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We present a unified approach for designing isolators based on temporally modulated coupled resonator
networks. Our method leverages standard superconducting quantum interference device—based resonators
as building blocks, arranged in series-coupled resonators to realize a wide range of on-chip nonreciprocal
devices. The devices operate by translating microwave power into out-of-band intermodulation products in
a direction-dependent way. Our theoretical studies demonstrate the effectiveness of the proposed approach,
achieving isolators with near-zero insertion losses and isolation greater than 20 dB. To validate our find-
ings, we implemented and measured a series-coupled three-resonator superconducting isolator using a
single-layer superconducting process. At a base temperature of 20 mK, our device exhibited an insertion
loss of 1.3 dB in the forward direction and isolation of up to 25 dB at the center frequency and greater
than 15 dB across a bandwidth of 250 MHz in the reverse direction. Our approach promises to enable the
design of a broad range of high-performance nonreciprocal devices for superconducting circuits.
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I. INTRODUCTION

Superconducting quantum systems are rapidly becom-
ing a promising platform for building quantum computers
and other quantum information-processing devices [1—
3]. These systems consist of carefully engineered super-
conducting quantum bits (qubits) made using Josephson
junctions (JJs) or a parallel combination of JJs known as
superconducting quantum interference devices (SQUIDs)
and are operated at millikelvin temperatures (10—100 mK)
to harness quantum effects [4,5]. Nonreciprocal compo-
nents, such as circulators and isolators operating at these
low temperatures, are widely used to protect the qubits
from the noise and spurs of the downstream electronics at
higher temperatures, and to separate the input and ampli-
fied signals in quantum-limited reflection-type amplifiers
[6,7]. A typical qubit-readout chain consists of three—four
circulators per qubit. Currently, commercial ferrite circu-
lators that violate Lorentz reciprocity when biased with
a strong magnetic field are used for this purpose. These
ferrite devices, however, cannot be integrated on chip
alongside the superconducting qubits due to the significant
stray flux generated by their strong magnetic bias. As a
result, they are implemented as connectorized microwave
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components with magnetic shielding, resulting in bulky
form factors and expensive implementation costs. This
poses challenges for their use in large-scale quantum com-
puting systems with thousands of qubits in a single dilution
refrigerator.

Alternatively, Lorentz reciprocity can be broken using
time-varying structures [6—8] and has been explored
extensively in various branches of physics ranging from
acoustics [9—11], electronics [7,12—17], mechanics, and
optics [18-20] for realizing magnet-free, on-chip nonrecip-
rocal devices. Recognizing the need for miniaturized and
monolithically integrated nonreciprocal devices in super-
conducting quantum systems, prior works have explored
achieving on-chip nonreciprocal devices in superconduct-
ing platforms [21-30]. Several works [21,26-29] pro-
posed nonreciprocal circulators based on simulations, with
synthetic rotation-based circulators were demonstrated in
Ref. [22]. Reference [23] describes a frequency transla-
tional circulator that requires three rf pumps at separate
frequencies. Traveling-wave-based nonreciprocal devices
were proposed in Ref. [25] with the requirement of hun-
dreds of Josephson junctions and a large implementation
area to achieve adequate isolation. A nonmagnetic cir-
culator with dc-flux bias was proposed in Ref. [26] and
shows promise in reducing the rf pump complexity. While
progress in this research area has been substantial, devices
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free of high insertion loss, complex pump configurations,
and near-band spurious sidebands are still lacking.

In this work, we introduce a methodology to realize
a superconducting nonreciprocal isolator using the con-
cept of temporally modulated coupled resonator networks.
The concept of temporal modulation in coupled resonators
was introduced to realize on-chip circulators for wireless
systems [13,31]. Later, this concept was translated to real-
ize isolating bandpass filters at rf where varactors were
used as the modulating element [32,33]. Here the tempo-
ral modulation creates intermodulation (IM) products that
are frequency translated away from the band of interest.
By applying the modulation across a network of resonators
with varying phases, the frequency translation is direction-
dependent, resulting in low insertion loss in one direction
and high same-frequency isolation in the reverse direc-
tion. In this work, we present a methodology to translate
this concept to superconducting circuits through induc-
tance modulation by using SQUIDs as the modulating
elements. Our study showed that it is possible to utilize
standard SQUID-based resonators as fundamental compo-
nents that can be arranged in series-coupled resonators.
This configuration allows for the implementation of on-
chip nonreciprocal responses. We validate our method
through the physical implementation and measurement
of a series-coupled three-resonator superconducting isola-
tor achieving >20 dB of nonreciprocity in its amplitude
response. Because the nonreciprocity relies on frequency
shifting of the incident tone to IM frequencies, the devices
require additional elements such as diplexers to remove the
out-of-band signals. To validate this potential integration,
we provided simulations of the time-modulated isolators
integrated with a fifth-order coupled line diplexer achiev-
ing >20-dB isolation and >50-dB IM tone suppression at
the input and output ports.

The rest of the paper is structured as follows: Sec. II
introduces the concept of time modulation and outlines the
operation of the elementary unit cell—a time-modulated
SQUID-based resonator—which serves as the fundamen-
tal building block for our nonreciprocal devices. In Sec. 11,
we delve into the concept, analytical studies, and simula-
tion results of integrated nonreciprocal isolators that rely
on coupled time-modulated resonators. Section I'V presents
the implementation and measurement results of a super-
conducting isolator constructed using three series-coupled
SQUID-based resonators. Section V discusses the limi-
tations and possible extensions of the proposed concept.
Lastly, in Sec. VI, we conclude the paper by providing
some final remarks.

II. TIME-MODULATED RESONATORS

Consider a linear time-varying (LTV) system with a
modulated shunt component at a frequency wy,. The ABCD
network properties of a parametrically modulated shunt

element can be represented as

Vi(®) 10 V(1)

[Il(t)} = [m) 1] x [Iz(t)}’ M
where V1,(f) and I, ,(¢) are the voltages and currents at
ports 1 and 2, respectively. By taking a Fourier trans-
form of the system in Eq. (1), one can show that the
port voltages and currents carry the intermodulation sig-
nal between the input and the pump frequencies, namely,
they contain the frequency component at (wy, £ kwmy)
where £k = 0,+1,42,... In the spectral domain, such a
time-modulated system can be represented as

7 U 0 V)

= x| | ()

I Yy ul |-
where V), and I;, are column vectors of size (2N 4 1)
with Fourier coefficients of frequency components (wi, +
kww), k=[-N,—(N —1),...,0,...,N — 1,N], Y repre-
sents the spectral admittance matrix of the shunt element
(see Sec. A for more details), U and 0 are the identity

and zero matrices [34,35]. The value of N determines the
accuracy of the spectral domain computation.

A. Spectral admittance matrix of a dc SQUID

JJs are superconducting devices made by sandwiching a
thin layer of insulator between two superconducting lay-
ers [4,5]. A SQUID consists of two JJs in parallel and its
inductance is controlled by modulating the magnetic flux
threading the junction loop. The inductance of a SQUID
can be expressed as

o)
4l |cos(mr D/ Dy)|’

€)

Lsqum =

where /. is the critical current of the JJs, ® is the magnetic
flux threading the SQUID loop, and @ is the flux quan-
tum. It has to be noted that Eq. (3) is applicable for signal
currents that are smaller than the critical current. Hence the
power handling of the SQUID is limited by the value of
critical current. The power handling of the SQUID can be
increased by using an array of concatenated SQUID loops
and the inductance of an N-stacked SQUID array multi-
plied by a factor of N. From Eq. (3), the inductance of a
flux-modulated SQUID with sinusoidal modulation can be
expressed as

1 41, 7 (Opc + A cos(wmt + 6))
_— = COS . (4)
L@ P @

Here the sinusoidal modulation is assumed to be small
to satisfy the relation (A® + ®pc) < Dy/2, thus result-
ing in a positive inductance value. The cosine term can be
expanded and simplified using Taylor expansions as
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Further, the inductance of the SQUID can be approximated as
1 3 o

.~ ipx0 jpomt

0 g_: F, el >0 pemt, (7)
where the constants are

2

Fy= drle cos (nchC) |:1 1 (ﬁACD> j| , ®)
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2T g COS( ¢o)[4<¢0 :| (10)
3

Fi3=-F= 2l sin <E¢DC) 1 <nA¢> . (11)

bo %o 24\ ¢

The spectral representation of time-varying inductance is discussed in Appendix A. Finally, from Eq. (7), the spectral

admittance of a flux-modulated SQUID can be expressed as

Fy F_1€7j6 F_2€7j29 F_3€7j3(9 0
J(@=2wn) j(w— o) jo Jj(@+ o)
Fleje Fy F_1e_j0 1’7‘_26_1‘2(9 F_3€_j36
J(@=2wn) j(o—on) Jjo J(+on) j@+2on)
Fye? Fie? Fo F_je7/? F e 7%
Y, = , , — , , (12)
_ J(@=2wn) j(®—on) Jw J(@+wn) Jj(o+2on)
F3@i39 F26j29 Fleje Fy F_leijg
Jj—2wn) j(o— o) jo jw+on j@+2wy)
0 F_3e_/39 F_ze_jze F_le_/9 Fy
J (0 — wn) Jo J(@+on)  j(o+2wn)

It is worthwhile to note that, the up-conversion and
down-conversion frequency translational terms of a sin-
gle time-modulated SQUID have reciprocal magnitude
response and nonreciprocal phase response.

B. Unit cell: a time-modulated SQUID-based resonator

The building block of the time-modulated nonrecipro-
cal components developed in this paper is a resonator

consisting of a flux-modulated SQUID in parallel with a
capacitor as shown in Fig. 1(a). The ABCD matrix of the
unit cell can be written as

(2] -Lie of=[z]

where Yrc = Y1 + Y, Y and Yc is the spectral admittance
matrix of the flux-modulated SQUID and capacitor. Since

(13)
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FIG. 1. Schematic, transmission response, and normalized output spectra of a time modulated (a) unit cell realized using SQUID

and a capacitor, and (b) unit cell sandwiched between two J inverters. The IM products can be seen as sidebands on the carrier at
6 GHz. In both cases, the SQUID is biased at ®pc = 0.35®(, and modulated with A® = 0.025d,, fi, = 0.7 GHz, and an input signal

is incident on port 1 at the center frequency, fi, = feenter = 6 GHz.

the capacitor is just a static element, Y reduces to a diago-
nal matrix with each entry corresponding to the admittance
of the capacitance at the corresponding intermodulation
frequency. Figure 1(a) also depicts the frequency response
and normalized output spectra of a time-modulated res-
onator with A® = 0.025®,, f, = 0.7 GHz, and an input
signal at the center frequency fin, = feenter = 6 GHz. The
time-modulated resonators exhibit a reciprocal response
with nonzero loss due to the frequency conversion of the
input power to intermodulation frequencies. In Sec. III, we
will show how multiple resonators can be coupled to create
a direction-dependent frequency translation, thus realizing
a nonreciprocal amplitude response.

C. Unit cell with admittance inverter

To enable coupling between resonator networks, we
sandwich our unit cell between two admittance inverters
(J inverters) as shown in Fig. 1(b). Since the admittance
inverters are time invariant, the ABCD matrix is

1
0 +—U

My=1| ~ VA (14)
+iJU 0.

where 1/J is the -characteristic impedance of the
impedance inverter, and j = +/—1. An appropriate value
of the J-inverter admittance can be chosen to create the

required coupling [36]. The spectral ABCD matrix of a unit
cell with J inverters can be expressed as

ﬁ :[MJXMLCxMJ]X & ,
[1 ]2

_[Q (@/ﬂ}x[@]
“lo U L]

(15)

As shown in Fig. 1(b), the transmission response and
the frequency-translation features of the unit cell remain
similar to Fig. 1(a). However, the J inverters enable us
to create coupling between two unit cells, which is essen-
tial for creating a coupled resonator network and therefore
nonreciprocal devices.

II1I. SUPERCONDUCTING NONRECIPROCAL
DEVICES BASED ON TIME-MODULATED
COUPLED RESONATOR NETWORKS

In modern circuit design, the ability to achieve nonrecip-
rocal response is essential. One approach to realize such a
response is by coupling several unit cells together using
J inverters, thus introducing a spatiotemporal modula-
tion. In addition, these temporally modulated unit cells can
be connected in various circuit topologies such as series
coupling, wye coupling, 6 coupling, and two-dimensional
(2D) lattices [13,33,37,38]. Each of these topologies can
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exhibit unique nonreciprocal behavior such as isolation,
circulation, and topological robustness. In this section,
we will discuss these circuit topologies and analyze their
nonreciprocal behavior using the spectral-4BCD matrices.
Specifically, we will investigate the factors that influ-
ence the nonreciprocal behavior, such as the modulation
scheme and the arrangement of the unit cells. Understand-
ing these dependencies allows us to design circuits with
tailored nonreciprocal responses to meet specific appli-
cation requirements. A similar theoretical study of time-
modulated, coupled-resonator networks was reported in
Ref. [39].

A. Amplitude nonreciprocity using coupled unit cells

When multiple time-varying elements are coupled, the
input signal will be up-converted (down-converted) by one
resonator and the generated IM products can be down-
converted (up-converted) back to the input frequency by
another resonator. From Sec. II, we have seen that a sin-
gle time-varying resonator results in the same conversion
gain for the up-conversion and down-conversion to IM
products, but results in a nonreciprocal phase relation. The
nonreciprocal phase relation was not emphasized in Sec. I1.
Therefore, if we introduce a phase staggering between the
pumping signals of two time-varying resonators, the phase
of the signal that gets reconstructed back to the input fre-
quency would depend on the phase difference between the

J

pumping signals. Under optimal modulation conditions the
reconstructed input signal can add up destructively or con-
structively depending on the incident signal direction, thus
resulting in nonreciprocal amplitude response.

This scenario can be illustrated using a simple system
with two unit cells that are coupled with one J inverter
and are modulated with ®,ymp1 = AP cos(wm? + 01) and
Dpump2 = AP cos(wmt + 6;). For the sake of simplicity
and intuitive understanding, only the first IM conversion is
considered in this illustration. However, for a more precise
performance evaluation, conversions to other IM frequen-
cies should also be taken into account, as done in the later
sections. The network ABCD parameters of this system can
be expressed as

V; V:
|:I_11] = [Mic) x My x Mycp] x |:I_22:| ,
! Y, ! U
—Yico —=U
M M v,
- 1 “L]
JU+ —Y, - Y —Y,
J _+jJ et - Yiep I LC,1
(16)

where My and M, are the spectral-4BCD matrices of
the first and second resonators, M; is the spectral ABCD
matrix of the coupling J inverter, and

Fo— (@0 — on)?’C  F_je”/% F_ e /2%
j(w_wm) Jjw j(a)+a)m)
Fielt Fy — w*C F_je 7%
Yies = ! i -o1C : (17)
](w_a)m) Jw ](a)+wm)
Fhel 20 Fie% Fy — (0 + wy)*C
j(a)—wm) jw j(w+wm)

where Fy, F_, and F are expressed in Egs. (8) and (9).
Similarly, Y;c» can be expressed in terms of 6,. The
transmission scattering parameter of this network can be
expressed as

Sy = 2[4+ B/Zy+ CZy+ D]

J 1% _
= j[YLC,Z + Yic1 + A —J*ZoU+ ZoYica-Yica]™",
A 1LGL
(18)

(

and by symmetry, one can show that

J
S ==
2z J

U -1

[Yica + Yico + A —PZU+ ZyYicaYiea]
. 2LC2-1LC1

(19)

The eigenvalues of Y;¢; and Y;c, are different when
01 # 0,, thereby making these matrices noncommuting
(i.e., Yrco-Yicn # Yici-Yicz), resulting in nonreciprocal

054061-5



YI ZHUANG et al.

PHYS. REV. APPLIED 21, 054061 (2024)

scattering matrices. By choosing an appropriate modula-
tion amplitude, modulation frequency, and phase differ-
ence, one can design for S5; ~ 1 and Sj, ~ 0 for the input
and output frequency of w, thus resulting in an isolator.

B. Isolator using time-modulated series-coupled
resonators

Traditional bandpass filters (such as Butterworth,
Chebyshev, etc.) are typically implemented by coupling
multiple LC resonators using admittance inverters. The
number of resonators, their coupling, and loaded quality
factor are chosen to achieve the desired filter charac-
teristics, such as bandwidth, out-of-band rejection, and
in-band ripple [36]. Following a similar architecture, we
couple multiple unit cells through J inverters as shown in
Fig. 2(a). Similar to a conventional LC filter, the static flux-
biased SQUIDs, the parallel capacitors, and the admittance
of the J inverters can be chosen to realize a specific band-
pass filter response. When the SQUIDs are biased with a dc
flux, the lack of frequency translation results in a reciprocal
transmission through the filter.

However, modulating the SQUIDs within each res-
onator with sinusoidal flux pumps that have staggered
phase shifts would result in a nonreciprocal transmission
response in the circuit. In this scenario, the incident signal
is first translated to the intermodulation frequencies (fi, &
kfm) and then reconstructed back to the input frequency.
The different phase staggering in the pump signals encoun-
tered by the input signal in the forward direction leads to

constructive addition of the reconstructed IM products in
one direction, resulting in low insertion loss. Conversely,
in the opposite direction, the reconstructed IM products
add up destructively, resulting in high isolation [33]. The
response of the filter can be analyzed in the same fashion
as presented in Sec. IIT A.

The ABCD matrix of the filter is a cascade of the ABCD
of all the admittance inverters and unit cells, that is

Mppr = MJ1MLC1MJ2MLC2 o 'MJnflMLCn—lMJn’ (20)

where M, My,, M, _,, and M;, are the spectral-ABCD
matrices of the admittance inverters and M;c,, M;c,, and
M;c, , are the spectral-4ABCD matrices of the unit cells.
Therefore, substituting Eqgs. (13) and (14) into Eq. (20)
results in the ABCD matrix of the filter. Figure 2(b) shows
the simulation responses of a second-order bandpass fil-
ter optimized for maximum nonreciprocity. However, due
to limited degrees of freedom and frequency translational
paths for converting the intermodulation (IM) products
back to the input signal, the second-order BPF exhibits a
high insertion loss of 4.64 dB when optimized for an isola-
tion of 20 dB. Increasing the number of resonators within
the bandpass filter would result in more degrees of free-
dom and would enable us to achieve both low insertion
loss and high isolation. Therefore, higher-order filters such
as third-order and fourth-order filters [shown in Figs. 2(c)
and 2(d), respectively] can be used to achieve near-zero
insertion loss while providing high isolation. Figures 2(e)
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(a) A general solution of building a SQUID-based higher-order bandpass filter. Response of a time-modulated nonreciprocal

bandpass filter with (b) two coupled resonators, (c) three coupled resonators, and (d) four coupled resonators using modulation param-
eters of @4, = 0.35®y, AD = 0.025Py, f, = 700 MHz, and 6 = 90°. Simulated output spectra in (¢) transmission and (f) isolation
directions of a third-order nonreciprocal bandpass filter for an input excitation at the center frequency. The transmission and isolation
asymmetry in the in-band frequency (near 6 GHz) is due to the direction-dependent scattering into the IM frequencies. Care should
be taken to make sure that these IM products are removed, or the operation conditions are robust to the presence of these out-of-band

components.
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and 2(f) depict the normalized output spectrum of a third-
order filter in the transmission and the isolation directions,
respectively. Consistent with the scattering parameters, the
filter achieves low insertion loss in the forward direction
and high isolation in the reverse direction.

IV.IMPLEMENTATION AND MEASUREMENTS
OF A THREE-RESONATOR-COUPLED
ISOLATOR

In this paper, we focused on a detailed analysis of a
third-order bandpass filter as it offers low insertion loss,
high isolation, and requires less chip area. To maintain
consistency with the design implemented in Sec. IV, we
carried out the analytical analysis on a third-order band-
pass filter designed to operate at 6 GHz with a bandwidth
of 700 MHz. This coupled-resonator isolator consists of
four modulation parameters, namely (i) static flux bias ®qc,
(i1) modulation amplitude A®, (iii) modulation frequency
fm» and (iv) modulation phase staggering 6. Figure 3
depicts the theoretical study of the forward and reverse
transmission responses across varying modulation parame-
ters, which was performed using the spectral-4 BCD matri-
ces. Figure 3(a) shows the tunability in the center fre-
quency of the isolator across varying static flux bias. Low
insertion loss <0.5 dB and high isolation >20 dB can be
achieved across a tuning bandwidth of 1.9 GHz by tun-
ing the static flux bias from 0.3® to 0.4d,. Figure 3(b)
depicts the performance across modulation flux amplitude.
As expected, when the amplitude decreases to 0, the fil-
ter approaches the static design. We found that a flux

512 (4B) ( ) 512 (4B)
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10 04 -10
% —20 g 0.03 —20
S 0.2 < oop
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—40 —40
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cen 0

FIG. 3.

modulation amplitude of 0.024® results in the optimal
insertion loss while achieving a high isolation. Figure 3(c)
suggests that when the modulation frequency approaches
the bandwidth of the static BPF, it results in the best iso-
lation. Finally, Fig. 3(d) shows that the filter can achieve
nonreciprocity with phase staggering ranging from 40° to
120°. Within this range, higher phase staggering results
in higher isolation, however with a reduced transmission
bandwidth. We choose to operate with a phase staggering
of 90° as it achieves a low insertion loss of 0.4 dB and a
high isolation of 25 dB. Additionally, note that the trans-
mission and the isolation are off symmetric with respect
to each other when 6 = 0 + 180°. Therefore, the transmis-
sion and the isolation directions of the isolator can be easily
tuned by changing the phase staggering to 270°. Overall,
the coupled-resonator-based isolator could result in low
insertion loss, high isolation, and tunability in the center
frequency and direction of transmission within a compact
area on a superconducting chip.

Figure 4 depicts the schematic of the implemented iso-
lator using three coupled resonators. To achieve a compact
chip area, the admittance inverters used for the coupling
are realized using m-capacitive structure. The negative
shunt capacitors required within the = capacitive are real-
ized by appropriately reducing the shunt-capacitor value
within the SQUID resonators.

A. Design procedure

First, a conventional bandpass filter is designed to
operate at 6 GHz with a 1-dB bandwidth of 700 MHz

(c)
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Theoretical studies of the time-modulated isolator with three coupled resonators. Modulated Si2(0,0) and S1(0,0) With varying

(a) static flux bias ®pc, (b) modulation amplitude A¢, (c) modulation frequency fi,, and (d) phase staggering 8. Here S1(0.0)(S12(0.0))
represents the transmission from port 1 (port 2) to port 2 (port 1) for the same input and output frequencies. The dashed lines represent
the optimal biasing for transmission from port 1 to port 2 and isolation from port 2 to port 1. The solid line in panel (d) represents the

optimal phase biasing for transmission in the reverse direction.
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FIG. 4. The schematic of the implemented isolator with three coupled resonators and stacked SQUIDs. (b) The layout of the unit
cell with capacitive admittance inverters. (¢) Chip microphotograph. (d) Measurement block diagram of the experimental setup.

and matching of <—15 dB, and high out-of-band rejec-
tion using ten-stacked SQUIDs each with I, =4 pA,
®4. = 0.359, and the capacitors C; = 257 fF, C;, = 113
fF, C5 = 232 {F, and C4; = 284 fF. Then a sinusoidal mod-
ulation with progressive phase shifts is imparted to the feed
currents to achieve nonreciprocal response, i.e., Peedi =
D4 + Ad cos(wnt + (i — 1) x ) where i represents the
resonator number from left to right. The filter performance
is optimized across the parameter space of A®,wp,H,
and ®4. for low insertion loss in the forward direction
and high isolation in the reverse direction using the para-
metric study based on spectral-4BCD matrices in Fig. 3.
For an optimal modulation condition of ®4. = 0.35®,,
AD = 0.024dy, f,, = 700 MHz, and 6 = 90°, at a cen-
ter frequency of 6 GHz, the post-layout EM simulated
filter exhibits an insertion loss of 0.6 dB in the forward
direction and isolation >25 dB in the reverse direction.
Additionally, the center frequency of the nonreciprocal
bandpass filter can be tuned by varying the dc flux bias

of the SQUID loops from 5.2 to 7.1 GHz while achieving
sub-1-dB insertion loss and >20-dB isolation. A similar
architecture achieving the isolator functionality has also
been explored in Ref. [30], however, it uses a suboptimal
phase difference of & = 45° between the resonators, which

results in higher fundamental insertion loss as shown in
Fig. 3(d).

B. Implementation and fabrication

The isolator is fabricated using an in-house single-layer
aluminum process. The JJs in the filter are realized using
the Dolan bridge technique and an electron-beam lithog-
raphy process on a bilayer resist stack with an insulator
thickness of 2 to 5 nm. The required JJ critical current 4 pA
is realized using 4 x 0.5 wm? junctions with a critical cur-
rent density of 2 WA /pwm?. The SQUID loops in the filter
have a conductor width of 4 wm and occupy a total area
of 16 x 16.5 pm? with a loop area of 8 x 8.5 um?. The
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FIG. 5. Measured small signal performance of the coupled-resonator-based isolator: (a) transmission when no modulation is applied

(black curve), transmission (green curve), and isolation (red curve) when optimal pump modulation is applied. (b) Measured center
frequency tuning by leveraging the dc flux bias of the SQUIDs in the resonators.

EM simulated geometric loop inductance of the SQUIDs is
12 pH, which is approximately 20% of the SQUID induc-
tance at zero flux bias. The capacitors in the design are
created with a conventional fingered-capacitor layout with
self-resonance frequency >10 GHz. To reduce the capaci-
tive coupling between the feed-line and SQUID loops, a
pseudodifferential coupling strategy is employed for the
pump line as shown in Fig. 4(b). The nonreciprocal band-
pass filter occupies an area of 3 mm? and the input-output
and pump signals are connected to the chip edge using
coplanar waveguide launchers.

C. Measurement results

The layout of the fabricated nonreciprocal bandpass fil-
ter is shown in Fig. 4(c). The device is wire bonded to
a PCB and is mounted in a copper package. The input-
output terminals of the bandpass filter and three pump lines
are linked to five of the eight rf lines within the copper
package. The package is placed inside a dilution refriger-
ator with a base temperature of 20 mK and surrounded by
cryoperm shielding to provide additional protection again
external magnetic fields. Figure 4(d) outlines the setup
used for the measurement. The input-output terminals of
the isolator are connected to the probe and readout lines

in the dilution refrigerator through two SMA latch trans-
fer switches (model no. Radiall R577432000). A through
line is also connected between the remaining ports of the
switches in order to measure the transmission loss and/or
gain of the probe and readout lines inside the dilution
refrigerator.

Figure 5(a) depicts the measured scattering parameters
of the nonreciprocal bandpass filter after normalizing with
the transmission loss of the through structure. The mea-
sured transmission loss of the filter with no modulation is
0.27 dB (black curve), which could be due to the imper-
fections in the gain-based calibration. When flux pumping
is applied to achieve nonreciprocity, we measured an addi-
tional insertion loss of 0.98 dB in the forward direction
(green curve). The measured isolation is +25 dB at the
center frequency and is >15 dB across 250-MHz band-
width in the reverse direction. Additionally, the dc flux
bias can be leveraged to tune the center frequency of the
bandpass filter from 6 to 6.75 GHz as shown in Fig. 5(b).
A small ripple in the transmission response is due to the
mismatches within the probe and readout lines. This can
be avoided by employing a full two-port characteriza-
tion [40]. Figure 6(a) depicts the transmission loss of the
filter across varying input powers. We measured the —1-dB
compression point to be —68 dBm, which is several orders

(a) (b) (c)
0 0
= f in .
i 8 5 )
-2 > TD,
3 -10 1 3
g -4 §,_15- ; 2 fin+ 2fn %
- in— m =
& -6 § —20 fin+ fm 3
2 N
Measured /P, 43 = —68 dBm g 25 T
B S H\v{}v £
2 =30 S
-10 -35
-85 -80 75 -70 -65 4 5 6 7 8
Input Power (dBm) Frequency (GHz) Frequency (GHz)
FIG. 6. (a) Measured S;; at center frequency across varying input power. Measured output spectra normalized to the input power

(b) in the forward direction and (c) in the reverse direction.
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of magnitude larger than the typical power used to read-
out and control the superconducting qubits. Normalized
output spectra in the forward and reverse directions are
depicted in Figs. 6(b) and 6(c), respectively. In the trans-
mission direction most of the input power is concentrated
at the input frequency, thus representing low insertion
loss. In the reverse direction, however, the input power is
translated to intermodulation frequencies resulting in high
isolation. Reducing the signal power translation to IM fre-
quencies and consequently reducing the harmonic losses
through differential architecture similar to the differential
circulators discussed in Sec. III and similar to Ref. [31]
would be an interesting research direction.

V. CHALLENGES AND FUTURE OUTLOOK

While time-modulated superconducting nonreciprocal
components offer several advantages over their fer-
rite counterparts such as easier system integration, low
cost, small size, and easier scalability to large sys-
tems, they are not without limitations. One challenge
in the current implementation is the generation of mul-
tiple modulation signals that go between the cryogenic
and room-temperature stages. This issue can be easily
circumvented by implementing on-chip phase-generation
circuitry by leveraging passive superconducting hybrid
couplers [41] and tunable phase shifters [42], thus

a b
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FIG. 7.

(a) Block diagram with frequency diplexers to separate the in-band signals and out-of-band IM products generated by the

isolator, and diplexer schematic with even and odd impedance values. (b) Simulated small-signal performance of coupled-resonator-
based isolator with fifth-order LC-based bandpass and bandstop diplexers. (c¢) Incident signal at port 1, and output signals at the output
of isolator, port 2 and port 4, showcasing low transmission loss with >50-dB IM suppression. (d) Incident signal at port 2, and output

signals at the output of isolator, port 1 and port 3, showcasing high i

solation with >50-dB IM suppression.
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reducing the number of coaxial cables and their associated
heat loading.

In addition, the time-modulated superconducting isola-
tor generates isolation by translating the in-band power
to out-of-band IM frequencies at an offset of £kf;,, where
k=1,2,3,... In a single-qubit system, this frequency is
much greater than any relevant bandwidth and can be con-
sidered to be far-off resonant [43]. However, in multiqubit
systems, these IM tones may interfere with neighboring
qubits. To circumvent this limitation, we propose to sep-
arate the spurious tones at the IM frequencies from the
input-output signals by sandwiching the isolator between
two frequency diplexers as depicted in Fig. 7(a). Essen-
tially, the in-band tones with no frequency translation are
transmitted to the input-output ports through the band-
pass port of the diplexer, while the frequency-translated
IM tones generated by the isolator are filtered through the
bandstop port of the diplexer and dissipated in the termi-
nation ports 3 and 4. For a successful implementation, the
diplexer in-band bandwidth should be larger than the non-
reciprocal bandwidth of the time-modulated isolator and
should be smaller than the modulation frequency, f,, for
effective filtering of the IM tones. To illustrate this concept,
we designed a fifth-order bandpass and bandstop diplex-
ers with an in-band bandwidth of 700 MHz using coupled
microstrips. Each diplexer has a total of ten quarter wave-
length coupled transmission lines and three single-ended
quarter-wavelength transmission lines. The even and odd
impedances of the coupled transmission lines are listed in
Fig. 7(a). Each transmission line occupies an area <0.2 x
2.2 mm? with 2x meandering, thus leading to a total area
of approximately equal to 2 mm x 2.2 mm = 4.4 mm?
per frequency diplexer. Therefore, we estimate that the
total area of the diplexer-isolator-diplexer will be approx-
imately equal to 12 mm?. The frequency diplexer is EM
simulated in Keysight ADS and exhibits <0.1-dB insertion
loss in the passband and this insertion loss is comparable
with prior superconducting bandpass filters [44,45].

The frequency diplexer is combined with the time-
modulated isolator for s parameters to obtain input-output
spectra as depicted in Figs. 7(b)-7(d). Here the isolator
is modulated at 1.4 GHz achieving an isolation band-
width of approximately equal to 500 MHz [dashed lines in
Fig. 7(b)], and the bandpass bandwidth of the diplexer is
700 MHz [gray line in Fig. 7(b)]. The combined diplexer-
isolator-diplexer structure achieves an insertion loss
<1.3 dB with isolation greater than >15 dB across a band-
width of 440 MHz. The isolation bandwidth is limited by
the bandwidth of the isolator and the out-of-band filtering
is primarily achieved by the frequency diplexer. The trans-
mission and isolation spectra of the structure are depicted
in Figs. 7(c) and 7(d). In the forward direction, for a 7-GHz
signal incident at port 1, the isolator output generated IM
tones along with the in-band tone. Upon the filtering from
the frequency diplexer, all the IM tones are dissipated in

a terminating resistor (port 4) and only the in-band tone
passes to the output port (port 2), achieving an IM rejection
>50 dB at the output port. Thus achieving a low-loss trans-
mission with <—50-dB IM conversion. Similarly, when
a 7-GHz tone is incident at port 2, the isolator achieves
>20-dB isolation at input frequency (7 GHz) albeit with
high IM tones (approximately equal to —5 dB). These large
IM tones are filtered by the frequency diplexer and are dis-
sipated in a terminating resistor (port 3). Only the small
residue in-band signal propagates to port 1, thus resulting
in a high isolation (>20 dB) with very small IM con-
version (<—50 dB) that is limited by the filtering profile
of the diplexer. It has to be noted that these frequency
diplexers can be readily integrated with the isolator and
can be included in the superconducting fabrication process.
The diplexers can be implemented either as an LC equiv-
alent or transmission line equivalent and such integrated
frequency diplexers are commonly used in present-day
wireless radios [36]. Integration of the frequency diplex-
ers along with the time-modulated isolator will be a part of
future work.

VI. CONCLUSION

This paper presented the concept of time-modulated
coupled resonator networks as a means to develop on-
chip, magnetless nonreciprocal components for quantum
computing systems. We demonstrated that conventional
SQUID-based resonators can serve as unit elements and
can be combined in series to realize an on-chip nonrecipro-
cal responses. These coupled-resonator networks provide
reconfigurable reciprocal and nonreciprocal responses that
are solely dependent on the modulation parameters, such
as the static flux bias, modulation amplitude, frequency,
and phase staggering. We discussed the design proce-
dure of these nonreciprocal components and evaluated
their performance using spectral-4BCD matrices. Later,
we validated our theoretical findings by implementing and
measuring an isolator based on three series-coupled res-
onator networks, thus demonstrating the potential of such
networks for future quantum computing systems. Finally,
we discussed the current limitations of coupled-resonator-
based isolators, such as the multiphase pump requirement
and IM tone generation, as well as potential methodologies
for addressing these limitations. By integrating devices in
this manner, existing control and readout chains can be
simplified, and alternative control and readout methods
can be enabled that are not feasible with commercially
available nonreciprocal components.
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APPENDIX: SPECTRAL-ADMITTANCE MATRIX
OF A TIME-VARYING INDUCTOR

The voltage and current relationship of a time-varying
inductor [34,35] can be expressed as

i(fy = L(H)~! / v(f)dt. (Al)

When the inductance is modulated with a fundamental
frequency of wy and input excitation is at w, the volt-
age and current would carry the IM products and can be
expressed as

k

i() =Y I(@+pon)e” @ron), (A2)
p=—k
k
v(t) = Y Viw+pon)e” @ (A3)
p=—k

where /(w + pwy) and V(w + pwy,) are the current and
voltage Fourier coefficients of the frequency (@ + pwny),
and £ is the farthest IM product that has been calculated.
The value of £ determines the accuracy of the computation
and as k — oo the computation error — 0. This current
and voltage can be expressed in matrix form as

I(w —2wm)
I(w — wy)
I=| I |,
I{w+ o)
I{w+ 2wm)

(Ad)

V(o — 2wn)
V(iw — wy)
V(w)
an)+'wm)
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I~
Il

(AS)

Therefore, the integral of voltage can be calculated as
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r jw
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_ 1 _
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(A7)

Therefore, Eq. (A1) can be expressed in spectral matrix
form as

[=FLO H*@x =Y, xV. (A8)
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