader is implemented by removing the gain 
side of the EP-locked reader carefully so as not to change the separation distance 
between the reader and the sensor. To operate the reader at a DP, the capacitance 
is set such that the estimated resonant frequency of the reader and sensor are 
close, ω1 ≈ ωs. The reflection spectrum S11 is measured using a vector network 
analyser (N9915A FieldFox, Keysight Technologies) and the frequency splitting 
measured as the distance to the lower peak in the spectrum. The capacitance and 
resistance of the reader are fine-tuned to maximize the width of the splitting to 
ensure operation at a DP. A precision linear guide is used to measure the separation 
distance between the readers and sensor. Here, comparisons were performed for 
microsensors (900 μm diameter) and millimetre-scale sensors (3 mm diameter) 
embedded 2 mm deep in excised porcine tissue (Fig. 4d,e).

In vivo experiments. The microsensor was inserted above the diaphragm of 
an adult female Sprague–Dawley rat through a small skin incision made in the 
lower abdominal region. The rat was placed in the supine position and the reader 
positioned above the abdomen using a three-dimensional manual translation 
stage. A reference respiratory signal was obtained using a camera placed at the 
anterior end to monitor displacement in the transverse plane; the signal was 
obtained by computing the interframe difference of the recorded video. The rat was 
anaesthetized throughout the experiment with an injection of ketamine/xylazine 
(100 and 10 mg kg−1 of body weight, respectively) and maintained with isoflurane. 
The depth of the device from the skin surface was measured to be ~1.5 mm using 
a Vernier calliper and the reader–sensor separation distance was estimated to be 
3 mm from computed tomography reconstructions (Fig. 4a). One rat was used in 
these experiments as this was adequate to demonstrate reader performance. All 
animal experiments conformed to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health and the study protocol 
was approved by National University of Singapore Comparative Medicine.

Comparison with conventional schemes. Conventional LC sensor readout 
schemes can be described by the two-resonator model in equation (1). The 
transfer function has a zero placed at the complex resonant frequency of the sensor 
ω− = ωs − iγs (equation (2)) and two poles (eigenfrequencies) given by the solutions 
to equation (3):

ωþ ¼ 1
2
ðω1 þ ωsÞ þ iðγ1 þ γsÞ½ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
ðω1 � ωsÞ þ iðγ1 � γsÞ½ 2þκ2

r
ð12Þ

The performance of the three different schemes shown in Fig. 1f are as follows:
For the standard reader, the resonance of the reader is set away from that of  

the sensor ω1 > ωs such that it does not overlap with the resonance of the sensor. 
The response is maximized by setting γ1 = γs. The pole that splits from the  
zero is given by

ωþ  ωs �
κ2

ω1 � ωs
þ iγs ð13Þ

The sensitivity of this scheme is Δω ≈ κ2 and the resolvability is Im{ω+} = γs. 
Figure 1f shows the response for parameters ω1 = 1.25 and ωs = 1. For the DP 
reader, the reader’s parameters are set to ω1 = ωs and γ1 = γs. The corresponding 
eigenfrequencies are ω+ = (ωs ± κ) + iγs. The eigenfrequencies are degenerate when 
κ = 0 but not the corresponding eigenvectors. The sensitivity of this scheme is 
therefore Δω ≈ κ and the resolvability is Im{ω+} = γs. Figure 1f shows the response 
for parameters ω1 = ωs = 1. For the PT-symmetric reader, the loss is set to gain 
γ1 → −g1 and the parameters to ω1 = ωs and g1 = γs. The eigenfrequencies are

ωþ ¼
ωs ± i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2s � κ2

p
; κ<γs

ωs ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 � γ2s

p
; κ≥γs

(
ð14Þ

For weak coupling κ < γs, the reader is insensitive to the sensor Δω ≈ 0. 
However, when κ > γs, the sensitivity is Δω � κ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� γ2s=κ

2
p

I
 and the resolvability is 

Im{ω+} = 0. Figure 1f shows the response for parameters ω1 = ω2 = 1 and g1 = 0.01.

Numerical methods. The EP reader circuit was designed using Advanced Design 
System (Keysight Technologies) software. The coupling parameter κ as a function 
of the separation distance (Supplementary Fig. 6) was obtained from scattering 
parameters extracted from full-wave simulations (CST Microwave Studio). The 
evolution of the eigenfrequencies as a function of κ was obtained using the root 
solver in MATLAB.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

Code availability
Pseudocode for the EP-locking algorithm is provided in the Supplementary 
Information.
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