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We demonstrate the transient parity-time (PT) symmetry in electronics. It is revealed by equivalent
circuit transformation according to the switching states of electronic systems. With the phasor method and
Laplace transformation, we derive the hidden PT-symmetric Hamiltonian in the switching oscillation,
which are characterized by free oscillation modes. Both spectral and dynamic properties of the PT
electronic structure demonstrate the phase transition with eigenmode orthogonality. Importantly, the
observed transient PT symmetry enables exceptional-point-induced optimal switching oscillation sup-
pression, which shows the significance of PT symmetry in electronic systems with temporary responses.
Our work paves the way for breakthroughs in the PT symmetry theory and has essential applications such

as anti-interference in switch-mode electronics.
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Parity-time (PT) symmetric Hamiltonians, as a class of
non-Hermitian Hamiltonians, have attracted intense interest
due to the property of phase transition and entirely real
spectrum [1]. In the past decade, many studies have
demonstrated the PT symmetry in photonics [2—4], elec-
tronics [5—10], and acoustics [11-13]. Rapid development
of creating and understanding PT-symmetric structures has
led to various nontrivial features, such as unidirectional
invisibility [14], invisible sensing [12], single-mode lasing
[15], sensitive readout [8], and robust wireless power
transfer [6]. However, the stringent requirement to build
gain has hindered the possibilities to verify and implement
these concepts in practical devices. Therefore, a gain-free
route to PT symmetry has been introduced which captured
great research interests [16-21]. For example, a class of
simple Hamiltonians comprising two dissipative compo-
nents were constructed, where hidden PT symmetry is
revealed after a gauge transformation [2]. Multilayered
structures of hidden PT symmetry have been widely studied
in photonics and acoustics, revealing that in passive
systems an exceptional point (EP) and its associated phase
transition can be measurable quantities and featured with
unidirectional responses [22,23].

In electronics, PT-symmetric circuits at the steady state
[24-26] were intensely investigated, such as robust wireless
power transfer [6-10]. However, the exploration on PT
symmetry in the widely existing transients of electronic
systems is still elusive, which is nonetheless significant for
both theories and applications. In recent years, the advent
of wideband gap semiconductor switch devices has been
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revolutionizing power electronics. Because of unique
merits including lower loss, higher power density, and
better thermal performance, they have become promising
alternatives of silicon switch devices for higher efficiency
and higher power density applications. However, a big
challenge of severe switching oscillation exists for their
efficient and reliable applications, which is mainly excited
by ultrafast switching and caused by low on-state loss,
inevitably leading to the severe electromagnetic interfer-
ence, additional oscillation losses, and system breakdown
by wrongly triggered switching [27-29].

In this Letter, we propose an electronic structure that has
the transient PT symmetry triggered by the switching on
and off of electronic devices and provides an intriguing
solution to release the unwanted oscillation energy trig-
gered by fast switching. The electronic structure of the
transient PT symmetry is constructed by inductively
coupling a secondary circuit to a switch-mode primary
circuit to form a pair of gainless dimers. These unique
dimer structures are derived by equivalent circuit trans-
formation and simplification according to the switching
states of electronic systems. The rapid switching of
electronic devices provides an initial condition for the
passive dimers to reveal the hidden PT symmetry. It is
essentially different from previous works where the passive
optical system requires sophisticated preexcitations [16].
On the basis of the phasor method and the Laplace
transformation, our scheme not only probes the spectral
and dynamic properties of electronic systems with a hidden
transient PT symmetry, but also demonstrates loss-tuned
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optimal damping while still maintaining the very low lossy
state of the primary side at the EP. That is very conducive to
solving the critical issues of advanced wide-band-gap
semiconductor switch devices in real applications.

Distinctive from conventional damping techniques of
directly introducing physical loss elements at the primary-
side switch-mode circuit [28,29], our proposed method,
provided by transient PT symmetry, proposes an indirect
solution to damping the unwanted oscillation energy. A
“virtual” lossy element is established to the primary switch-
mode loop. Losses to damp the switching oscillation at the
primary side are almost transferred to the secondary
oscillator. Additionally, little impact can be made to the
original primary side by a low coupling strength.

A PT-symmetric dimer normally consists of a balanced
gain and loss. Figure 1(a) displays a PT-symmetric dimer
under the forced oscillation mode of Ae”. It is under a
steady-state condition and adopts the identical LC circuits
in Fig. 1(b) [6-10]. In Figs. 1(c) and 1(d), the concept of
transient PT symmetry is proposed. It is triggered by
switching on and off of electronic devices. After the rapid
switching process, transients of parasitic elements in the
circuit are established at the start of on- and off-states,
which can be described by the free oscillation transient
mode of Ael™~7)", Furthermore, this transient PT-symmet-
ric circuit has a more flexible configuration without
requiring identical LC resonators [see Fig. 1(d)]. The
dimer consists of asymmetric lossy sites without the need
for an active gain, so that its stability can be easily ensured
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FIG. 1. (a) The steady electronic system under the time-
harmonic state, which can be an active PT-symmetric dimer
denoted by the red spheres. (b) A PT-symmetric circuit under the
forced oscillation mode of Ae. (c) The transient electronic
system under the switching state over time. Only for transients at
the start of on- and off-state, the electronic system is equivalent to
a passive PT dimer, indicating the existence of transient PT
symmetry. The color change from blue spheres to red spheres
indicates the energy increase. (d) The proposed transient PT-
symmetric circuits which are established at the start of on- and
off-states under the free oscillation mode of Ael™~7) in the
switching process.

[2,7,16]. These free oscillation phenomena, such as tran-
sient currents, charges, discharges, or temporary disturb-
ances are very common in electronics [30-33]. By the
phasor method using complex angular velocities, the
impedance of an inductor becomes (iw — y)L, the imped-
ance of a capacitor becomes 1/[(iw — y)C], and the circuit
current is Ael™~7) with the resistance R being unchanged
in Fig. 1(d) [34,35]. This method can transform the
transient circuit analysis into an analogous ‘“‘steady-state”
circuit analysis.

Figure 2(a) schematically depicts the circuit diagram of
the switch-mode circuit at the primary side with a wire-
lessly coupled PCB circuit at the secondary side. A typical
switch-mode cell at the primary side is mainly composed of
a SiC MOSFET, a SiC diode, a dc voltage source and an
inductive load. The on-state losses of both devices are very
small while the off-state losses are negligible. In addition,
their switching speed is ultrafast so that their switching loss
is very low (tens of microjoules). Therefore, in terms of the
losses, this switch-mode excitation is more efficient than
the conventional operational amplifiers [6,7]. The secon-
dary oscillator is composed of a printed circuit board (PCB)
with coupling coils, capacitors, and resistors connected in
series. We choose a physically asymmetric design that the
secondary inductance is an order of magnitude larger than
the total primary inductance to increase the inductive
coupling coefficient. Further, our coupling fashion can
minimize the parasitic inductance influence to the primary
oscillator [36], which is significant for practical system
design and implementation.

Our proposed transient PT-symmetric dimer is not
directly composed of the steady RLC circuit, but an
equivalent circuit of a switch-mode electronic converter
derived according to the switching states of electronic
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FIG. 2. (a) Circuit diagram of the primary-side switch-mode
circuit with a wirelessly coupled PCB circuit. The secondary
circuit is coupled to the primary circuit. (b) The output curves of
SiC MOSFET. I is the drain current of the MOSFET that is the
primary-side current, Vg is the drain to source voltage and Vg
is the gate voltage. The MOSFET full switching process is a
typical nonlinear switching trajectory (blue trace: turn-on; red
trace: turn-off).
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devices. For the primary switch-mode circuit, a gate signal
controls SiC MOSFET to switch on and off. Figure 2(b)
shows the output characteristic curves of SiC MOSFET.
The switching process can be depicted into a typical
nonlinear switching trajectory, viz., the blue and red curves
in Fig. 2(b). The green area is the “saturation” region for
MOSFET. The quick switching behavior mainly in the
green area excites free oscillation after the SiC MOSFET
switching has been completed [27-30]. Here, we focus on
the oscillation process. For the on- and off-states of SiC
MOSEFET, two different linearized equivalent circuits can
be simplified and derived. When the MOSFET is at on-state
with a very low Rpg o, the diode is off-state and acts as a
capacitor C;. Conversely, when the MOSFET is off-state,
the diode is at on-state and acts as a low resistor Riode(on)-
Therefore, a pair of different equivalent RLC oscillators
at both turn-on and turn-off oscillations can be derived
after a series of circuit simplification and transformation in
Fig. 1(d) [36].

We combine the phasor method and the Laplace trans-
formation to reveal the transient PT symmetry in electronic
systems with free oscillation modes. The coupling-mode
equations of the circuit under free oscillations in Fig. 1(d)
are derived as

U\ L M\ /(L
(w) =t ) () o
U, M L,)\I,

Applying Kirchhoff’s voltage law, we also have

I
U +RI+—F=0,
N S

I,
Uy+ Ry + —————=0, 2
2+ 22+(ico—y)C2 (2)

where U,, and I,, denote the voltage and the current through
inductors, respectively. With {[(w+iy)? —w?2]/[2(0+iy)| }~
w+iy—wm,, by combining Egs. (1) and (2), we obtain

<i(w1—a)i;i}')—71 i(wz_a)iil-y)_y2> <Z:> o )

where a, = \/(L,/2)I, is proportional to the inductance
current and |a,|? is the energy stored in the inductor. We
also have the resonance frequency w, = (1/4/L,,C,), loss
rate y, = (R,/2L,), coupling rate x = —[(@ + iy)u/2],
and coupling coefficient u = (M/\/L1L,). In a passive
system under free oscillation modes, ® 1is usually
much larger than y, and thus we assume that
k ~ —(wp/2). Considering the free oscillation currents
a,(t) = a,el™ 1) the time evolution of the amplitudes
of oscillators afay,a,| can be described by the following
equation:

.d |:al] [601+i7’1 K :||:al:|
SINE el @
dt | a, K Wy +iyy | Las

H

where H is a non-Hermitian Hamiltonian. We define
x =1[(y1 +72)/2] and apply the gauge transformation
(] =" [ﬁﬂ and the PT symmetry can be reestablished as

A e K Al s
dt| A, K wy + i Ay ]

H

The new Hamiltonian H’ in Eq. (5) has the same off-
diagonal elements « as the original Hamiltonian H, but the
imaginary parts of diagonal elements are now balanced.
This system can be identified as a passive system with the
transient PT symmetry, since [H', PT] = 0 is satisfied. We
only need w; = w, to guarantee the PT symmetry of H'.
Therefore, the transient PT-symmetric structure can have a
very flexible configuration, for example comprising differ-
ent LC oscillators (L # L,).

Eigenvalues of the transformed Hamiltonian H’ are
Mo =wyE£ /K>~ (y, —71)?/4. Here, we define A=
k?> — (y» —71)*/4. The evolutions of two eigenmodes
1) exp(iv/At) and |2) exp(—iv/At) are given in the form
of sinusoidal or exponential functions. When A > 0, the
two eigenmodes |1) exp(iv/Ar) and |2) exp(—iv/At) are
sinusoidal functions. At A = 0, the eigenmodes coalesce
and the system operates at an EP. In this case, spontaneous
PT symmetry breaking occurs at y, = —2x + ¥, marking
the onset of phase transition. As y, further grows, \/Z
becomes a complex number and the two eigenvalues
become a complex conjugate pair in the broken PT phase.
The eigenmodes transform into exponential functions
with one growing and the other decaying. The eigen-
values of Hamiltonian H are A, = wy + i[(y, +72)/2] £
V&> —[(y2 —71)?/4]. Comparing with H’' after gauge
transformation, the system described by H has a larger
loss rate of [(y; + y2)/2]. This loss rate reflects a hyper-
bolic angular velocity, which causes the circuit modes to
attenuate and freely oscillate. In the broken phase, the two
modes decay at different rates, indicating loss rate splitting.

We conduct experiments to study spectral properties of
the transient PT symmetry in the proposed electronic
system [36]. The advanced particle swarm optimization
(PSO) algorithm [37,38] is used to accurately fit measured
results of the free oscillating currents in the primary
oscillator to yield the loss rates and the frequencies, which
is difficult to be observed directly from the raw exper-
imental results. The indicators identified by PSO are
beneficial to reveal and reflect the characteristic of transient
PT symmetry. [ (1) = e "™)(+0) £ C, cos[Re(A, ) (t+1o)] +
C,cos[Re(A,)(1+1)]} and I;(t) = cos[Re(Ao)(r + 1g)] x
[Cre~mE)(tn) 4 €, e~Im(%)(+10)] are the objective func-
tions in the symmetric and broken phases, respectively.
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Here, Im(4q) is the loss rate of eigenmodes in the
symmetric phase. Re(1;) and Re(/,) are the frequencies
of the eigenmodes in the exact PT-symmetry phase. Re(4)
is the frequency in the broken phase. Im(4;) and Im(4, ) are
the loss rates in the broken phase. C,, is the initial
amplitude. Since we only analyze the transient oscillation
processes, we use f, as a variable to compensate for the
time delay. The results are compared with the eigenvalues
of H in Eq. (4) [see Figs. 3(a) and 3(c)]. In order to prove
the accuracy of the proposed equation to find the EP
analytically, more experimental data around the EP are
added to demonstrate the distinctive phase characteristics.
Here, the secondary resistance R, is used to tune the loss
rate y,. Re(4) represents the frequencies of the two modes
while Im(4) represents the loss rates. The experimental
results nicely agree with the theoretical results proposed
above and demonstrate the hidden PT symmetry behaviors
in the proposed system.

The eigenvector can be obtained from the Hamiltonian H’
[36]. In the PT-symmetric phase, the eigenvector is
A1, 42) = (1.F =), where sing = [(r, —y1)/(=2x)].
When the system enters the broken phase, the eigenvector is
|A1.42) = (1,—ie**)T where coshg = [(y2 —71)/(=2K)].
Note that the eigenvector |1;,4,) is orthogonal in the
unbroken phase and broken phase. At the EP, the eigenvec-
tors coalesce and |1;,4,) = (1,—i)7, which is the salient
feature of an EP. The eigenvector can mainly reflect the phase
relation between a; and a, under two modes, respectively.
Here, we plotted the variances of V,, in the complex plane for
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FIG. 3. (a),(c) Real and imaginary eigenvalues identified by
PSO algorithm in comparison with the theoretical values in the
turn-off and turn-on oscillation processes. The theoretical curves
are obtained by calculating the eigenvalues of H. Here,
Ry orrpp = 140 © and R, pp = 143 Q. V,, is plotted in the
complex plane to describe |4) such that [4) = [V, V,]T. (b),(d)
The primary and secondary oscillator current waveforms in the
turn-off and turn-on oscillation processes, respectively, when
the circuit works in the unbroken phase, at an EP and in the
broken phase.

the corresponding eigenvectors |4), such that |1) = [V, V,]7,
as shown on the top of Figs. 3(a) and 3(c). When R, is
approximately equal to zero, the phase angle difference
between V; and V, in the first mode is approximately
180° (odd mode), and the one in the second mode is
approximately 0° (even mode). As R, increases in the
unbroken phase, the phase angle difference in the first mode
decreases, while the phase angle difference in the second
mode increases. The amplitude ratios of V| and V, in two
modes are both one. When the system is at an EP, the
amplitude ratio V| /V, in the two modes keeps unitary. V,
and V, in two modes are both orthogonal with the phase
angles differing by 90°. As R, continues to increase into the
broken phase, V| and V, in two modes still keep orthogonal,
while the amplitude ratio V| /V, of one mode decreases with
the other increasing. In the Supplemental Material, we
demonstrate the phase transition with eigenvector orthogon-
ality by experiments [36].

The energy at the initial stage of oscillation is
closely associated with SiC MOSFET rapid switching
transients. The first crest and trough of the primary current
can hardly vary with R, [39]. They are determined by
intrinsic properties of electronic devices and also external
circuits. Strictly speaking, switching oscillation starts
after the completion of reverse recovery diode at turn-on
or the closure of MOSFET channel. Only after these two
instants can the two linearized circuit transformation be
applied [36]. In studying dynamic properties of a transient
PT symmetric circuit, we exclusively focus on the
oscillation process [30]. As the initial amplitude of oscil-
lation is almost the same, the oscillation suppression effect
depends only on the damping rate. With R, increasing in
the symmetric phase, the circuit damping rate Im(4,,)
increases obtained from the eigenvalues of the Hamiltonian
H. However, the phase transition from PT symmetry to PT
symmetry breaking has a significant effect on dynamics.
Note that in our proposed configuration the total circuit
damping rate in the broken phase is dominated by Im(4,)
due to Im(4,) < Im(4,). A counterintuitive result is that
Im(4,) becomes decreasing in the broken phase leading to a
reduced oscillation suppression effect. Therefore, the
damping rate is maximized at the EP, which is an intriguing
feature detected exactly at the EP.

In Figs. 3(b) and 3(d), the time-dependent oscillation
current transients for the entire parameter tuning process
starting from the unbroken phase, to EP, and gradually to
the broken phase are presented, indicating a typical non-
Hermitian behavior. As expected, from the primary and
secondary oscillator currents, the shortest and quickest
damping was achieved at the EP, which matches the
theoretical results based on our Hamiltonian model. The
nontrivial property originates from the transient PT sym-
metry and the spontaneous symmetry-breaking transition at
the EP. In Fig. 3(d), at turn-on, the damping at EP is less
outstanding than that at turn-off, which might be caused by
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FIG. 4. (a) Oscillation duration as the function of R, and
coupling coefficient u in the turn-off oscillation, for example. The
evolution trend also holds for the turn-on oscillation. (b) Mea-
sured dynamic switching waveforms without (red line) and with
(blue line) transient PT at R, = 300 Q. (c) Corresponding current
spectrum comparisons without (red line) and with (blue line) the
transient PT.

measurement errors or detuning of both oscillators, where it
illustrates that the damping can reach the maxima only
when w; = w, [36]. However, detuning is unavoidable due
to the capacitance deviations of capacitors used. In addi-
tion, there are also difficulties in obtaining perfectly
accurate parasitic parameters.

The coupling coefficient ¢ can be different. As p
increases, the oscillation durations at their corresponding
EPs decrease as shown in Fig. 4(a). We have successfully
proven the accuracy of the proposed equation to locate the
EP analytically, as y, = —2k + y,. Therefore, to increase
the effect of switching oscillation, we can increase the
coupling factor and ensure the circuit still works at the EP
by setting R,. In reality, it is difficult to improve y over 0.25
as the dimensions of secondary coils are strictly limited by
installation space [40]. It can be further seen from Fig. 4(a)
that increasing the coupling factor can greatly reduce the
oscillation period before ¢ = 0.38. However, over 0.38, the
increase of the oscillation suppression effect becomes
slowed down with further increase on the coupling factor.
Here, we choose a maximal number of identical PCB coils
(20 coils). The theoretical R, of the secondary PCB circuits
at EPs are R, ¢ pp = 281 Q and R; o, gp = 291 Q, respec-
tively, for turn-off and turn-on processes. They are very
close in the weak coupling conditions. In experiments, we
choose R, = 300 Q that is close to R; o gp and R; o, gp,
and set C; o, = C, . Such an optimal design can simul-
taneously achieve an excellent electromagnetic oscillation
suppression for both turn-off and turn-on.

In Fig. 4(b), a primary-side switch-mode cell without
transient PT (red line) has nontrivial oscillation time because
only the minute loss element consumes the oscillation
energy. When the secondary oscillator is coupled to form
the transient PT symmetry at the on- and off-state, the
oscillation time is greatly reduced (blue line). Admittedly,
the proposed transient PT circuits is weakly coupled

(Mon = 0.2372 and po = 0.2213). The result is expected
and desired. Influence to the primary switch-mode circuit
ought to be minimized as mentioned previously. It can be
further observed in Fig. 4(c) that the spike at around 36 MHz
caused by fast switching is significantly suppressed. Our
results reveal the EP-induced supernormal effect associated
with the transient PT symmetry.

In conclusion, we demonstrated transient PT symmetry
in electronic systems, which can be used for switching
oscillation suppression in switch-mode electronics. The
transient PT symmetry is triggered by the switching on and
off of electronic devices, while no sophisticated pre-
excitation is required. Our proposal has a flexible configu-
ration with diversified structures. For example, we can use
practical asymmetric coupled oscillators to increase the
coupling coefficient, enhancing the freedom of selecting
circuit parameters. Based on the Laplace transformation
and phasor method, we analyzed the eigenvalues and
eigenvectors, and revealed the transient PT symmetry at
the start of on- or off-states which leads to frequency
splitting, loss rate splitting and phase orthogonality under
the free oscillation modes. From the measured spectral and
dynamic properties, we clearly show that the transient PT-
symmetric dimer has the best oscillation suppression effect
at EP. Our work is significant for the development of PT-
symmetric electronics and extends the applicability of PT
symmetry into the transient regime, for example, promoting
versatile high-efficiency and high-power-density electronic
systems.
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