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Abstract

Harnessing parity-time (PT) symmetry with balanced gain and loss profiles has

created a variety of opportunities in electronics from wireless energy transfer to

telemetry sensing and topological defect engineering. However, existing imple-

mentations often employ ad-hoc approaches at low operating frequencies and are

unable to accommodate large-scale integration. Here, we report a fully integrated

realization of PT symmetry in a standard complementary metal-oxide semiconduc-

tor technology. Our work demonstrates salient PT symmetry features such as phase

transition as well as the ability to manipulate broadband microwave generation and

propagation beyond the limitations encountered by exiting schemes. The system

shows 2.1 times bandwidth and 30 percentage noise reduction compared to conven-

tional microwave generation in oscillatory mode and displays large non-reciprocal

microwave transport from 2.75 to 3.10 gigahertz in non-oscillatory mode due to

enhanced nonlinearities. This approach could enrich integrated circuit (IC) design

methodology beyond well-established performance limits and enable the use of scal-

able IC technology to study topological effects in high-dimensional non-Hermitian

systems.

1 Introduction

Symmetry is one of the most essential notions to influence the fundamental properties of physical

systems. Quantum systems whose Hamiltonians commute with a joint parity-time (PT) operator

(PTĤ = ĤPT ), possess a special kind of symmetry, known as PT symmetry. In general, open

quantum systems interacting with environments can be described by non-Hermitian Hamiltonians

which preserve complex eigenvalues. However, a system with PT symmetry possesses purely real

eigenspectra in certain regimes whereas the eigenstates are non-orthogonal to each other. Over the

past years, PT-symmetric systems featured with balanced gain and loss profiles have been studied

in optics [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15], optomechanics [16, 17], optoelectronics [18],

and acoustics [19, 20, 21], and initiated a number of exotic effects and applications including electro-

magnetically induced transparency [1, 2], coherent perfect absorption-lasing [3, 4, 5, 6], topological

light steering [7], single-mode lasing [8, 9, 10], ultrasensitive sensors [11, 12, 13], opto-electronic

microwave generation [18], and non-reciprocal photon [14, 15] and phonon [21] transmission.

Electronics has recently emerged as a promising field to study PT symmetry due to the flexibility

and reliability of controlling active and passive electronic resonators [22, 23, 24, 25, 26, 27, 28, 29, 30,

31]. Experiments have been reported on printed circuit boards [22, 23, 24, 25, 26, 27, 28, 29, 30] and

in microelectromechanical systems [31], showing robust wireless energy transfer [25, 26], enhanced
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telemetry sensing [31, 27], and topological effects [28, 29, 30]. However, these electronic platforms

are confined to low-frequency operation below a few hundred megahertz and are difficult to scale

to small physical dimensions and complex integrated structures. To explore and unleash the full

potential of PT symmetry in electronics, one must look beyond existing ad-hoc implementation

approaches. Integrated circuit (IC) technology–the leading nanotechnology for electronics, provides

a standard manufacturing process for flexible and customized designs that consist of millions of

nanoscale integrated devices. Its scalability in physical dimension enables ICs to be a powerful

platform that covers a wide applied spectra from DC to terahertz. It also supports integration of

complex three-dimensional structures [32], allowing one to extend a core electronic non-Hermitian

unit into higher-dimensional structures to study topological electronics [28, 29, 30]. Despite such

intriguing properties, IC technology is yet to be employed to realize PT symmetry, though gain,

loss, and their coupling effects do commonly exist there.

On the other hand, as has been shown in the field of optics and acoustics, PT symmetry can

provide enhanced ability in wave generation [18] and propagation [14, 15, 21], making it especially

attractive for IC technology. Effective implementations of these functionalities in the microwave

domain remain challenging in IC and the capability to exceed the conventional performance limits

has long been sought after. In particular, electrical non-reciprocal microwave transmission is highly

desirable for diverse on-chip applications [33], yet the existing approach that uses bulky and costly

ferromagnetic devices suffers from a number of drawbacks and is incompatible with semiconductor

fabrication process [34]. Advancing integrated magnetic-free non-reciprocal devices thus not only

demands breakthroughs in materials and fabrication technologies but also relies on our ability to en-

rich the arsenal of IC design methodology. PT-symmetric systems can break Lorentz reciprocity to

produce enhanced non-reciprocity in the presence of nonlinearity [35]. Such merit has been demon-

strated in acoustic wave [21] and light transmissions [14, 15], but remains unexplored in electronics.

Therefore, harnessing PT symmetry for broadband microwave generation and non-reciprocity with

chip-scale implementation is particularly appealing and represents immense potential.

In this Article, we report a fully integrated implementation of PT symmetry in a 130-nanometer

(nm) complementary metal-oxide-semiconductor (CMOS) technology, and use it to create wideband

high-quality microwave generation and broadband strong microwave isolation at gigahertz (GHz).

We demonstrate the PT symmetry phase transition feature on this scalable platform. With the dis-

tinctive gain-loss tuning freedom, we show that in oscillatory mode, our system exhibits a wideband

microwave generation from 2.63 GHz to 3.20 GHz with an average −120 dBc/Hz noise intensity,

achieving 2.1 times bandwidth with 70 percentage of phase noise compared to a baseline conven-
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Figure 1: Illustration and characterization of a fully integrated PT-symmetric electronic sys-
tem. a, The schematic diagram of the fully integrated PT-symmetric electronic system, where capacitive
coupling (CC) is used to connect two RLC resonators, one with gain −RG and the other one with equal loss
(RL). The two units can be coupled and decoupled by the switch SW. The forward transmission is defined
from gain side to loss side. b, A cross-coupled differential pair (XDP) is used in our design to generate
−RG0 which is defined as the reciprocal of the total small signal transconductance of the PMOS differential
pair and NMOS differential pair, i.e, −RG0 = −2/(gmp + gmn). c, The simulation results show that the
negative resistance −RG0 remains constant in a wide frequency range up to 10 GHz. d, Fully integrated
PT-symmetric electronic system. The chip is wire-bonded on a daughter printed circuit board (PCB), which
provides various control voltages and RF connectors for testing. A mother PCB supplies powers to the
daughter PCB. The fully integrated PT-symmetric electronic system is fabricated in a 130 nm CMOS whose
core area is 200×750 µm2.

tional oscillator. While in non-oscillatory mode, the intrinsic nonlinearity of the system is greatly

enhanced by PT symmetry, leading to 7∼21 dB non-reciprocal microwave transmission in a broad

band of 2.75∼3.10 GHz. Our results show that the introduction of PT symmetry into IC tech-

nology could benefit a broad range of chip-based applications including waveform synthesis and

generation [36], frequency modulation [37], and manipulation of microwave propagation [38].

2 Fully integrated PT-symmetric electronic system

Our fully integrated PT-symmetric electronic system consists of two capacitively coupled resistor-

inductor-capacitor (RLC) resonators, one with gain and the other one with equivalent loss (Fig-

ure 1a). A differential architecture (Supplementary Figure 1) is implemented to obtain superior

device matching, better robustness, and higher reliability against noise, interference, and failure.

The equivalent single-ended circuit schematic, shown in Figure 1a is used to simplify analysis. We
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propose a cross-coupled differential pair [39] (XDP) as a negative resistance converter (NRC) in our

system (Figure 1b), which generates a stable and tunable gain beyond 10 GHz (Figure 1c). It can

also better conserve energy than operational-amplifier [22, 23, 24, 25, 26, 27, 21] based NRCs and

Colpitts-type [31] based NRCs, while generating the same amount of gain. These characteristics

are ideal for broadband and energy-efficient microwave PT-symmetric electronic systems.

The active RLC resonator has a gain rate −RG0 generated by the XDP, a variable loss rate

RG1, and an intrinsic loss rate RG2, yielding a total gain of −RG = −RG0||RG1||RG2. The total

loss rate RL = RL0||RL1 in the passive RLC resonator is contributed by a variable loss RL0 and an

intrinsic loss RL1. The capacitance in each RLC resonator comes from a fixed metal-insulator-metal

(MIM) capacitor and a varactor. The coupling capacitor consists of two equal MIM capacitors in

serial connection via an on-chip switch (SW, Figure 1a). The inductance in each RLC resonator is

provided by a symmetrical parallel inductor (Supplementary Figure 2). Both RLC resonators have

the same natural frequency ω0 = 3.20 GHz. The system is integrated on one monolithic chip with

a core area of 200 × 750 µm2 using a standard 130 nm CMOS technology (Figure 1d). Note that

alternative fully integrated PT-symmetric structures could also be implemented (Supplementary

Information 7. To show the functionalities and performances, we bonded the chip on a test board

with golden wires (Figure 1d). The board provides a power supply, control voltages, and radio-

frequency connectors for measurements. The gain and loss rate, and varactor capacitance can

be flexibly adjusted by the control voltages. The PT symmetry condition is satisfied by setting

RG ≈ RL = R, LG ≈ LL = L, and CG ≈ CL = C. The detailed circuit parameters are provided in

Methods.

3 PT symmetry phase transition

We first numerically analyze the PT symmetry transition of our system based on the small

signal model–a common methodology in analyzing analog circuits. The system is considered as a

linear time-invariant system, which is valid for small signal inputs. By applying Kirchoff’s law on

the equivalent circuit (Figure 1a), four eigenfrequencies [22] are found (Methods), i.e.,

ω1,2 = ±

√
γ2
EP − γ2 +

√
γ2
UP − γ2

2
√

1 + 2c
· ω0, ω3,4 = ±

√
γ2
EP − γ2 −

√
γ2
UP − γ2

2
√

1 + 2c
· ω0. (1)

Here, γEP =
√

1 + 2c − 1 denotes the exceptional point (EP) [11, 12] and γUP =
√

1 + 2c + 1

is the upper critical point [23]; c is defined as the capacitive coupling ratio between the coupling

capacitance CC and the RLC resonator’s capacitance C; and γ is the normalized tuning parameter
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Figure 2: Eigenfrequencies and phase transition of the fully integrated PT-symmetric elec-
tronic system with the evolution of coupling factor γ/γEP . a-b, Real (a) and imaginary (b) parts of
eigenfrequencies as a function of the coupling factor γ/γEP when the resonators have a capacitance C = 1.30
pF. In both a and b, symbols correspond to experimental (Exp) or simulated (Sim) data, while the curves
show theoretical results obtained with the small signal model. c, Frequency tuning range (FTR) of the base-
line oscillator, which is achieved by adjusting the varactor in the gain resonator through external voltage
bias. The tuning range of the capacitance C is from 1.30 pF to 1.55 pF under different control voltages,
corresponding to an FTR of [2.93, 3.23] GHz. d, FTR of our system at two fixed capacitances of resonators,
C = 1.30 pF and C = 1.45 pF. By tuning the capacitance from 1.30 pF to 1.45 pF, the FTR changes from
the interval of [2.77, 3.20] GHz to the interval of [2.63, 2.98] GHz, enabling [2.63, 3.20] GHz tuning range in
total.

of gain (loss), defined as

√
L/C

R . In the unbroken phase (0 < γ
γEP

< 1), the system is characterized

by four purely real eigenfrequencies, with two of them positive (ω1, ω3) and the other two negative

(ω2, ω4). In the broken phase ( γ
γEP

> 1, γ
γUP

< 1), the eigenfrequencies are complex conjugate pairs

with non-vanishing real parts. Above γ
γUP

> 1, the eigenfrequencies become two complex conjugate

pairs with purely imaginary parts.

Experimentally, we engineered γ by adjusting the gain (loss) and maintaining other circuit

parameters unchanged. The bifurcation of the eigenfrequencies regards to the coupling factor

γ
γEP

was clearly demonstrated (Figure 2a). In the unbroken phase, the system has two purely

real eigenfrequencies. We observed that the two RLC resonators had the same magnitude of

voltage. When γ increases, the system undergoes a phase transition at the EP, where the real

eigenfrequencies branch out into the complex plane. In the broken phase, the system possesses
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two supermodes formed by the coupling of two RLC resonators. Such supermodes have a single

resonant frequency but with amplification and dissipation respectively. The imaginary parts of

the eigenfrequencies in the broken phase were obtained by Simulation Program with Integrated

Circuits Emphasis (SPICE, simulation methods provided in Supplementary Information 5.2), since

the oscilloscope used in our study could not capture the fast-changing dynamics of the exponentially

oscillating amplitudes at the terminals (VG and VL) of the resonators. In the simulation, we observed

an exponential growth (ending up at a saturation level), corresponding to the supermode with gain;

the decay rates of the other supermode are the mirror of those for amplification (Figure 2b). These

results are in good agreement with the theoretical predictions.

4 Wideband high-quality microwave generation

The resonant behavior in the PT symmetry phase transition of our system provides a new

strategy to generate microwave signals. Conventional microwave generation uses gain to fully

compensate for the intrinsic loss of LC resonators to generate a stable wave. PT symmetry provides

a new degree of freedom to modulate microwave generation: by manipulating gain-loss distribution

in two coupled resonators, loss can play a role as important as that of gain. This unique gain-loss

tuning freedom can enhance the bandwidth of microwave generation beyond conventional microwave

generators (i.e., oscillators based on a single-resonator structure or a coupled-resonator structure)

with only capacitive [40] tuning or inductive [41] tuning scheme. We theoretically compared the

eigenfrequencies of all these systems (Supplementary Information 4). A PT-symmetric system

inherently has a larger resonance tuning range given by Eq. (1), enabled by the eigenfrequencies’

bifurcation of tuning the gain-loss contrast γ. In comparison, the eigenfrequency of a conventional

oscillator only depends on ω0 = 1√
LC

, independent of gain-loss strength.

To experimentally show the advantages of a PT-symmetric system for microwave generation,

we then decoupled the two RLC resonators via an on-chip switch (SW, Figure 1a). For a fair

comparison, the active RLC resonator with a capacitive tuning was regarded as a baseline tra-

ditional oscillator (Methods). In the experiments, the baseline yielded a 0.30 GHz (2.93∼3.23

GHz) bandwidth tuning by adjusting the control voltage of varactor (Figure 2c). In comparison,

with the same amount of varactor tuning, the PT-symmetric system achieved a wider bandwidth

tuning range of 0.57 GHz (2.63∼3.20 GHz) by manipulating the gain-loss contrast (Figure 2d),

effectively enabling 2.1 times frequency tuning range of the baseline. We also observed that phase

noise performances of our system were generally 1.5 dB better than the baseline across different

oscillation frequencies (Supplementary Figure 15), equivalent to 70 percentage of the baseline noise
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value 1) across the spectrum. Note that in this experiment we use a single-port [22] set-up (Supplementary
Information 2.1) for scattering measurement, where the transmission t is 0. Both ways verify the property.

intensity. This quality improvement can be attributed to the enhanced intrinsic passive Q factor

in a PT-symmetric system and the subsequently increased carrier power through gain-loss tuning

(Supplementary Information 4.2). These experiments demonstrate that PT symmetry can broaden

the bandwidth tuning range of conventional microwave generation with improved quality. Our

further investigations also show that our system generates four-phase microwaves using the unique

topology at the exceptional point (Supplementary Figure 16).

5 Nonlinearity characterization and scattering properties

Although a small-signal model is used to simplify the analysis, nonlinearities are prevalent in

CMOS integrated systems when they operate at high frequency and in a large-signal domain. The

XDP in our system is a nonlinear gain generator, which provides both a frequency-dependent [40]

and a complex high-order amplitude-dependent [42] negative conductance (Supplementary Infor-

mation 1.2), in contrast to the simple low-order amplitude-dependent gain intentionally introduced

in previous PT-symmetric systems [43, 21]. To experimentally characterize the nonlinear response

of our system, the equivalent of a transmission line (TL) [22] with characteristic impedance Z0 was
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attached to both sides of the system through an on-chip switch in the form of a resistor R0 = Z0.

We biased the system in either the unbroken or the broken phase and then monitored the output

voltage V −G (V −L ) at the gain (loss) side by sending the amplitude-varying input V +
L (V +

G ) into the

loss (gain) side (Figure 1a). For large input voltage (90 mV ), a nonlinear response was clearly

observed in both phases. For small input voltage (20 mV ), while a linear response is observed in

the unbroken phase, a nonlinear response is clearly observed in the broken phase (Figure 3a). This

enhanced nonlinearity can be attributed to the field localization in the active RLC resonator [21].

Note that in this and the following experiments, we delicately tuned the gain and loss distribution

to make our system operate in non-oscillatory mode while keeping the balanced PT symmetry

condition.

Based on the characterization, we first studied the reflection of our system in the linear region.

The scattering theory [22, 44] of linear PT-symmetric systems has shown that their reflection fulfills

generalized unitary relationships, i.e., the gain side reflection rG and the loss side reflection rL satisfy

rG · rL = 1 across the spectrum (Supplementary Information 2.1). To experimentally demonstrate

this property, a TL was connected at the gain or loss side (Figure 1a), and the system was biased

in the unbroken phase. Then, a sinusoidal signal with varied frequencies was applied to the system.

The incident wave, V +
G (V +

L ), and the reflected wave, V −G (V −L ), were extracted from the voltages

at either side of the TL, from which the reflection coefficients rG = V −G /V
+
G and rL = V −L /V

+
L

were calculated. The measured reflections in Figure 3b match well with the theoretical predictions.

This scattering property has been demonstrated before for telemetry sensing [31] by magnetically

coupling two RLC resonators. Our system built upon capacitive coupling would also be promising

as integrated chemical sensors if the capacitors of RLC resonators had been devised similarly to

previous works [45]. We also investigated the two-port scattering property [4, 5, 6] (Supplementary

Information 2.2) and observed simultaneous existence of a coherent perfect absorption and lasing

mode [4, 5, 6] in this system (Supplementary Figure 20). Moreover, extending our dimer system

with more complex PT-symmetric structures can realize more advanced scattering phenomena,

such as unidirectional invisibility [46, 47] (Supplementary Information 8.1.

6 Magnetic-free non-reciprocal microwave transmission

PT-symmetric systems have demonstrated enhanced non-reciprocal acoustical and optical wave

transmissions [14, 15, 21] with introduced nonlinear effects. We then studied the non-reciprocal

microwave transport of our system operating in different regions. We measured the forward and

backward transmissions of our system at different coupling factors γ/γEP by tuning gain-loss con-
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mV ). c, Non-reciprocal transmission in the broken phase (γ/γEP = 1.50) with a single peak at a small input
amplitude (20 mV ). d, Enhanced non-reciprocal transmission in the broken phase (γ/γEP = 1.50) with
increased input amplitude (90 mV ). e, Further enhanced non-reciprocal transmission in the broken phase
with increased coupling factor (γ/γEP = 2.0) at the same input amplitude (90 mV ). f, The isolation tB− tF
optimized by tuning the gain/loss parameter is shown at different probing frequencies in the microwave
domain (2.75∼3.10 GHz).

trast. In these experiments, the same experimental setup shown in Figure 1a was adopted. The

signal with variable frequencies was introduced into the gain (loss) side and captured at the loss

(gain) side. By measuring the incident wave V +
G (V +

L ) at the gain (loss) side and the transmitted

wave V −L (V −G ) at the corresponding loss (gain) side, both the forward transmission tF = V −L /V
+
G

and backward transmission tB = V −G /V
+
L were obtained.

In the unbroken phase (Figure 4a,b), the transmission spectra in both directions show double

resonances. However, reciprocal transmission is observed with a 20 mV input amplitude while the

non-reciprocal transmission is observed with a 90 mV input amplitude: the forward transmission

goes up to −7 dB, and the backward transmission is 0.1 dB. In the low input power case, the

system is linear and reaches an equilibrium between the two RLC resonators, giving rise to similar

microwave transmissions in both directions. Nonlinearity appears with increasing input amplitudes.

The two resonators have different levels of nonlinearity, resulting in non-reciprocal transmission. In
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the broken phase (Figure 4c,d), the transmission spectra in both directions show single resonance.

Non-reciprocal transmissions are observed under both input cases with different input amplitudes,

and the case with the larger input voltage shows more significant non-reciprocal transmission. In

addition, the comparison of the different phases under the same 90 mV input amplitude (Fig-

ure 4b,d) shows that the nonlinearity is greatly enhanced in the broken phase, owing to the field

localization in the active RLC resonator, and therefore the non-reciprocity is also enhanced: tF

reduces to −15.6 dB, and the tB slightly increases to 1.9 dB. Moreover, the non-reciprocity of the

system is improved in the broken phase (Figure 4e) under the same 90 mV input: tF decreases to

−18.7 dB while the tB increases to 2.1 dB, due to the further enhanced nonlinearity by increasing

coupling factor γ/γEP . By sweeping the coupling factor γ/γEP at a fixed 90 mV input amplitude

(Supplementary Figure 18), this non-reciprocal behavior was observed over a broad bandwidth

(2.75∼3.10 GHz) at the resonance with the minimum isolation (Methods) over 7 dB (Figure 4f).

Recent device demonstrations have produced non-magnetic non-reciprocity in silicon based on

temporal modulation [33], but often exhibit narrow bandwidths and have significant area over-

heads because a number of passive devices are required to perform complex modulations. Our

system clearly demonstrates that PT symmetry with nonlinearity offers a new approach to achiev-

ing broadband non-magnetic non-reciprocal transmissions by tuning gain-loss contrast. Compared

to state-of-the-art CMOS non-reciprocal devices [48], our fully integrated PT-symmetric electronic

system shows strong isolation (7∼21 dB) among a wider microwave (2.75∼3.10 GHz) bandwidth

without complex modulations that require huge and expensive on-chip area. Our system also shows

strong non-reciprocity with a lower input power threshold (−21 dBm) compared to nonlinearity-

induced non-reciprocal devices on other electronic platforms [38, 21] (Supplementary Table 2). This

excellent performance could lay the foundation for abundant application advancements in quantum

computing [33], device protection [38, 49], and radar communication [50].

7 Conclusions

We have reported a fully integrated electronic platform based on CMOS technology for non-

Hermitian physics, validating the powerful role of IC to study PT symmetry in a scalable manner.

Fully integrated PT-symmetric electronics enables new capabilities in the microwave domain com-

pared to the previous electronic platforms [22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. With the unique

gain/loss tuning mechanism of PT symmetry, our system shows extended broadband response and

improved noise performance for microwave generation over conventional devices. In particular,

our chip demonstrates strong non-reciprocal microwave transmission with the enhanced intrinsic
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nonlinearity of IC, leading to a new generation of integrated non-magnetic non-reciprocal devices.

Our results shed light on PT symmetry as an innovative design approach to overcoming the limi-

tations of IC performances and benefiting numerous applications. In addition, more advanced IC

technologies can be used to extend the functionality and performance benefit of PT-symmetric

systems to the higher millimeter and terahertz frequency range. The study is also expected to mo-

tivate further exploration such as PT symmetry in opto-electronics [18], electro-acoustics [21], and

topological electronics (Supplementary Information 8.2) based on high-dimensional PT-symmetric

structures [28, 29, 30] with standard IC technology, enriching scientific discoveries of non-Hermitian

physics.
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Methods

Differential architecture. The fully integrated PT-symmetric electronic system was imple-

mented in a differential topology (Supplementary Figure 1). The gain −RG is the parallel resistance

of −RG0, −RG1 and RG2. −RG0 is generated by the XDP. RG1 is realized by a voltage-controlled

MOS resistor. The loss RL0 is realized in the same way as RG1. By fixing the bias voltage VBIASG

of −RG0 and controlling the bias voltage of gain (loss) side MOS resistor, −RG (RL) can be con-

tinuously adjusted. The capacitor CG (CL) in each RLC resonator is composed of a MIM capacitor

CG1 (CL1) and a varactor CG2 (CL2). The varactor only takes up a small proportion of the total

capacitance in each RLC resonator and is used to compensate for the mismatch between the fixed

MIM capacitor on both sides. The coupling capacitance CC is designed by two equal MIM capac-

itors CC1 and CC2 which are serially connected through an on-chip switch (SW, Figure 1a). The

inductance LG (LL) in both RLC resonators comes from symmetrical parallel inductors (symindp,

Supplementary Figure 2). In the practical implementation, the equivalent of a transmission line

(TL) with characteristic impedance Z0 was attached to each side of the system through an on-chip

switch in the form of an on-chip resistor R0 = Z0. By controlling the switch, the system could be

flexibly configured to test one-port scattering or nonreciprocal transmission.

In the differential architecture, each signal is transmitted by a pair of differential wires where the

signal is represented by the amplitude difference between the differential wires. For example, in our

design, each voltage VG (VL) at the terminal of RLC resonator is represented by a pair of differential

signals (VGP and VGN for VG, VLP and VLN for VL). The differential architecture is symmetric with

respect to its virtual ground and can be divided into two equal parts (Supplementary Figure 3).

Either of them is an equivalent single-ended representation of the differential one and can be used

to derive the PT symmetry concept. Note that in single-ended architecture, the gain −RG, loss RL,

and inductor LG (LL) will be half, and the capacitor CG (CL) will be double. The PT symmetry

condition is satisfied by setting RG ≈ RL = R, LG ≈ LL = L, CG ≈ CL = C. In our system,

R ∈ [90, 380] Ω, L = 1.85 nH, C ∈ [1300, 1550] fF, CC = 500 fF, Z0 = 280 Ω.

Phase transition. Applying Kirchoff’s law on the equivalent circuit representation in Figure 1a

yields the following expression [22]:

VG = iω
′
L/2 · I1, I1 − VG/(R/2) + iω

′
2C · VG + iω

′
CC · (VG − VL) = 0, (2)

VL = iω
′
L/2 · I2, I2 + VL/(R/2) + iω

′
2C · VL + iω

′
CC · (VL − VG) = 0. (3)

Here, ω
′

is an angular frequency. Eliminating the current from the relations, scaling the frequency
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and time by ω0 = 1√
LC

, and taking c = CC/2C, γ =
√
L/C/R gives the following matrix equa-

tion [22]:  1/ω − jγ − ω(1 + c) ωc

ωc 1/ω + jγ − ω(1 + c)

 ·
 VG

VL

 =

 0

0

 . (4)

Here, ω is the normalized frequency. This linear, homogeneous system has four normal mode

frequencies, as required to fulfill any arbitrary initial condition for voltage and current, given

by [22]

ω1,2 = ±

√
γ2
EP − γ2 +

√
γ2
UP − γ2

2
√

1 + 2c
, ω3,4 = ±

√
γ2
EP − γ2 −

√
γ2
UP − γ2

2
√

1 + 2c
, (5)

where, the PT-symmetric breaking point (γEP ) and the upper critical point (γUP ) are identified as

γEP = |1−
√

1 + 2c|, γUP = 1 +
√

1 + 2c. The corresponding phase difference [22] between the two

RLC resonators can be expressed as

φ1,3 =
π

2
− tan−1

[
1
γ
· ( 1
ω1,3
− (1 + c) · ω1,3)

]
. (6)

Frequency tuning range of microwave generation. The frequency tuning range for microwave

generation is defined as

FTR =
ωmax − ωmin

(ωmax + ωmin)/2
× 100%. (7)

Here, ωmax and ωmin are the maximum and minimum frequency in the total tuning bandwidth.

Isolation of non-reciprocal transmission. The isolation of our system under a coupling factor

γ/γEP is defined as

IISO = max(tB − tF ). (8)

Here, tB and tF are the backward transmissions and forward transmissions of the system with the

frequency sweeping.

Chip implementation and fabrication. All CMOS devices were prepared in Cadence Virtuoso

(an industry-standard design tool for frontend circuit design). All designs satisfy standard CMOS

manufacturing rules of IBM’s commercial 130 nm CMOS8RF process, with physical verification

performed using Mentor Graphics Calibre (an industry-standard design tool for backend layout

design). We resort to Metal Oxide Semiconductor Implementation Service (MOSIS) for fabrication.

Measurement setups. The chip was bonded on a 4-layer FR4 PCB (used as a daughter board

in our experiments) by gold wires (Supplementary Figure 12), forming all 38 electrical connections

(including power and ground) from the chip to the PCB. The bonding wires were properly designed

for use at frequencies above 50 GHz. Our experimental setup comprised a bonded chip in a
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daughterboard, a motherboard, a power supply, a mixed signal oscilloscope (MSO, Agilent 9404A),

an arbitrary wave generator (AWG, KEYSIGHT M8195A) and a personal computer (PC). The

daughter board provided control biases to the chip. These biases had two main functions: 1)

compensating the mismatch of CMOS components to minimize the unbalance between the two

RLC resonators; 2) tuning the gain (loss) such that the system can evolve from exact phase to

broken phase. The mother board acted as a power board to supply all power/control voltages to the

daughter board. The benchtop power supply was the main power source and was used to power the

mother board. The MSO has four pairs of differential channels, and its highest sampling rate is 20

GSa/s. The AWG has four pairs of differential channels, each pair of which can generate arbitrary

waves up to 50 GHz with independently varying phases. In the phase transition experiments, the

outputs of two RLC resonators were connected to the MSO, where both the eigenfrequencies and

phase differences could be directly observed on the panel. In the scattering experiments, the AWG

sourced sinusoidal signals with varying frequencies or phases into the chip through TL. Then signals

on both terminals of the TL were sent into the MSO such that the incident wave and reflected wave

could be captured. In the nonreciprocal experiments, the AWG fed sinusoidal signals with varying

frequencies into the system through the gain (loss) side TL. Then both the incident wave on the

input terminal of the gain (loss) side TL and the reflected wave on the output terminal of loss

(gain) side TL could be captured by MSO. During the scattering experiments and nonreciprocal

transport experiments, the AWG was controlled by software on a PC to generate frequency-varying

signals.
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This part is the Supplementary Information of “Fully integrated parity-time-symmetric elec-

tronics” [51] orginally published here https://www.nature.com/articles/s41565-021-01038-4.

Supplementary Information 1 Implementation

Supplementary Information 1.1 Differential Architecture And Detailed Circuits

The schematic overview of the proposed fully integrated parity-time- (PT-) symmetric electronic

system is illustrated in Supplementary Figure 1. As it shows, our system was implemented with

a differential topology, in contrast with the single-ended architecture commonly used in board-

level [52] and MEMs-level [53] PT-symmetric electronic systems. The differential architecture has

the advantage to mitigate common-mode perturbations.
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Supplementary Figure 1: Schematic overview of fully integrated PT-symmetric electronic
system with differential architecture. It consists of two RLC resonators with balanced gain −RG and
loss RL. The gain −RG0 is generated by the cross-coupled differential pair (XDP). The capacitances CG

(CL) in both RLC resonators are comprised of an inherent parasitic capacitance CG0 (CL0), a fixed high-Q
MIM capacitor CG1 (CL1) and a varactor CG2 (CL2). The varactor is used to compensate the mismatch
between CG1 and CL1. The coupling capacitance (CC) is made of two serially connected MIM capacitors
(CC1 and CC2) with an on-chip switch (SW1). The two RLC resonators can be coupled (decoupled) by
turning on (off) the SW1. TLs are attached to both sides of the system by SW2.

Our system consists of two RLC resonators, one with active gain −RG and the other one

with passive loss RL. The gain −RG is the parallel resistance of −RG0, RG1, and RG2, namely,

−RG = −RG0||RG1||RG2. Here, −RG0 is generated by the cross-coupled differential pair (XDP);

RG1 is a variable resistor realized by MOS transistors [54, 55]; RG2 is the inherent loss of the
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active RLC resonator. Similarly, the loss RL is the parallel resistance of RL0, and RL1, that

is RL = RL0||RL1. RL0 is a variable resistor realized by in the same way as RG1; RL1 is the

inherent loss of the passive RLC resonator. By controlling the bias voltage of gain (loss) side MOS

transistors [54, 55], −RG (RL) can be continuously adjusted. The capacitor CG (CL) in each RLC

resonator is composed of a parasitic capacitance CG0 (CL0), a fixed Metal-Insulator-Metal (MIM)

capacitor CG1 (CL1) with high-quality factor (high-Q) and an adjustable varactor CG2 (CL2). The

varactor takes up a small proportion of the total capacitance and is used to compensate for the

fabricated mismatch between the fixed MIM capacitors of both sides. The coupling capacitance CC

is designed by two equal MIM capacitors CC1 and (CC2) in serial connection via an on-chip switch

(SW1). Note that the two RLC resonators can also be coupled (decoupled) by turning on (off) of

the SW1.

Center tap

Positive input port Negative input port

Supplementary Figure 2: Symmetrical physical layout of symindp. It has a pair of differential
input ports and a center tap.

The inductor L in each RLC resonator is a symmetrical parallel inductor (symindp) with three

terminals: two input ports and one center tap. The center tap connection is provided such that by

connecting the center taps of inductors in both RLC resonators, the passive RLC resonator shares

the same common-mode voltage with the active one. This symindp with cross-over connections to

create a symmetrical layout (Supplementary Figure 2) with low resistance and low parasitic capac-

itance, is ideally suited for differential resonators. In the practical implementation, the equivalent

of a transmission line (TL) with characteristic impedance Z0 was attached to both sides of the

system through an on-chip switch (SW2) in the form of a resistor R0 = Z0.

A common way to analyze differential circuits is to convert them into single-ended equivalents.

As the Supplementary Figure 3a shows, by using a symmetrical axis1, the differential circuit can

1The horizontal dashed yellow line shown in Supplementary Figure 3a.
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Supplementary Figure 3: Transformation of differential architecture to equivalent single-ended
architecture. a. The symmetric representation of PT-symmetric electronic system. The yellow dash line
is a symmetric axis, also as known as virtual ground. b. The equivalent single-ended circuit schematic of
PT-symmetric electronic system.

be divided into two equal parts. Either of them is an equivalent single-ended representation of the

differential one, and can be used to derive mathematical expression of the PT-symmetric system.

Therefore, the equivalent single-ended representation in Supplementary Figure 3b is used as the

simplified model for analysis through our paper. The difference between these two circuit topologies

is that in differential architecture, each signal is represented by the amplitude difference between

the differential wires; while in single-ended architecture, each signal is transmitted by only one

wire and all the terminal signals are referenced to a common ground. For example, in our system,

the voltage VG (VL) at the terminal of each RLC resonator is represented by a pair of differential

signals, e.g., VGP and VGN for VG, VLP and VLN for VL. Note that in single-ended architecture,

gain −RG, loss RL and inductor L will be half, but the capacitor CG (CL) will be double. The PT

symmetry condition is satisfied by setting RG ≈ RL = R, LG ≈ LL = L, and CG ≈ CL = C.

Supplementary Information 1.2 Analysis of Cross-coupled Differential Pair

A comprehensive analysis of −RG0 can be obtained through the small signal model [56] of XDP

shown in Supplementary Figure 4, where for NMOS differential pair we have

YX,n(S) =
RG,nCGS,nCGD,nS

2 + [CGS,n + (4 + gm,nRG,n)CGD,n]− gm,n
2[RG,n(CGS,n + CGD,n) + 1]

, (S1)

and for PMOS differential pair,

YX,p(S) =
RG,pCGS,pCGD,pS

2 + [CGS,p + (4 + gm,pRG,p)CGD,p]− gm,p
2[RG,p(CGS,p + CGD,p) + 1]

. (S2)
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Supplementary Figure 4: Small signal model of cross-coupled differential pair. This model
considers parasitic effect (gate resistor RG, gate-drain capacitance CGD, gate-source capacitance CGS) when
the circuit operates at high frequency.

Hence,

Re{YX,n} =
−gm,n +RG,nω

2[C2
GS,n + CGD,n(4 + gm,nRG,n)(CGS,n + CGD,n)]

2[R2
G,n(CGS,n + CGD,n)2ω2 + 1]

, (S3)

Re{YX,p} =
−gm,p +RG,pω

2[C2
GS,p + CGD,p(4 + gm,pRG,p)(CGS,p + CGD,p)]

2[R2
G,p(CGS,p + CGD,p)2ω2 + 1]

. (S4)

Here, the subscript n (p) denotes NMOS (PMOS) differential pair. If R2
G,n(CGS,n+CGD,n)2ω2 � 1

and R2
G,p(CGS,p + CGD,p)

2ω2 � 1, then

Re{YX,n} ≈ −
gm,n

2
+RG,nω

2 ·
C2
GS,n + CGD,n(4 + gm,nRG,n)(CGS,n + CGD,n)

2
, (S5)

Re{YX,p} ≈ −
gm,p

2
+RG,pω

2 ·
C2
GS,p + CGD,p(4 + gm,pRG,p)(CGS,p + CGD,p)

2
. (S6)

Combing Eq. (S5) and Eq. (S6), one can obtain

Re{YX} = Re{YX,n}+Re{YX,p} = −(gm,n + gm,p)/2 + f(ω). (S7)

Here, f(ω) is a frequency-dependent term. In large signal domain, Re{YX} also dependents on

the amplitude of oscillation voltage between the two terminals of the differential pair [57]. A
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Supplementary Figure 5: Tuning gain with the bias voltage. The results are obtained from the
thorough post-layout simulation with the consideration of PVT variations.

reasonable assumption is that when frequency ω is low and the XDP operates in the small signal

domain, Re{YX} can be expressed as

Re{YX} = −(gm,n + gm,p)/2. (S8)

Therefore, the negative resistance −RG0 can be obtained as

−RG0 = −2/(gm,n + gm,p), (S9)

which is the reciprocal of summation of small signal transconductance of NMOS differential pair

and PMOS differential pair. For theoretical analysis, we consider our system as a linear system

with the assumption of small signal condition. Supplementary Figure 5 shows the dependence

of the negative resistance on the bias voltage. The results are obtained from high-fidelity post-

layout circuit simulations, where process, voltage, and temperature (PVT) variations are carefully

considered. The error bar at each point is the potential variation range of the negative resistance

caused by PVT variations at the same bias voltage. Note that for analog circuit design in mature

technology (such as CMOS 130 nm), the simulated results from high-fidelity post-layout simulator

(i.e., Cadence Spectre) often match well with the measured results, and thus can be used to verify

the functionalities of the designed chip.
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Supplementary Information 2 Scattering Properties

Supplementary Information 2.1 Single-port Scattering

The theory of linear PT-symmetric systems has shown that single-port scattering fulfills general-

ized unitary relationship, that is gain side reflection rG and loss side reflection rL satisfy rG ·rL = 1.

We first derive the theory of single-port scattering for our system from the circuit perspective. Sup-

plementary Figure 6 represents the conceptual illustration of single-port scattering and its equiva-

lent circuit model. In scattering theory, the reflection coefficients are defined as the ratio of reflected

wave and incident wave, that is rG = V −G /V
+
G and rL = V −L /V

+
L . In circuit theory, the gain side

reflection rG can be readily obtained as

rG =
RG(ω

′
)− Z0

RG(ω′) + Z0
. (S10)
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the PT-symmetric electronic system. Below is the circuit model.

While for the loss side, the reflection rL can be directly written as

rL =
RL(ω

′
)− Z0

RL(ω′) + Z0
. (S11)

Here, RG represents the equivalent impedance of the system seen from left to right (shown in

Supplementary Figure 7a); RL represents the impedance of the system seen from right to the

left (shown in Supplementary Figure 7b); and Z0 is the characteristic resistor of TL. Let γ =√
(L/C)/R, c = CC/C, ω = ω

′√
LC, and resort to the Supplementary Figure 7a, then

RG = R · −ω2γ2 + j[ωγ − (1 + c)ω3γ]

(1− ω2)2 − 2ω2c(1− ω2) + ω2γ2 . (S12)

Similarly, we resort to the Supplementary Figure 7b to calculate RL which is expressed as

RL = R · ω2γ2 + j[ωγ − (1 + c)ω3γ]

(1− ω2)2 − 2ω2c(1− ω2) + ω2γ2 . (S13)

Let E = Rω2γ2; F = R[ωγ − (1 + c)ω3γ]; G = (1− ω2)2 − 2ω2c(1− ω2) + ω2γ2, then

RG = (−E + jF )/G; RL = (E + jF )/G. (S14)

By combining Eq. (S10), Eq. (S11), and Eq. (S14), we can obtain

||rG|| · ||rL|| = 1; φG + φL = π. (S15)
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Supplementary Information 2.2 Two-port Scattering

The theory of linear PT-symmetric systems has also shown that two-port scattering exhibits a

simultaneous coherent perfect absorber (CPA-) -amplifier property at a special frequency (Janus

frequency). We then derive the two-port scattering theory for our system from the circuit perspec-

tive. The two-port scattering can be considered as two-port TL model shown in Supplementary

Figure 8. We can write the basic voltage law of system by using S-parameter model [52]:


V −G√
Z0

= S11 ·
V +
G√
Z0

+ S12 ·
V +
L√
Z0

;

V −L√
Z0

= S21 ·
V +
G√
Z0

+ S22 ·
V +
L√
Z0
.

(S16)

Here, in our system,

S = 1/(A− iB) ·

 −iD 2ωcη

2ωcη iC

 . (S17)

And, 

A = 2ηΩ;

B = Ω2 − η2 − ω2c2 + γ2;

C = (γ − η)2 + Ω2 − ω2c2;

D = (γ + η)2 + Ω2 − ω2c2;

Ω = ω(1 + c)− 1/ω;

γ =
√
L/C/R;

η =
√
L/C/Z0;

c = CC/C;

ω = ω
′√
LC.

(S18)

We can transform Eq. (S16) into the following equation [52]:

 V −L

V +
L

 =M ·

 V −G

V +
G

 . (S19)

Here,

M =
1

2ωcη
·

 A+ iB iC

−iD A− iB

 . (S20)
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Note that det(M) = 1. Therefore,

S =
1
M22

·

 −M21 1

1 M12

 . (S21)

Generally, the reflection and transmission coefficients for the gain (G) and loss (L) incidence in

terms of the transfer matrix elements as [52]

rG = −M21

M22
, rL = −M12

M22
, tG = tL =

1
M22

. (S22)

It can be derived that ||rG|| · ||rL|| =
√
||(M21 · M12)/(M22 · M22)|| =

√
||T − 1||;

φG + φL = π.
(S23)

Here, transmittance T = tG · tL. In the single-port scattering case, the transmittance T = 0, as

M22 →∞ when η → 0. In other words, ||rG|| · ||rL|| = 1. Therefore, Eq. (S15) is a special case of

Eq. (S23).

Using the scattering matrix, one can derive the conditions that our PT-symmetric system can

simultaneously act either as an amplifier or as a perfect absorber [52, 58, 59, 60, 61]. For a laser

oscillator without an injected signal, the boundary condition satisfies V +
G = V +

L = 0, which indicates

M22(ω) = 0 in Eq. (S21). For a perfect absorber, the boundary condition satisfies V −G = V −L = 0,

which implies det(S) = 0 in Eq. (S21). Therefore, M11(ω) = (1 +M12M21)/M22 = 0, and

the amplitudes of the incident waves must satisfy the condition V +
L = M21(ω)V +

G . For the PT-

symmetric structure, the matrix elements of M in Eq. (S20) satisfy the relationship M11(ω) =

M∗22(ω∗). Thus, a real ω = ωJ (Janus frequency) exists, that satisfies the amplifier/laser condition

simultaneously with the absorber condition (M11(ωJ) =M22(ωJ) = 0) [52, 58]. Hence the two-port

PT-symmetric system can behave simultaneously as a perfect absorber and as an amplifier.

This property can be explored using an overall output coefficient Θ defined as [52, 58]

Θ = (|V −G |
2 + |V −L |

2)/(|V +
G |

2 + |V +
L |

2). (S24)

Note that in the case of a single-port scattering set-up discussed earlier in this section, the Θ-

function collapses to the gain/loss side reflectances. Let V +
L /V

+
G be a generic ratio, then the
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perfect amplifier coefficient [52] is obtained as:

Θamp(ω) =

∣∣V +
L

V +
G

M12(ω) + 1
∣∣2 +

∣∣V +
L

V +
G

−M21(ω)
∣∣2(

1 +
|V +

L |2

|V +
G |2
)∣∣M22(ω)

∣∣2 . (S25)

At the singularity frequency point ω = ωJ , the Θ(ω)-function diverges as ω → ωJ and the cir-

cuit acts as an amplifier/laser. If on the other hand, we assume that V +
L = M21(ω)V +

G (perfect

adsorption condition), we can obtain [52]

Θabs(ωJ) = (|M22(ωJ)M11(ωJ)|2)/(1 + |M21(ωJ)|2|M11(ωJ)|2) = 0. (S26)

Supplementary Information 3 Measurement Theory of Scattering Properties

Supplementary Information 3.1 Measurement Theory of Single-port Scattering

In Section Supplementary Information 2, we derived the theoretical formula of single-port scat-

tering coefficient. However, the theoretical formula cannot be used to calculate the coefficients for

simulation and measurement. Therefore, we need to find feasible method for practical measure-

ment. We take the Supplementary Figure 6 for example. It is obvious to know that VG = V +
G +V −G .

Here, VG is the node voltage of gain side; V +
G is the incident wave, and V −G is the reflected wave.

We rewrite the reflection of gain side rG in Eq. (S10) as

rG =
RG(ω)− Z0

RG(ω) + Z0
=
V −G
V +
G

= βGe
jφ, (S27)

where, β is the module of reflection coefficient, and φ is the phase of reflection coefficient. Therefore,

VG = V +
G + V −G = V +

G · (1 + βGe
jφ) = V +

G · (1 + βG cos(φ) + βG sin(φ)), and

VG

V +
G

= 1 + βG cos(φ) + βG sin(φ). (S28)

Here, V +
G = V1/2. V1 is the voltage of VS1.

On the other hand, we also can let

VG

V +
G

= αejξ = α cos(ξ) + jα sin(ξ). (S29)

Here, VG is the node voltage of gain side; ξ is the phase difference between VG and source voltage

VS1; α is the amplitude ratio between VG and incident wave voltage V +
G . Comparing Eq. (S28) and

26



Eq. (S29), we can obtain  βG sin(φ) = α sin(ξ);

1 + βG cos(φ) = α cos(ξ).
(S30)

Then  βG =
√

1 + α2 − 2α cos(ξ);

φ = arctan((α sin(ξ))/(βG cos(ξ)− 1)).
(S31)

Therefore, if we measure the amplitude of VG and the phase difference ξ between VG and source

voltage VS1, we can get the experiment results of reflection coefficient rG of gain side. Similarly, rL

of loss side can also be obtained.

Supplementary Information 3.2 Measurement Theory of Two-port Scattering

From Supplementary Figure 8 and Eq. (S27), we can easily get

 V −G = V +
G · βGejφ1 ;

V −L = V +
L · βLejφ2 .

(S32)

Then, the formula for measurement is

Θ =
|V −G |2 + |V −L |2

|V +
G |2 + |V +

L |2
=
|V +
L · βLejφ2 |2 + |V +

G · βGejφ1 |2

|V +
G |2 + |V +

L |2
. (S33)

Here, V +
G = V1/2, and V +

L = V2/2. V1 and V2 are the amplitude of VS1 and VS2, respectively. Base

on the measurement theory of Supplementary Information 3.1, φ1, φ2, βL and βG could be easily

calculated. Therefore, Θ can be obtained by plugging these values into Eq. (S33).

Supplementary Information 4 Microwave Generation

Supplementary Information 4.1 Frequency Tuning Range Comparison

Microwave generation is very important on diverse on-chip applications [62, 63, 64, 65, 66, 67,

68, 69, 70, 71, 72, 73]. We theoretically compare the bandwidth of microwave generation of the

fully integrated PT-symmetric electronic system and traditional oscillators. As derived from the

Methods of the main text, the fully integrated PT-symmetric electronic system (Supplementary

Figure 9a) has four normal mode frequencies,

ω1,2 = ±

√
γ2
EP − γ2 +

√
γ2
UP − γ2

2
√

1 + 2c
, ω3,4 = ±

√
γ2
EP − γ2 −

√
γ2
UP − γ2

2
√

1 + 2c
, (S34)
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single-ended circuit schematic of the differential architecture of the fully integrated PT-symmetric electronic
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oscillator. c. Equivalent differential model of the single-core oscillator. d. The equivalent single-ended
circuit schematic of the single-core oscillator. e. The equivalent single-ended circuit schematic of multi-core
oscillators. We use the multi-core oscillator built upon two capacitively coupled active RLC resonators as
an example.

where, the breaking point (γEP ) and the upper critical point (γUP ) are identified as

γEP =
∣∣∣1−√1 + 2c

∣∣∣, γUP = 1 +
√

1 + 2c. (S35)

The corresponding phase difference [52] between the two RLC resonators can be expressed as

φ1,3 =
π

2
− tan−1

[
1
γ
· ( 1
ω1,3
− (1 + c) · ω1,3)

]
. (S36)

Here, γ is the gain-loss contrast tuning which is defined as γ =
√
L/C/R.

We then derive the theory for conventional single-core oscillators (Supplementary Figure 9b).

Applying Kirchoff’s law on the equivalent circuit representation in Supplementary Figure 9d yields

the following expression:
VGP
−R/2

+
VGP
iω′L/2

+ VGP · iω
′
2C = 0. (S37)

Here, R = −RG||R0 with −RG the tunable gain and R0 the inherent loss of the resonator. Using
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Supplementary Figure 10: Theoretical comparisons of frequency tuning range between differ-
ent oscillators. a. Comparison between the single-core oscillator and our system. The black line indicates
the tuning range of the single-core oscillator. b. Comparison between the multi-core oscillator and our
system. The black line indicates the tuning range of the multi-core oscillator.

the same normalization methods presented before, that is ω0 = 1/
√
LC, γ =

√
L/C/R, Eq. (S37)

can be transferred into ω2 + iγω − 1 = 0 whose solutions are

ω1,2 =
−iγ ±

√
4− γ2

2
. (S38)

Eq. (S38) suggests that the oscillation happening in a single-core oscillator mainly goes through two

phases: start-up phase and stable phase. In the start-up phase, a small-signal gain −RG initially set

slightly above the inherent loss R0 is used to compensate for the loss so as to generate an oscillated

microwave. The oscillation frequency–the real part of the microwave–is in fact related to the amount

of loss. However, as the amplitude of the microwave exponentially grows, the small-signal gain −RG

is degenerated in the large-signal domain due to the nonlinearity of the system, whose final value

is equivalent to the loss R0, leading to γ → 0. The oscillation then steps into the stable phase,

where the microwave’s amplitude saturates at a fixed amplitude level and its oscillation frequency

also becomes stable. Such an oscillation frequency is independent of the gain-loss contrast and only

determined by the natural frequency (ω0 = 1/
√
LC) of the resonator, i.e.,

ω1,2 = 1. (S39)

Note that in this stable phase, an oscillator generates stable sinusoidal waves for diverse on-chip

applications. Obviously, the stable oscillation frequency of conventional single-core oscillators can

be tuned only by the capacitance C or the inductance L.

Multi-core VCOs are formed by coupling multiple identical single-core LC VCOs. Here, we

use a multi-core VCO built upon two coupled resonators as shown in Supplementary Figure 9e as
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an example. This oscillator with coupled-resonator structure without gain-loss contrast is used as

another baseline of our system. A similar I-V relations of the circuit can be obtained by using the

Kirchoff’s law:
VGP1 = iω

′L

2
· I1, I1 −

VGP1

R/2
+ iω

′
2C · VGP1 + iω

′
CC · (VGP1 − VGP2) = 0;

VGP2 = iω
′L

2
· I2, I2 −

VGP2

R/2
+ iω

′
2C · VGP2 + iω

′
CC · (VGP2 − VGP1) = 0.

(S40)

Using the same normalization methods as the single-core VCOs and considering γ → 0, the solutions

are given by

ωM
1,2 = ± 1√

(1 + 2c)
; ωM

3,4 = ±1. (S41)

Comparing Eq. (S34), Eq. (S39), and Eq. (S41), it can be found that Eq. (S39) is a special

form of ω1,2 in Eq. (S34) when γ → 0; Eq. (S41) is a special form of Eq. (S34) when γ → 0. The

comparison shows that in addition to the inherent tuning freedoms preserved by ω0, ω1,2 and ω3,4

in Eq. (S34) also preserve an extra resistive tuning freedom, i.e., γ =
√
L/C/R. Supplementary

Figure 10 compares the theoretical frequency tuning range of three oscillators using the same

tunable parameters, exhibiting a larger tuning range of our system.

Supplementary Information 4.2 Phase Noise Comparison

Supplementary Figure 11a shows the passive resonator model for a conventional single-core

oscillator whose phase noise (PN) model is illustrated in Supplementary Figure 11b. The main

noise sources come from resistor thermal noise (I2
R0

(ω) = 4kT/R0, ω > 0) and transistor thermal

noise (I2
gm(f) = 4kTmgm, ω > 0). The classical PN formula of the conventional single-core

oscillators [74] is shown below

Lconv(4ω) = 10 · log
[Psideband(ω +4ω, 1Hz)

Pcarrier

]
= 10 · log

(
(1 +m) · 4kTR0

V 2
osc,conv

·
( ω

2QS4ω

)2
)
.

(S42)

Here, Psideband(ω +4ω, 1 Hz) represents the single sideband power of noise at a frequency offset

of 4ω from the carrier with a measurement bandwidth of 1 Hz. ω is the oscillation frequency.

4ω is the frequency offset. k is Boltzmann’s constant. T is the absolute temperature. R0 is the

inherent resonator resistance. m is a noise factor of the active device. Vosc,conv is the oscillation

amplitude. QS is the quality factor of the resonator as shown in Supplementary Figure 11a, defined
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Supplementary Figure 11: Phase noise models of different oscillators. a. Passive resonator model
of a conventional single-core oscillator. b. Phase noise model of the single-core oscillator. c. Passive
resonator model of a conventional multi-core oscillator based on two coupled resonators. d. Equivalent
resonator model and phase noise model for the multi-core oscillator. e. Equivalent phase noise model of our
system.

as QS = ωR0C = R0/(ωL).

It is well-known in the oscillator filed that multi-core oscillators built upon N identically coupled

resonators can lead to the PN reduction by 10 log10 N dB as compared to a single-core oscillator [75,

76, 77, 78]. A detailed theoretical analysis is proposed in a previous work [75]. We provide an

intuitive understanding here by using a multi-core oscillator composed of two coupled resonators

as an example. Supplementary Figure 11c shows the passive resonator model for the multi-core

oscillator. One can imagine that the two coupled resonators can be equivalently considered as

a single-core resonator with doubled capacitance, halved inductance and halved inherent resistor

as shown in Supplementary Figure 11d. Then, the oscillation frequency remains the same as the

single-core oscillator. According to Eq. (S42), PN is reduced by 3 dB in this case. This case study

indicates that although the noise sources of two coupled resonators double, the effective Q-factor

(QC) of the system (Figure 11e) also doubles, i.e.,

Lc(4ω) = Lconv(4ω)− 3 = 10 · log10

(
(1 +m) · 8kTR

V 2
osc,conv

·
( ω

2 · 2QS4ω

)2
)
, (S43)

where QC = 2QS . Our system built upon two coupled resonators also obey this rule. However,

with the unique gain-loss contrast tuning, our system achieves more PN reduction. In conventional

oscillators, the provided gain only demands to cancel the inherent loss. However, in our system,

the provided gain not only needs to compensate for the inherent loss, but also requires to balance
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Supplementary Figure 12: Experimental setups. a. Chip die photo. b. Bonding diagram. c.
Daughter PCB for controlling the biases of the IC components. d. Mother board for power supply.

the tunable loss. Assuming the ratio between the provided gain and the inherent loss is β (β > 1),

the PN of our system is expressed as

LPT (4ω) = 10 · log10

(
(1 + βm) · 8kTR

(β2Vosc,conv)2 ·
( ω

2 · 2QS4ω

)2
)
. (S44)

Here, the oscillation amplitude of our system increases to β2× as the current flowing into the res-

onator is quadratically proportional to the gain. Note that in the saturation region, the resonator

current ID is linear with the square of transconductance gPTm based on the I-V relationship of MOS-

FET: gPTm = ∂iD/∂VGS = µnCox(W/L)(VGS − Vth) =
√

2µnCox(W/L)ID. Comparing Eq. (S42)

and Eq. (S44), we obtain

LPT (4ω) =
[
Lc(4ω)− 10 log10

(β4(1 +m)

1 + βm

)
− 3
]
< Lc(4ω)− 3. (S45)

Eq. (S45) shows that the gain-loss contrast tuning of our system can further reduce PN by increasing

the power of carrier. Therefore, the PN improvement of our system is attributed to two facts: 1)

the coupled-resonator structure of our system can enhance the effective Q-factor of the system,

and 2) the gain-loss contrast tuning can increase the oscillation amplitude, decreasing the effect of

noise.
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Supplementary Figure 13: Complete setup to test the system. The test platform consists of a
daughter board, a mother board, a power, a signal generator, an oscilloscope, and a PC.

Supplementary Information 5 Experiments

Supplementary Information 5.1 Experimental Setup

We fabricated the chip with a 130 nm CMOS technology. The chip die photo is shown in

Supplementary Figure 12a. The core area of the system is 200µm × 750µm. To test the chip, we

designed two printed circuit boards (PCBs). One is a daughter board (Supplementary Figure 12c)

and the other one is a mother board (Supplementary Figure 12d). The system chip was bonded on

the daughter board by gold wires (Supplementary Figure 12b). The daughter board provides all

the control signals and high-speed inputs (outputs) for the chip, such as gain (loss) bias voltage,

varactor bias voltage. All the high-speed input/output terminals of the chip are accessed by high

bandwidth surface mount ahead (SMA) on the daughter board. The mother board is used as

power supply for the daughter board. A complete setup is shown in Supplementary Figure 13. Our

experimental setup consists of a bonded chip in a daughterboard, a motherboard, a power supply, a

mixed signal oscilloscope (MSO, Agilent 9404A), an arbitrary wave generator (AWG, KEYSIGHT

M8195A) and a personal computer (PC). The MSO has four pairs of differential channels, and its

highest sampling rate is 20 GSa/s. The AWG has four pairs of differential channels, each pair of

which can generate arbitrary waves up to 50 GHz with independently varying phase.
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Supplementary Information 5.2 Experiment And Simulation Procedures

In the phase transition experiments, the outputs of two RLC resonators were connected to the

MSO. To test the PT-symmetry spontaneous breaking, we used the zig-zagging method to make

either eigen-frequency dominant [52, 79].
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Supplementary Figure 14: Measurement methodology to obtain the eigenfrequencies of our
system [79]. a. The ‘X’ plane used as the instructions to manually tune our system. b. A simplified
example to show how to obtain the imaginary part of eigenfrequencies.

The method is originally proposed in [79], which can be best introduced using Supplementary

Figure 14a. The horizontal axis represents the capacitance difference 4C = CL −CG between the

two resonators. “Moving rightward on the figure indicates decreasing 4C. The vertical axis is the

gain. Upward movements indicate increasing gain. The dot at the center of the X represents a

point where the gain and loss are exactly balanced, but the capacitance is imbalanced by a small

amount 4C > 0. The goal is to attain a stable dimer configuration just barely below that center

dot. Then the slightest changes can cause a marginal instability in one, the other, or both modes,

allowing each mode to be observed individually in a state of gain-loss balance. An algorithm to

find this balance point by zig-zagging along one of the bottom boundary lines of the X follows:

1) Reduce gain until all modes decay by ending just inside a border of the X; 2) Change 4C a

bit in whichever direction doesn’t immediately cause instability; 3) Increase gain until something

oscillates; 4) Change 4C enough to kill the oscillation, then a bit further; 5) Repeat 3) and 4)

until tiny capacitance changes cause a switching from the high frequency to low frequency zone,

with only a tiny “dead zone” in between. Note that as γ → γEP , 4C → 0. Beyond γEP , 4C was

held fixed at its asymptotic value.” Note that machine learning methods [80, 81] may be used to

achieve an automated manner to adjust the gain-loss contrast for the system. We will explore this

method in our future work.

In the exact phase, mode frequencies were directly observed by balancing gain-loss and slightly
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unbalancing the capacitance, then correcting for the imbalance. For each mode, once the system

was brought to a state of marginal oscillation, oscilloscope waveform capture recorded VG(t) and

VL(t), the voltage data at each side of the system. These data were analyzed for real frequency and

amplitude. This process described above forced the imaginary part of the frequency to be zero,

and so the imaginary frequency data was automatically recorded as zero. In the broken phase,

the capacitance trim is kept fixed at its asymptotic value, and the gain trim is set to a bit higher

than center dot. The exponential growth of transient data obtained in Figure 14b then directly

gives us the imaginary component: ωIm = (ln(y2 − Vcm)− ln(y1 − Vcm))/(t2 − t1). Here, Vcm is the

common mode voltage, which is set to be VDD/2 = 0.6V in our design. Note that only a piece of the

transient curve as shown in Figure 14b is used to calculate the imaginary part. As the amplitude

increases, the gain will be degenerated due to the nonlinearity of the system, which can lead to the

computation errors.

In the single-port scattering experiments, the system was biased in the exact phase. Then, a

sinusoidal signal with varied frequency was applied into the system. Note that the signal power

was chosen to set the system in the linear region. The incident wave V +
G (V +

L ) and the reflected

wave V −G (V −L ) were extracted from the voltages at either side of the TL, from which the scattering

coefficients rG = V −G /V
+
G and rL = V −L /V

+
L were calculated. In the two-port scattering simulations,

the AWG sourced sinusoidal signals with varying frequencies or phase into the chip through TL.

Then signals on both terminals of the TL were sent into the MSO such that the incident wave

and reflected wave could be captured. Theoretically, the ideal case of Θabs = 0 and Θamp = ∞

can only occur when the gain and loss are perfectly balanced. In our system, small imbalance

of RLC components existed in the two RLC circuits due to minor fabrication error, which could

not be completely compensated by the external tuning. Such a tiny imbalance resulted in a large

deviation of theoretical Θabs and Θamp of our system from the ideally balanced condition (see

Supplementary Figure 17a), and experimental difficulty in measuring Θabs. Therefore, we performed

SPICE simulation with special scanning techniques [79] to obtain the corresponding results with

Θ < 0 in Supplementary Figure 17b. When the PT-symmetric dimmer acts as a perfect absorber,

the condition V +
L = M21(ω)V +

G must be satisfied. In the simulation, we let V +
L = Aeiφ

′
(ω)V +

G .

Each lower data point near the absorption point in Supplementary Figure 17b was found by fixing

frequency and scanning through values of φ
′

= 90◦ in tightly spaced increments, then recording the

minimum Θ value. Within these φ
′

scans, an iterative process of measurement and resetting was

used at each step, to ensure that A and φ
′

were within a small tolerance level of the theoretically

specified values. The portion of the bottom (blue) curve in Supplementary Figure 17b near the

35



119.86 @1 dBC Hz MHz

2.84GHz 3.22GHz

120.21 @1 dBC Hz MHz

3.04GHz

117.81 @1 dBC Hz MHz

2.91GHz

118.97 @1 dBC Hz MHz

3.05GHz

119.40 @1 dBC Hz MHz

3.22GHz

a

b

120.76 1 dBc Hz @ MHz

Supplementary Figure 15: Comparison of phase noise performance of the microwave generation
between the fully integrated PT-symmetric electronic system and the baseline conventional
oscillator with a single-resonator structure. a. Phase noise of our system at different frequencies:
2.84 GHz (low frequency), 3.04 GHz (medium frequency), 3.22 GHz (high frequency). b. Phase noise of the
baseline oscillator at different frequencies: 2.91 GHz (low frequency), 3.05 GHz (medium frequency), 3.22
GHz (high frequency).

minimum is an example of one of these high-precision scans.

In the nonreciprocal experiments, the AWG fed sinusoidal signals with varying frequencies into

the system through the gain (loss) side TL. Then both the incident wave on the input terminal of

the gain (loss) side TL and the reflected wave on the output terminal of loss (gain) side TL could

be captured by MSO.

Supplementary Information 6 Supplementary Results

Supplementary Information 6.1 Comparisons of Microwave Generation

In our system, a conventional oscillator (Supplementary Figure 9b) can be obtained by turning

off SW1 to decouple the two RLC resonators in the fully integrated PT-symmetric electronic sys-

tem shown in Supplementary Figure 1. We compare the phase noise performance of the baseline

oscillator and our PT-symmetric system at different frequencies (low, medium and high frequency

in each individual system) in Supplementary Figure 15. The experimental results show that the

fully integrated PT-symmetric electronic system generally has better phase noise performance in

the tuning range than the conventional oscillator. Table 1 summarizes the comparison.

We then further examine the Eq. (S34) and Eq. (S36) in Section Supplementary Information
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Supplementary Table 1: Comparisons of microwave generation between the fully integrated PT-
symmetric electronic system and the baseline traditional oscillator.

Works
Baseline

Oscillator
Our PT-symmetric

System

Technology (nm) 130 130
Supply (V) 1.2 1.2

Power (mW) 4.31 4.31
Area (mm2) 0.15 0.15
fmin (GHz) 2.93 2.63
fmax (GHz) 3.23 3.20
LC Tuning
parameter

L = 1.85 nH;
C ∈ [1.35, 1.55] pF

L = 1.85 nH; CC = 500 fF;
C ∈ [1.35, 1.55] pF.

R tuning N/A R ∈ [80, 260] Ω

FTR (%) 9.70 20.17
PN(dBc/Hz@1MHz )

(Average)
118.72 120.28

Supplementary Figure 16: Example of quadrature microwave generation enabled by the PT-
symmetric electronic system. The system is biased around the exceptional point.

4.1 at the coalescence frequency ω1 = ω3. We find that φ1,3 = π/2 if ω1 = ω3 = 1/
√

(1 + c). This

indicates that by carefully choosing design parameters at EP, the phase difference between two sides

is π/2, then we can achieve quadrature microwave generation [82, 83, 84, 85]. Note that we use a

differential architecture to design the system, therefore the phase for VGP , VGN , VLP , VLN is 0, π,

π/2, 3π/2. Supplementary Figure 16 shows the experimental results of the quadrature microwave

generation enabled by our system.

Supplementary Information 6.2 Scattering Results

Theoretically, the ωJ is uniquely determined by the tuning parameter γ =
√

(L/C)/R when the

system is perfectly balanced. A small variation of gain/loss value R in γ will cause the significant

deviation of Θamp and Θabs from ideal value (Θamp = ∞, Θabs = 0). Supplementary Figure 17a

shows the theoretical simulation of several groups Θamp and Θabs under different variation of R.
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Supplementary Figure 17: Simulations and experiments of two-port scattering property. a.
Theoretical deviation of Θamp and Θabs under different gain (loss) value R. b. Measured results.

Supplementary Table 2: Non-reciprocity comparisons between our system and state-of-the-art isolators
based on nonlinearity.

Works
Our

System
PRL ’13

[86]
Nature Electron ’19

[87]
Nature Electron ’20

[88]

Power threshold −21 dBm 9 dBm 17 dBm −20 dBm

Isolation 20 dB <5 dB 35 dB 10 dB

Bandwidth [2.75 ∼ 3.10] GHz [38 ∼ 40] KHz [700 ∼ 800] MHz 200 MHz

Insertion gain? 5 dB No No No

Fully integrated? Yes No No No

R = 100 Ω can be consider as the case to achieve ideal Θamp and Θabs. Even if there is only 15 Ω

deviation, the deviation of Θamp and Θabs is up to 80 dB. Considering the fabrication process leads

to the imbalance of CMOS components between the two RLC resonators which cannot be com-

pletely compensated by the external tuning, the practical deviation becomes worse. Supplementary

Figure 17b demonstrates a measured result (red dots) of two-port scattering property when the

system suffers from small fabrication mismatches.

Supplementary Information 6.3 Non-reciprocal Microwave Transmissions

Extra experimental results of non-reciprocal transmission are shown in Supplementary Figure 18

which together with the Figure 4a-e (main text) show the non-reciprocal trend of the isolation in

Figure 4f (main text). Our system shows strong isolation among a wide bandwidth in the microwave

domain. Our system also requires a lower power threshold and shows interesting insertion gain

due to enhanced nonlinearity enabled by PT-symmetry as compared with traditional nonlinearity-

induced isolation (see Supplementary Table 2).
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Supplementary Figure 18: Supplementary experimental results for non-reciprocal transmis-
sion. a. Nonreciprocal transmission is observed in the exact phase (γ/γEP = 0.83) with two peaks, where
the forward transmission is up to −10.5 dB while the backward transmission is 1.0 dB. b. Nonreciprocal
transmission is observed in the exact phase (γ/γEP = 0.9) with two peaks, where the forward transmission
is up to −14.5 dB while the backward transmission is 1.9 dB. c. Nonreciprocal transmission is observed in
the broken phase (γ/γEP = 2) with one peak, where the forward transmission is up to −18.7 dB while the
backward transmission is 2.1 dB.

Supplementary Information 7 Versatile Fully Integrated PT-symmetric Electronic

System

In addition to the proposed architecture based on the gain (loss) tuning, it is straightforward

for us to implement other architectures for the system by leveraging the flexible tuning mechanisms

of IC. We propose two variants of the system by using 130 nm CMOS technology and show them

in Supplementary Figure 19. The first variant is based on coupling-tuning architecture (Supple-

mentary Figure 19a). In this architecture, all the components are fixed except for the coupling

capacitance CC . The CC can be realized by switched-capacitor arrays or varactors. The second

variant uses capacitance-tuning mechanism (Supplementary Figure 19b). In this architecture, all

the components are fixed except for the RLC resonator’s capacitance CG (CL). The CG (CL)

can also be realized in the same way as CC . Although they are different in tuning mechanisms,

the theory of the PT-symmetry spontaneous breaking keeps the same. Based on Eq. (S35), in
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electronic system. a. Coupling-tuning architecture. In this architecture, only coupling capacitance CC

is adjustable, all other components are fixed. b. Capacitive tuning architecture. In this architecture, only
capacitance in the RLC resonators is adjustable, all other components are fixed.
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Supplementary Figure 20: Phase transition of the system based on coupling-tuning architec-
ture. a. Real part of the eigenfrequencies. b. Imaginary part of the eigenfrequencies. The part below the
zero axis is the symmetrical part of the positive one. Star symbols are simulations while lines are theoretical
prediction.
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Supplementary Figure 21: Scattering properties of the system based on coupling-tuning ar-
chitecture. a. Single-port scattering. b. Two-port scattering [52]. Star symbols are simulation (S) results
while lines are theoretical (T) prediction.

the coupling-tuning architecture, γEP and γUP are evolving with the capacitance ratio c while γ

is fixed. In the capacitance-tuning architecture, all γ, γEP and γUP are evolving with the RLC
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resonator’s capacitance C, but γEP and γUP change faster.

We simulate the first variant of the system by using 130 nm CMOS technology and show the

corresponding results in Supplementary Figure 20 and Figure 21. The design parameters of this

variant are L = 3.50 nH, CC ∈ [0.3, 1.3] pF, C = 0.4 pF, and R = 270 Ω. All the simulation results

are matched with theoretical predictions, demonstrating that ICs can provide versatile structures

to study PT-symmetric electronics.

Supplementary Information 8 Extended Discussions

Supplementary Information 8.1 Discussion on Periodic PT-symmetric Electronic Struc-

tures

PT-symmetric periodic structures, near the spontaneous PT symmetry breaking point, can act

as unidirectional invisible media. In this regime, the reflection from one end is diminished while it

is enhanced from the other. In electronics, the unidirectional invisibility has been studied by using

diverse board-level PT-symmetric systems [89, 90, 91].
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Supplementary Figure 22: Circuit structure for unidirectional invisibility based on PT-
symmetric electronic circuits. a. Circuit structure for unidirectional invisibility based on a periodic
PT-symmetric transmission line circuit [91]. b. The circuit schematic used in the previous work [89].

Supplementary Figure 22a shows a circuit schematic of a PT-symmetric periodic structure based

on a transmission line model [91], where the resistor Rn is distributed according to the configuration

of PT symmetry composed of a gain (−R) and loss (+R) sequence. Theoretical analysis suggests

that such a structure shows PT symmetry phase transition from real to complex eigenvalues as a

function of resistance R. It can be used as a counterpart of PT-symmetric Bragg periodic structures

in the electronic domain to study the unidirectional invisibility around the exceptional point.

The system in reference [89] is composed of lumped elements and transmission lines as shown
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Supplementary Figure 23: Theoretical hopping model and circuit diagram for topological
electronics, which is modified from ref [28]. a. Bulk model with two sites per unit cell (red and blue),
with alternating hoppings t1 and t2 and on-site gain/loss terms ±iγ. b. Insertion of the PT-symmetric defect
(white empty circle). c. Circuit diagram of the experimental implementation. The hoppings are realized
by capacitors C1, C2, the on-site gain and loss by resistive elements −R, R. The inductor L or capacitor C
tunes the resonance frequency of the circuit.

in Supplementary Figure 22b. The two parallel resistors are separated by two transmission lines of

which the electric lengths are l1 = kd1, l2 = kd2 and the characteristic impedance is Z0, in which

k is the wave number and d1,2 is the physical lengths of the transmission lines. Furthermore, the

resistance of reactance component which consists the capacitor C or the inductor L is X = 1/ωC

or X = ωL between the two transmission lines. Based on the scattering matrix method, the circuit

can exhibit an ideal unidirectional performance at the spontaneous PT-symmetry breaking point

by tuning the transmission lines between the lumped elements. Additionally, the resistance of the

reactance component can alter the bandwidth of the unidirectional invisibility flexibly.

The system in reference [90] has the exactly same structure as our dimer. An interesting result

of two-port scattering in this paper is that at specific ω values, the transmittance becomes t = 1,

while at the same time one of the reflectances vanishes. Hence, the scattering for this direction of

incidence is flux conserving and the structure is unidirectionally transparent. Periodic repetition of

the PT-symmetric unit will result in the creation of unidirectionally transparent frequency bands.

We recommend these circuit structures for the study of unidirectional invisibility in the electronic

domain. With proper optimization and design techniques, all these circuits can be implemented on

IC.

Supplementary Information 8.2 Discussion on Topological PT-symmetric Electronics

Topological properties experience an intriguing degree of diversification when they are combined

with PT symmetry. Therefore, there have been considerable efforts devoted to studying topological
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insulators under the context of PT symmetry. Here, we would like to give some discussions about

studying topological effects with non-Hermitian topological electronic circuits.

Prior arts [28, 92, 29, 30] have used PT-symmetric electronic circuits to demonstrate various

topological effects, such as topological defect engineering, topological insulating phase, and topolog-

ical wireless power transfer. So far, these experiments have been focused on low-frequency platform,

i.e., printed circuit board. A general 1-D PT-symmetric Su-Schrieffer-Heeger (SSH) tight-binding

model is illustrated in Supplementary Figure 23a, which is based on a chain with alternating hop-

ping t1 and t2, and an alternating on-site gain and loss term ±iγ. The non-Hermitian SSH model is

represented by the admittance matrix, also termed circuit Laplacian J(ω) [93] of the circuit. The de-

tailed theoretical analysis of such non-Hermitian SSH models can be found in prior works [28, 93].

Supplementary Figure 23c shows the corresponding circuit design of the 1-D topological chain,

where the hoppings between non-Hermitian cells are represented by capacitors C1, C2, and the on-

site gain and loss are realized by resistive elements. In order to design a manifestly PT-symmetric

topological midgap state in a waveguide system, a defect site can be inserted into chain as shown in

Supplementary Figure 23b. Realize such a chain in CMOS is conceptually straightforward. How-

ever, there are two concerns we want to discuss. First, the parasitics are universal in IC designs.

Therefore, the parasitics between the connection of two adjacent non-Hermitian units should be

minimized. Second, nonlinearities are also common in ICs. These non-idealities should be included

into the theoretical analysis of the 1-D topological chain.
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ichtner, S. Klembt, S. Höfling, I. Boettcher, I. C. Fulga, L. Ma, O. G. Schmidt, M. Greiter,

T. Kiessling, A. Szameit, and R. Thomale, “Topological defect engineering and PT symmetry

in non-hermitian electrical circuits,” Phys. Rev. Lett., vol. 126, p. 215302, May 2021.

[29] S. Liu, S. Ma, C. Yang, L. Zhang, W. Gao, Y. J. Xiang, T. J. Cui, and S. Zhang, “Gain- and

Loss-Induced Topological Insulating Phase in a Non-Hermitian Electrical Circuit,” Phys. Rev.

Applied, vol. 13, p. 014047, Jan 2020.

[30] L. Zhang, Y. Yang, Z. Jiang, Q. Chen, Q. Yan, Z. Wu, B. Zhang, J. Huangfu, and H. Chen,

“Demonstration of topological wireless power transfer,” Science Bulletin, vol. 66, no. 10, pp.

974–980, 2021.

[31] P.-Y. Chen, M. Sakhdari, M. Hajizadegan, Q. Cui, M. M.-C. Cheng, R. El-Ganainy, and
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