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Scaling superconducting quantum processors to large qubit counts faces challenges in control-signal
delivery, thermal management, and hardware complexity, particularly in achieving microwave signal
multiplexing and long-distance quantum information routing at millikelvin temperatures. We propose a
space-time modulated Josephson-junction metasurface architecture to generate and multiplex microwave
control signals directly at millikelvin temperatures. Theoretical and numerical results demonstrate the
generation of multiple frequency tones with controlled parameters, enabling efficient and scalable qubit
control while minimizing thermal loads and wiring overhead. We derive the nonlinear wave equation
governing this system, simulate beam steering and frequency conversion, and discuss the feasibility of
experimental implementation. These results lay the groundwork for a next-generation cryogenic signal-
delivery paradigm that may enable scaling of superconducting quantum processors to thousands of qubits
without overwhelming limited dilution-refrigerator cooling power.
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I. INTRODUCTION

Solid-state quantum processors such as superconducting
qubits [1-16] and semiconductor quantum dots [17] oper-
ate at millikelvin temperatures to initialize the system in its
ground state and prevent thermal excitation during opera-
tion. Initialization, control, and measurement are routinely
executed using classical control electronics that gener-
ate microwave pulses [18,19]. Scaling these approaches
from the few-qubit level to large-scale quantum processors
introduces challenges beyond space limitations [20-30].
Significant passive and active heat loads due to the dissipa-
tion of control signals in cables and attenuators are major
concerns. These issues become more pronounced as scal-
ing requires an increasing number of microwave and dc
cables to be integrated into the dilution refrigerator.

These requirements compete against the limited cool-
ing power of the dilution refrigerator, typically around
20 wW. Thus, with current technologies, one could imag-
ine systems with a few thousand qubits at best, far from
the threshold necessary for a fault-tolerant universal quan-
tum computer [31]. These critical challenges have moti-
vated new approaches, ranging from building dilution
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refrigerators with larger cooling capacities to introducing
photonic links that employ optical fibers to guide mod-
ulated laser light from room temperature to a cryogenic
photodetector for delivering microwave signals at mil-
likelvin temperatures [32]. Other efforts focus on develop-
ing cryogenic complementary metal-oxide-semiconductor
(CMOS) electronics [33]. While advancements in photonic
links and cryogenic CMOS electronics have been signif-
icant, issues such as active heating loads, thermal noise,
and frequency conversion remain longstanding challenges
[34-37]. Another promising approach for cryogenic con-
trol is single flux quantum (SFQ) logic, which oper-
ates at ultrafast speeds with low power consumption,
making it highly suitable for qubit control; however,
SFQ faces challenges, including precision timing con-
trol and signal crosstalk, especially in multiqubit systems
[38—41]. Researchers are actively developing solutions,
such as advanced circuit designs and shielding techniques,
to address these issues, but achieving scalable, high-
fidelity control remains an open question [42]. Indeed, a
low-power cryogenic architecture capable of generating
classical signals suitable for high-fidelity qubit operation,
combined with multiplexing and nonreciprocal function-
alities, could be instrumental in building a large-scale
quantum computer.

In this work, we propose a dynamic metasurface archi-
tecture using Josephson junctions (JJs) to generate and
multiplex microwave control signals directly at millikelvin
temperatures. Our approach consists of a two-dimensional
(2D) metasurface composed of an N x N square lattice
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FIG. 1. (a) Schematic of a conventional wiring approach using coaxial cables and room-temperature arbitrary-waveform generators
(AWGs) to produce microwave signals, and heavily attenuated coaxial lines connected to the quantum circuit at millikelvin tem-
peratures. The system experiences both passive heat from the thermal conductivity of the coaxial lines and active heat from power
dissipation in the attenuators. (b) The cQED metasurface approach, which minimizes hardware overhead by using a single microwave
link, multiple dc lines, and a single room-temperature microwave generator, with signals routed directly to the cQED metasurface via
an attenuated coaxial line to millikelvin temperatures. The metasurface generates multiple microwave signals at the quantum circuit
level with controllable frequency, amplitude, and spatial angle, significantly reducing both passive and active heat loads. (c) Inset:
false-color illustration of a 16-qubit superconducting quantum processor with nearest-neighbor coupling [43]. The lines indicate fixed
direct qubit-qubit couplers in a mode where the metasurface functions like an AWG to generate control tones. Alternatively, the meta-
surface can be configured to mediate the interactions itself through virtual pathways, in which case no fixed direct couplers are required.
(d) Inset: cQED metasurface architecture, consisting of an N x N square lattice of capacitively shunted JJs, coupled to the quantum
processor in free space. (¢) Equivalent circuit. The metasurface can be designed using JJs or superconducting quantum interference
devices for tunability, with flux loops, as shown in the blue circuits, added to the diagram.

of capacitively shunted JJs, as illustrated in Figs. 1(d)
and 1(e). This circuit quantum electrodynamics (cQED)
metasurface is designed to be compatible with various
quantum circuit architectures, potentially allowing cou-
pling to qubits in free space or on chip and replacing the
heavily attenuated coaxial cables with a single rf coaxial
line and multiple dc lines, as shown in Figs. 1(a) and 1(b),
significantly reducing both passive and active heat loads.

By modulating the Josephson inductance both spatially and
temporally, we enable dynamic control over the frequency,
amplitude, phase, and spatial distribution of generated sig-
nals. We derive a nonlinear wave equation governing the
system’s dynamics, revealing unique phenomena such as
beam steering and frequency conversion. Through numer-
ical simulations, we demonstrate the generation of multi-
ple frequency tones with controlled parameters, validating
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TABLE I. High-level comparison of approaches to address thermal and wiring challenges in superconducting qubit platforms.
Feature Coaxial cables (A) Cryo-CMOS (B) Photonic links (C) JJ metasurface (D)
(this work)
Wiring Scales linearly with Reduced coax but Single fiber link + Single or few coax
complexity qubit count on-chip overhead cryogenic detection lines + dc flux inputs,
enabling local
generation
Thermal load High (many attenuators, Limited conduction but Low conduction, Potentially low if
at mK conduction) transistor dissipation complex detection flux-drive power is
at4-10 K at mK small; less conduction
from fewer cables
Frequency Room-temperature On-chip oscillators, Optical to microwave In situ JJ nonlinearity
generation AWG and LO limited freq. range down-conversion for sidebands and
harmonics
Scalability Up to 100—1000 qubits, Possibly 1000+ qubits, Feasible for moderate Potentially 1000+
wiring-limited still in R&D scale, integration qubits, depending on
hurdles metasurface array
dimensions and heat
budget
Crosstalk and Manageable at small Crosstalk from Loss, device mismatch Beam steering and
fidelity scale, worsens with N integrated drivers in conversion frequency
requires careful design multiplexing can
reduce undesired
excitations
Speed and External AWGs, Limited by cryo Speed depends on Potentially high (ns flux
bandwidth typically up to transistor bandwidth photonic conversion modulation) with
8-10GHz wide harmonic

coverage

the potential of our approach for efficient, scalable qubit
control. Our work lays the foundation for an alterna-
tive paradigm in cryogenic signal generation and rout-
ing, potentially overcoming key bottlenecks in quantum
computer scalability.

Table I provides a high-level comparison of four
approaches: (A) coaxial cables with room-temperature
electronics, (B) cryo-CMOS, (C) photonic links, and (D)
our proposed JJ metasurface. Each method addresses the
thermal and wiring trade-offs in unique ways. Coaxial
cables (A) represent a well-established standard but face
scalability issues, as each qubit typically requires its own
set of lines and attenuators, resulting in a significant wiring
burden. Cryo-CMOS (B) reduces the number of external
cables by integrating control chips at cryogenic temper-
atures (4—10 K); however, this introduces challenges such
as transistor heat dissipation and noise at millikelvin levels.
Photonic links (C) offer the advantage of optical fibers that
conduct minimal heat, but the associated cryogenic pho-
todetection and microwave conversion processes add sig-
nificant complexity. In contrast, the JJ metasurface (D) has
the potential to drastically lower cable counts and enable
local microwave generation. This advantage hinges on
effectively controlling the nonlinearity of JJs with minimal
power dissipation, positioning it as a promising approach
for scalable quantum control. While each has merits, the JJ

metasurface exploits local parametric modulation of super-
conducting junctions, potentially addressing thousands of
qubits without requiring an exponential increase in cable
count.

The thermal load in superconducting qubit systems
arises from two primary sources: passive conduction
through cables and active dissipation in JJs. Passive heat
loads arise from thermal conduction through physical
structures such as coaxial cables, mounting hardware, and
supports and can be estimated using Fourier’s law, Qcond =
(kA/L)AT, where k is the thermal conductivity, 4 is the
cross-sectional area, L is the length, and AT is the tem-
perature gradient between stages. Active heat loads, by
contrast, stem from power dissipation within components
inside the cryostat, including resistive elements, rf attenu-
ators, and modulated devices such as JJs. These contribute
directly to the mK thermal budget and must be care-
fully managed to remain within the limited cooling power
of dilution refrigerators (typically 1020 wW at the mK
stage) [30,32]. Quantifying and minimizing both contribu-
tions is essential for scaling superconducting quantum pro-
cessors. Conventional approaches can exceed 100 coaxial
lines for even moderate qubit counts, leading to conduction
loads of hundreds of microwatts—well above the cooling
power of typical dilution refrigerators. Although reduc-
ing the number of cables significantly lowers conduction,
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any JJ-based scheme introduces active dissipation from the
Josephson junctions and associated flux pumps, given by

N
PJJ,active = Z [I[?JRJJ,]‘ + Pmod,/‘] P (1)
j=1

where I, ; is the dc bias current applied to junctionj, Ryy; is
its normal-state resistance—that is, the effective resistance
the junction exhibits when driven out of the superconduct-
ing state by strong bias or modulation—and Py,0q; is the
power consumed by the modulation drive circuitry for that
junction. Early prototypes, such as 8 x 8 and 16 x 16 JJ
arrays, suggest that the total dissipation at typical flux drive
amplitudes remains in the sub-puW range, well below the
conduction limits of modern dilution refrigerators. Scal-
ing to larger arrays will require further validation, but
the prospect of drastically reducing the cable count often
offsets the additional JJ losses, making this metasurface
architecture a compelling approach for future quantum
processors.

II. NONLINEAR WAVE EQUATION WITH
TIME-SPACE MODULATION

In this section, we derive the nonlinear wave equation
governing the dynamics of a capacitively shunted JJ trans-
mission line, as depicted in Figs. 1(d) and 1(e). This
derivation lays the groundwork for understanding how
modulation of the JJ inductance influences beam control,
frequency conversion, and qubit multiplexing. We con-
sider a discrete transmission line composed of identical
unit cells of length a. Each unit cell consists of an induc-
tor L, (z,t) and a capacitor C, where L, (z, ¢) varies both in
space and time due to an applied dc flux ®.,(z) and an
ac modulation signal (rf pump) that modulates the phase
difference across the Josephson junction. The critical cur-
rent /.(¢) of the JJ is modulated by an external rf signal,
leading to

I.(t) = I cos (0(z) + A cos(wit)) , 2

where [, is the maximum critical current, 6(z) =
(T Pext(2))/ Dy is the static phase shift across the junc-
tion due to the applied dc flux ®.y(z), Ag represents the
modulation depth in phase due to the rf pump, wyr is the
frequency of the rf modulation, and ®y = 4/2e is the mag-
netic flux quantum. The Josephson inductance L;(z,?) is
related to the critical current by

00 Dy 1

2L 21l cos (0(z) + Ag cos(wnt))
(3)

To include higher-order harmonics introduced by the mod-
ulation, we use the trigonometric identity for the cosine of

Ly(z,t) =

a sum,

cos (B(z) + A cos (wff)) = cos(z) cos (A¢ cos (wyft))
— sinf(z) sin (A¢ cos (wft)) . 4
Assuming that 6(z) is chosen such that sin6(z) = 0 [i.e.,

0(z) = n with n € Z], the sine term vanishes, and the
expression simplifies to

cos (0 (z) + Agp cos(wit)) = cosB(z) cos (Ap cos(wyst)) .
(5)

Therefore, the Josephson inductance becomes

loRs 1
271, cos 0 (z) cos (A cos(wyt))

Li(z,t) = (6)

We use the Jacobi-Anger expansion to express cos (Ag
cos(wt)) as

[e¢]
cos (Ag cos(wst)) = Jo(Ag) + 2 ZJZ,,(A(/)) cos(2nwyst).
n=1
(7)
Alternatively, since A¢ is small, we can expand the
denominator using a Taylor series for cos x:

Xt

=1 -4 ...
cos X 2—1-24 ()

Substituting x = A¢ cos(wf),

2
cos (Ag cos(wyft)) = 1 — w
(Ag cos(wyt))*
O

Using trigonometric identities for cos? (wsf) and cos* (wyst),
we can further expand and obtain

(Ap)* (M)

cos (Ap cos(wt)) = 1 — 1 2 cos(2w,st)
(Ap)*  (Ap)?
2w,
+ a + 13 cos(2wst)
A 4
+ (152) cos(dait) — - . (10)
Thus, the denominator becomes
Ap)?  (Ap)?
D(t) = cos0(z) [1 _ ¢ f) _ ¢ f) cos2wrtt)
(Ap)*  (Ap)?
6(2 + 42 cos(2wst)
A 4
+ (1;‘)2) cos(4a)rft)—-~j|. (11)
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For small Ag, we approximate the reciprocal 1/D(¢) and
define L;q as

D Dy
_27T]C()Do_ (A(P)z (A(p)4 ’
4 64
(12)

Lo

2wl ocosO(z) (1

where Dy represents the average denominator. Then, the
time-dependent modulation of the inductance is

(Ap)?

8L(z, 1) = cos(2wft). (13)

The Josephson inductance becomes
Ly(z,t) = Lo (1+5L(z,0)). (14)

The wave equation for the voltage V(z, f) along the trans-
mission line, derived from the telegrapher’s equations for
L(z,t), assumes that L(z, f) varies slowly with time com-
pared to the signal frequencies of interest and that a local
relationship holds:

02V (z,t)

92 V(z,t) CaL(Z, 1) oV(z, 1)
972 B

Lz, HC
@0 a7 ot ot

= 0’
(15)

where C is the capacitance per unit length of the trans-
mission line. To address nonlocality, we reformulate the
wave equation using a convolutional-kernel or Green’s-
function approach. These methods account for memory
effects in the system, avoiding unphysical assumptions of
instantaneous response. We proceed by updating the wave
equation with a convolutional kernel and introducing a
Volterra-series expansion to capture the nonlinear and non-
local effects. The kernel-based form of the wave equation
that accounts for memory effects is given by

9%V (z, ¢ 9 ! R14
LGN / K- @D 40) o,
ot \J_eo aT

0z2
(16)

where K(z,t — t) is the convolutional kernel represent-
ing the time-dependent, noninstantaneous response of the
inductance. This integral form introduces a causal mem-
ory effect, where the voltage response at time # depends on
the history of the voltage over T < ¢, ensuring that changes
in inductance are correctly modeled over time. Expressing

V(z,t) as a nonlinear functional series, we have

00 t t
V(z,t):Z/ / Hy(zit—T1,. .., t—Ty)
=1 Y~ —00

x H[(Ti) dr, - - - dr,, (17)

i=1

where H, are the Volterra kernels that capture the non-
linearity and nonlocal effects at different orders. Specifi-
cally, H; represents the first-order kernel (linear response),
while H, and higher-order kernels capture the nonlin-
ear responses. This expansion ensures that each order
of nonlinearity is tied to a specific memory function,
enabling complex interactions such as harmonic genera-
tion and nonlinear coupling to emerge naturally from the
system dynamics. If we wish to handle spatial modulation
explicitly, we can reformulate the equation using Green’s
functions. The Green’s function G(z,z’; ¢, T) represents the
system’s response at (z, f) due to a unit excitation at (z/, 7).
For a spatially and temporally modulated inductance, the
wave equation becomes

V(z,t) = /00 /00 G(z,Z;1)SE,t —t)drd, (18)
—00 J0

where G(z,z';t — t) is the Green’s function representing
the system’s impulse response in both space and time, and
S(Z/, T) is the source term, such as an external current or
voltage source. This formulation inherently includes both
time and spatial memory effects, allowing us to solve for
V(z,f) by convolution with the input source. With these
tools, the full wave equation that includes nonlinearity and
nonlocality is

Ve ([ o,
vren oo (f K- 2lED) dr)
bz TV T

_Z/...f}—[n(z;t—rl,...,t—Tn)
n=2

< [[1)dri - -dr, = 0. (19)

i=1

In this form, the convolutional term with K(z,t— 1)
manages the noninstantaneous inductive response, the
Volterra-series terms H, address higher-order nonlinear
effects, and spatial nonlocality is inherently accounted for
by the Green’s function (if needed in an explicit form). The
energy modulation to second order in §L is expressed as

19L,(z, 1)

2
S O] (20)

Prod(z, 1) =
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To analyze the wave propagation, we employ coupled-
mode theory by expressing V(z, f) as a sum of harmonics,

o0

V=) Vale e, e2))

n=—00

where w is the fundamental frequency and V),(z) are the
amplitudes of the harmonic components. Substituting and
using §L(z, t) from Eq. (12), we obtain

av, : AL, (z, 1)
n k2 Vn —i(w+nwep)t C >
Xn: ( dz? + ¢ + ot

7@ + nosg) Ve @t = 22)
n
where kﬁ = L;0C(w + nwy)?. Collecting terms for each
harmonic e~/ @+ we obtain the coupled equations

av,
dz?

+ Vit Y MynV =0, (23)

where the coupling matrix M, , is given by

Mn,n+2 = _C(a) + na)rf)

NEI AN
(@+ (m+2)wp)0L4n +i| — ,
3t /o]

Mn,n—2 = _C(w + nwrf)

(AL ]
(w+ (n—2)w) L+ i (—) .
ot ) _,

(24)

This modulation introduces coupling between modes with
frequencies w, and w,1;, resulting in energy exchange
between harmonics and the possibility of frequency con-
version. The formation of band gaps in the dispersion
relation implies frequency ranges where wave propagation
is prohibited, enabling the design of filters and isolators.
Strong modulation requires retaining more terms in the
expansion and necessitates numerical methods to solve
the eigenvalue problem accurately. Applications include
frequency conversion, nonreciprocal devices, parametric
amplifiers, and qubit multiplexing in superconducting cir-
cuits.

Figure 2 provides a comprehensive analysis of the
behavior of the space-time modulated JJ transmission line.
Figure 2(a) contains a dispersion diagram showing the
nonreciprocal nature of the medium, with clear asymmetry
between forward- and backward-propagating harmonics, a
key feature indicating breaking of time-reversal symmetry.
This nonreciprocity is crucial for phase matching and con-
trolling harmonic interactions. Figure 2(b) shows the time

evolution of energy transfer, demonstrating how energy is
redistributed from the fundamental mode to various har-
monics over time, facilitated by space-time modulation.
Figure 2(c) gives the input frequency spectrum, depict-
ing the initial frequency content of the fundamental mode.
Figure 2(d) shows the generated harmonics, illustrating the
effectiveness of frequency up-conversion in the modulated
medium. Finally, Fig. 2(e) displays the radiation pattern,
showing the resulting conversion of an initially isotropic
source into 40 distinct beams, each precisely directed to a
specific qubit in a ring connectivity array, exemplifying the
ability of the medium to control beam steering and address
individual qubits.

These results confirm the ability of the metasurface to
perform beam steering and frequency conversion, which
are essential for multiplexed qubit control. The derived
wave equation and beam control mechanisms provide
a robust theoretical framework for understanding the
dynamic behavior of the metasurface. To further explore
and validate these effects, we employ numerical simu-
lations using the finite-difference time-domain (FDTD)
method. The goal of the numerical analysis is to visual-
ize the wave-propagation characteristics, investigate the
impact of modulation on beam steering, and confirm key
concepts such as frequency conversion and nonreciprocity.
In the next section, we present the numerical solution to
the nonlinear wave equation. These simulations allow us
to observe how the modulation parameters influence beam
propagation in real time, providing insights into the practi-
cal applications of the metasurface in quantum computing.
The nonlinearity and dispersion introduced by the modu-
lation result in complex wave interactions, which will be
explored in detail through the numerical results.

A. Qubit interaction using dynamic metasurface

Superconducting qubits are commonly controlled using
microwave signals transmitted through coplanar waveg-
uides or transmission lines. In our approach, we dynami-
cally engineer the nonlinear wave-propagation interactions
to facilitate qubit control and entanglement by reconfig-
urably modulating the Josephson inductance. The time
and spatial dependence of the inductance lead to a more
complex wave equation, as expected when the series
inductance depends on both time and space. Moreover,
convolution naturally arises due to the spatial modulation,
which must be properly accounted for, even in the linear
case. For small modulation depths, A;, we neglect terms
of order A2. We consider the modulation of the Josephson
inductance as

Ly(z,t) = Ljo[1 + Ap cos(kuz — wpt)], (25)

where L g is the average Josephson inductance, A; < 11is
the modulation depth, and %, and w,, are the modulation
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FIG. 2. (a) Dispersion diagram for modulation depth Al = 0.35, showing asymmetry between forward and backward harmonics,
indicative of nonreciprocity and phase matching of all forward harmonics as the system approaches the sonic regime. (b) Time evo-
Iution of energy transfer between ten modes, illustrating how space-time modulation facilitates the distribution of energy from the
fundamental mode to higher harmonics. (c¢) Input frequency spectrum of the fundamental mode. (d) Generated harmonics via fre-
quency up-conversion in the modulated medium. (e) Radiation pattern showing conversion of an isotropic source into 40 directed
beams, each addressing a specific qubit in a ring connectivity array, demonstrating precise beam steering and control of diffraction
angles.

wave number and frequency, respectively. The flux field  Here, C; and Lj;, denote per-unit-length parameters.

®(z, 1) satisfies the wave equation Equation (26) follows from the Lagrangian density
L= (C;/2)®* — (1/2L;(z,1))(3.D)?, yielding C; P —
0;[(1/Ly)d,P] = 0 even when L; is time dependent.

9 ( 1 02, t)> _C PP (2,10 -0 (26) Assuming that the modulation frequency w,, matches

0z \Ly(z,t) 0z ’ or? ' the difference between adjacent mode frequencies, i.e.,
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Wy = Wyt1 — Wy, and considering only nearest-neighbor
coupling, we can write

D, () + 0>, (1)

1.
+Ap <—<Dn+1(f) +

m q) (t) —iwmt
e m
n+1

2LJOCJ

I. ke
+ AL <_q)nl(t) -

D, (t foml — (),
2 2L;0Cy 1 )> ¢

27

This set of equations represents the coupled-mode equa-
tions, where convolution in space is handled through the
mode coupling induced by the modulation. Now, to quan-
tize the system, we expand the flux field ®(z,7) and
promote its classical amplitudes to operators. The classical
flux field is given by

Dz, 1) =Y Dy(1)er. (28)

Upon quantization, the field becomes

(aneik”z + aie‘ik”z) , (29)

bz, 0) = Z

where C; is the capacitance per unit length, L is the induc-
tance per unit length, and a, and aj, are the annihilation
and creation operators. We fix the mode normalization
by enforcing the canonical commutator [&)(z),Q(z’)] =
ihé(z — z') with Q = C;®; this gives the prefactor in the
field expansion.

The interaction energy arises from the coupling of the
qubit to this quantized flux. For a flux qubit, this coupling
is proportional to the flux,

20),, CJL

Hyy = (X&YC,I\)(Zq,f), (30)

where o is a coupling constant and z, is the qubit’s
position. Expanding this, we have

h . A
Hin = a6} 5 (ane - aje™%) . (1)

The modulation of the inductance, L;(z,1) = Ljo[1 + Ap
cos(k,z — wpt)], affects the coupling strength, leading to
a time-dependent coupling

a() = ag[1 + Ay cos(ont)], (32)

where we have assumed that the qubit is located at z = 0
for simplicity. Focusing on a single mode #, the interaction

Hamiltonian simplifies to
Hiy = hig(t)(04 + 0-)(a +a"), (33)
where the time-dependent coupling strength is
g0 =go[l + Apcos(wn)], (34)

and g9 = ag\/1/2hw,C;Ljp). Under the rotating-wave

approximation near wg;, leakage through the detuned
[1) < |2) leg scales as pieak < (R12/a)? with the usual
sinz(atg/Z) envelope; the numerical simulations below
confirm this bound in our operating range.

It is worth noting that while Eq. (30) is written in a
two-level form for notational clarity, all simulations and
effective models retain at least three levels per qubit. In
this basis, the loop current operator ig couples [0) < |1)
and |1) <> |2) with matrix elements /y; and /1,, which is
essential to capture leakage and ZZ.

B. The siZZle gate

The siZZle gate is an entangling two-qubit gate that
exploits the effective ZZ interaction arising in the dis-
persive regime of qubit coupling [44]. We consider two
qubits located at positions z; and z,, coupled to a dynamic
metasurface, such as a modulated nonlinear transmission
line. The qubits interact with the metasurface through the
Hamiltonian

Hiy = hg1oV®(z1,1) + hgroP @ (z0,1),  (35)

where g; is the coupling strength of qubit j to the flux
D(z, 1), ax(’) is the Pauli-X operator for qubit j, and ®(z, ?)
includes the effects of the modulation at frequency w,,.
The dynamic metasurface is modulated in both time and
space at a frequency w,, with modulation depth AL, which
adjusts the effective coupling between the qubits. The mod-
ulation introduces sidebands to the system, resulting in a
rich spectrum of coupling pathways without the need to
bring the qubits into resonance. Assuming that the qubits
are detuned by A = w1 — wgp, with [Ap] > g, we
operate in the dispersive regime. In this regime, direct
exchange of excitations between the qubits is suppressed,
and virtual processes dominate the interaction. The effec-
tive exchange and ZZ terms used below are obtained
from a Schrieffer-Wolff elimination of the multilevel qubit-
metasurface Hamiltonian. In particular, the single-qubit
dispersive shift is x =~ g,&/[A(A + «)], consequently,
ZZ vanishes in the harmonic (¢ — 0) limit and cannot be
captured by a strict two-level system.
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Updating the Hamiltonian to include the time-space
modulation, we get

Hgiz71e, mod/h = Ho/h + Z Q;(t,z;) cosLmvgt
i=0.1

+ ¢i(t,2)) @) + @), (36)

where ©;(t, z;) and ¢;(t, z;) now include modulation effects.
Using second-order perturbation theory, we derive an
effective Hamiltonian for the qubits that includes a ZZ
interaction. The modulated metasurface mediates this
interaction through virtual photon exchange. The interac-
tion Hamiltonian can be written as

Hoy = Wy (ail)afz) + af”of?) s (37)

where J. is the effective exchange coupling between the
qubits, modulated by the dynamic metasurface. The effec-
tive coupling J.s arises due to virtual photon exchange
mediated by the modulated modes of the dynamic meta-
surface. It is influenced by both the time and spatial
modulation and is given by

T = Z 81820k COZ(km(Zl - Zz))’ (38)
ok nk

where 6§, represents the modulation-induced coupling
factors for the nth mode and the kth sideband, A, =
wg1 — (w, £ kw,,) is the effective detuning between qubit
1 and the kth sideband of the nth mode, and £, is the
wave vector of the modulation. The cosine term reflects
the spatial dependence of the interaction due to the qubits’
positions z; and z,. The sum is over the modes and side-
bands that contribute to the interaction. If a dominant
mode and sideband combination is found, the expression
simplifies to

__ &1&28 cos(kn(z1 — 22))
A b

where 8 is the effective coupling factor for the dominant
mode and sideband, and A = w1 — (@, % kw,,) is the cor-
responding detuning. Incorporating the time-space mod-
ulation into the ZZ interaction, the effective Hamiltonian
becomes

Jeff (39)

Heff/h = 1~)ZZ,modO'z &® 02/4
+ ﬁ[Z,modO'z & ]/4 + f)ZI,modl ® O—2/4': (40)

where Vzz mod, Viz.mod> and Vzr moq NOW include modulation
effects,

n 2J agat1 20821 cos(po — ¢1)
(Aoa+a0)(Arg+ o) Doaliy

(41)

VzzZmod = Vzz

with ; and ¢; as functions of time and space. This Hamil-
tonian describes a ZZ interaction between the qubits, where

the energy of each qubit depends on the state of the other
qubit. The modulation parameters, such as the modulation
frequency w,,, depth AL, and wave vector £,,, control the
effective coupling between the qubits. The gate time 7, for
the siZZle gate is determined by the accumulated phase
due to the ZZ interaction. To achieve a desired controlled-
Z (cz) gate with phase 6, we set the interaction time such

that
2
((Jeff) )tg —9. (42)

For a maximally entangling gate, such as CzZ gate where
6 = m, the interaction time is

AR
t, = . 43
& (Jeff)2 ( )

This scaling follows from J.g-mediated virtual exchange
in the |Jeg| << |A1z| dispersive limit; constant prefactors
depend on pulse shaping and detuning symmetry and are
verified numerically in Fig. 3(b).

A prime example is the siZZle gate, exploiting side-
bands near each qubit frequency w, and w,. By pump-
ing the metasurface at w,, ~ |w;1 — w,2|, one can create
bridging sidebands that yield an effective Hamiltonian

S,k cos [k —
Hp = hz 21228k A[km(z1 )] (m(rl)diz) —i—H.c.).
nk s

(44)

Note that the effective exchange and ZZ interactions
follow from a Schrieffer-Wolff elimination of the multi-
level Hamiltonian. In practice, the ZZ term arises from
virtual processes |1) — |2), which scale as x ~ ggloz/
[A(A + «)]. This dependence vanishes for o« — 0, illus-
trating why a multilevel description is required. Our sim-
ulations [Fig. 3(b)] explicitly show the leakage resonance
near —300 MHz, directly corresponding to the |1) — |2)
transition and associated anharmonicity leakage channels.

C. Multiplexing capacity and gate fidelity analysis

To evaluate the practical scalability of our space-time
modulated JJ metasurface, we now present a quantitative
design example, including spatial resolution, frequency
channel separation, and thermal load at the dilution refrig-
erator stage. Our goal is to determine how many qubits can
be reliably controlled using a single modulated microwave
source and a programmable JJ metasurface.

First, we evaluate the spatial resolution of the meta-
surface. We consider a metasurface formed by an
Ny; x Nyy square array of JJs with lattice constant a =
10 wm. For Nj; = 100, the metasurface has a diame-
ter D = Nyjja =1 mm. This aperture is subwavelength
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FIG. 3. (a) Hlustration of a dynamic metasurface enabling
two-qubit interactions through both nearest-neighbor and non-
nearest-neighbor couplings. The metasurface modulates qubit
beam frequencies (e.g., 3-8 GHz), generating harmonics that
result in multibeam diffraction at different angles. Central peaks
correspond to the primary incident beams, while side peaks rep-
resent higher-order harmonics created by the modulated medium.
This setup supports qubit interactions over multiple distance
scales, facilitating both next-nearest and non-nearest-neighbor
couplings. (b) Simulation of the effective ZZ interaction in a
two-qubit siZZle gate mediated by a dynamically modulated
metasurface. The color map shows the ZZ interaction strength
as a function of drive detuning and drive strength, where darker
regions represent stronger interactions. Key parameters include
qubit anharmonicities «; = 197 MHz and o, = 195 MHz, cou-
pling strength J = 0.7 MHz, and detuning A = 133 MHz. The
modulation facilitates an off-resonant interaction that enables
interaction without direct qubit-qubit resonance. The vertical fea-
ture near —300 MHz corresponds to the |1) — |2) transition (the
transmon anharmonicity), confirming multilevel dynamics and
leakage channels.

at 5GHz, corresponding to a free-space wavelength
of Ay =2mc/wy ~ 60 mm. Hence, the far-field diffrac-
tion formulas (wD?/4)/((Ao/2)?) do not directly apply.
Instead, qubits are coupled in the near field of the meta-
surface, allowing localized control fields. In practice, the

number of qubits that can be simultaneously addressed is
determined by the number of independent modulation seg-
ments and the achievable isolation between focal regions,
rather than by the diffraction-limited beam count. For
example, if the metasurface is partitioned into M groups
of cells (each driven by a separate dc flux bias line), up
to M distinct beams or near-field modes can be gener-
ated at once. In our example, we conservatively target
controlling on the order of tens of qubits in parallel. In
addition to spatial segmentation, the metasurface supports
frequency-division multiplexing across a wide modulation
bandwidth. Each group of JJ cells can be driven with rf
pulses containing one or more carefully chosen tone fre-
quencies to address different qubits. The JJ metasurface’s
nonlinearity creates sidebands around the 5-GHz carrier,
effectively shifting microwave energy into tunable fre-
quency channels. We assume a modulation frequency up
to ws/2m = 2 GHz, which sets the available spectrum for
sidebands (approximately 3—7 GHz around the carrier). To
avoid spectral overlap between control tones, a minimum
channel spacing Afmin & 50—100 MHz is required—on the
order of typical transmon linewidths (a few MHz) with a
guard band for detuning tolerance. The maximum number
of frequency channels is then roughly given by the ratio of
modulation bandwidth to channel spacing. For example,
using Afmin = 50 MHz and w,/27 = 2 GHz yields

~ 40. (45)

Additionally, to avoid collisions with |1) — |2) transi-
tions, we require |f; — fi — |ok|| 2 60-100 MHz; the leak-
age feature near —300 MHz in Fig. 3(b) illustrates this
constraint. This ensures that each frequency channel lies
outside the typical transmon linewidth.

Second, we examine gate fidelity under frequency-
multiplexed operation. The total gate infidelity for qubit
Jj includes multiple contributions:

(46)

)
1- FJ - 6XT + Edec + e;/mp + ephase’

where F; denotes the overall ﬁdelity of the quantum gate

applied to qubit j. The term e represents the infidelity
arising from crosstalk with other frequency channels due
to off-resonant driving by harmonics not intended for qubit
j . The term eé’e)c accounts for decoherence during the gate
time, including contributions from both energy relaxation
and dephasing. The contribution eamp quantifies errors due
to imperfections in the amplitude of the drive pulse, which
may result from control electronics or calibration drift.
Flnally, € hase captures infidelity due to phase noise, includ-
ing t1m1ng jitter and oscillator instability, which lead to
coherent phase errors during the gate. Additionally, e)(é%
infidelity due to off-resonant coupling to other frequency
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tones is given by

=3

n#j

2
&

8n

Q—%C (n,7) 47
@ — w2 47

Here, Q2 is the Rabi frequency and Cyy (,7 ) is a nonlinear
spectral suppression factor,

_ VP !
BB T+ n—j /4

where 8 = w ®,¢/ P is the normalized modulation ampli-
tude. The first fraction is the relative spectral weight of the
unwanted sideband (order |» — j |) compared to the carrier,
and the second factor phenomenologically accounts for an
increasing suppression of far-detuned tones (for large |n —
j |) by circuit bandwidth limits. Through careful engineer-
ing, we choose 8 and incorporate pulse shaping and filters
within the metasurface such that Cyp < 1 for all n #;,
resulting in unwanted tone amplitudes being suppressed
by >60 dB, effectively limiting exr to the 107 to 107>
range. The cumulative crosstalk error becomes €xr total ~
39 X exTsingle ~ 3.9 x 107> to 3.9 x 107*. With isola-
tion of >66 dB and coherence times baseline 7} = T, =
300 s, we reach gate errors €gec ~ (0.4—10) x 10~* for
te = 25-200 ns. Overall, high-fidelity gates are achievable
for 40 multiplexed tones, with Fip 2 0.999 and F,p ~
0.999-0.9996. In a roadmap scenario with 7} &~ 4 ms, the
decoherence contribution would be an order of magnitude
smaller.

Third, we evaluate achievable Rabi frequencies and gate
durations. From FDTD simulations, the electric field at the
qubit plane reaches |£;| ~ 0.1-0.5 V/m for 1 wW input
power. The Rabi frequency is

Cne(m,)) (48)

N2u
Q' = 7’1|5j|’

and 7 -rotation gate times of

yielding Qp/27 ~ 10-20 MHz, (49)

fy = —— A 25-50 ns. (50)
Qp

A controlled-Z gate implemented via Stark-shift detuning
has a time

A
teg = % ~ 50-200 ns, (51)
&g

for g/27 ~ 1030 MHz and A /2w ~ 100 MHz. Finally,
we estimate the thermal budget. Total dissipation includes

Piotal = Ptatic + P, dynamic + N, qubitP per-qubit- (52)
The static power dissipation is

Pstatic = NJZJI[fiasRn ~ 1 MW, (53)

assuming lyjps = 0.1/, and R, = 100 2. The dynamic rf
losses are

wnCy V%
= — 0 x3uW. 54
> o n (54)

m,n

P dynamic

The power delivered to each qubit is
Prerqubit = TeoupPinl/n (B) L, = 0.1 uW. (55)
For Nguvit = 45, this yields a total power budget of
Pioa =14+3+45=85uW, (56)

which is well within the 20-uwW cooling-power capacity of
typical dilution refrigerators. To ensure high-fidelity oper-
ation with 45 qubits, the required system-level specifica-
tions include a frequency spacing of at least 50-100 MHz
between adjacent channels, spatial isolation greater than
30 dB between addressed sites, suppression of unwanted
harmonics by more than 40 dB, and phase noise below
10 mrad over the duration of a single-qubit gate. These
specifications are within reach of current nanofabrica-
tion and microwave engineering technologies. With 77 =
T, = 300 ws, the architecture supports simultaneous, high-
fidelity control of Nyt = 4045 qubits with gate speeds
comparable to state-of-the-art microwave control. With
longer coherence times approaching 4 ms, fidelities would
further improve by about an order of magnitude. Key
parameters for multiplexed qubit control are listed in
Table II.

TABLE II. Key parameters for multiplexed qubit control.
Parameter Symbol Value
Number of JJs per side Nyy 100
Unit-cell size a 10 pm
Metasurface diameter D 1 mm
Operating frequency wy/2m 5 GHz
Modulation frequency ws /21 2 GHz
Maximum frequency channels Nireq 40
Channel spacing Afmin 50 MHz
Critical current I. 1-10 pA
Junction capacitance Cy 10-100 fF
Input power Py, 1 WwW
Gate time (single qubit) tr 25-50 ns
Required isolation (F 2 0.999) — 60—66 dB
Required coherence time (baseline) T, T, 300 us
Number of qubits Nqubvit 40-45
Total power consumption Piotal 8.5 WW
Cooling power budget Peool 20 pW
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III. NUMERICAL SOLUTION OF THE
NONLINEAR WAVE EQUATION WITH
TIME-SPACE MODULATION

We solve the nonlinear wave equation [Eq. (19)] using
the FDTD method. This method discretizes both space and
time, representing ¢ (z, f) as ¢!, where i and n are spatial
and temporal grid indices, respectively:

¢(Zat) _>¢lna t = nAt.

z =iAz,

We approximate the derivatives using central differences.
For time derivatives,

d¢
at

n N ¢;’l+1 _ ¢;1_1 82¢

Pol" o — 290 + o1
2At 7 3

(An?

i i

(57)

For spatial derivatives,

0" Bty PG| Bl — 200+,
0z |; 20z 7 322, (Az)?
(58)
Higher-order mixed derivatives are given by
3¢ |" 1 "
~ gt 4 gt
922022 |, (Az)2(An? (i —207 + 0%y
—2 (¢?+1 —2¢7 + ¢fl—1)
+oin =207 +9). (59)

Substituting the central-difference approximations into the
wave equation, we obtain the fully discrete equation

n+1_ n n—1
C(qﬁi 2¢i+¢i)

(Ar)?

—2(¢f) =200 + 91 )

o (P20 4o
! (Az)2(AD?

+ ¢,-nj:11 — 297" +¢z‘n—ll)

LoAK,
+ e AL sin(kyz; — wpt,) sin @'
%o
_ IC(Zin tn) (acostpln ;’+1 - d);l—l
() 2Az

n n 2
2 ioan [Pl T ¥iel
_ ! =0. (60
a“ sin ¢; ( e ) ) (60)

This equation allows us to solve for qbf“ in terms of previ-

ously known values at time step n. By discretizing both

time and space, we represent the field ¢z, ) at discrete
points on a grid, allowing us to compute wave propagation
in a modulated transmission line. The central-difference
approximations for time and space derivatives are applied
to convert the continuous wave equation into a fully dis-
crete form, which is iteratively solved to model wave
evolution over time. We begin by setting the initial condi-
tions for ¢ and ¢!, which represent the field at the first two
time steps. Depending on the physical scenario, this could
be a Gaussian pulse or a sinusoidal wave. Additionally,
the initial time derivative d¢/d¢|,—¢ is needed to compute
¢!. Appropriate boundary conditions are applied at the
edges of the computational domain. For open boundaries,
we use Mur’s first-order absorbing boundary conditions
to minimize reflections, allowing waves to propagate out
of the domain without artificial reflections. Alternatively,
periodic or fixed boundary conditions may be applied
depending on the specific problem. The time-stepping pro-
cess involves updating the field ¢>lf’+1 at each grid point i for
each time step 7, using the fully discretized equation. The
nonlinear terms, such as sin ¢/, cos ¢!, and spatial deriva-
tives (¢}, — ¢/ )/2Az)?, are computed at the current
time step. To ensure numerical stability, we select Af and
Az based on the Courant-Friedrichs-Lewy condition At <
Az/Umax and S = cAt/\/(Ax)? + (Az)? < 1/+/2; how-
ever, due to nonlinearity and dispersion, a more strin-
gent condition may be required, which can be determined
through von Neumann stability analysis. Relevant quan-
tities, such as ¢}, 0¢/0¢, and other derived fields, are
recorded for the analysis of phenomena such as fre-
quency conversion, parametric amplification, and disper-
sion characteristics.

A. Simulation results

We present the FDTD simulation results for wave prop-
agation in a space-time modulated superconducting meta-
surface. The incident wave is modulated with a Gaussian
envelope and has a frequency of 5 GHz. The spatial grid
resolution is set at Ay/25, with the time step determined
by the Courant condition. Mur boundary conditions are
applied to minimize reflections.

Figure 4 illustrates the spatial and spectral characteris-
tics of the wave propagation in a time-space modulated
Josephson-junction transmission line. In Fig. 4(a), the spa-
tial distribution of the wave amplitude is shown in the
x—z plane. The interference pattern is a result of the mod-
ulation, with distinct regions of high (yellow) and low
(purple) amplitudes. Figure 4(b) presents an illustration
of the spatial pattern, revealing the incident wave prop-
agation out of the plane. Notably, the wave is converted
into surface waves along the and & and £, directions, with
the formation of multiple beams at different angles. These
beams correspond to energy redistribution into various
harmonic modes, as shown by the bright spots in the
logarithmic power spectrum.
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FIG. 4. (a) Spatial amplitude distribution in the time-space
modulated Josephson-junction transmission line showing wave
interference in the x— plane. (b) Illustration of the conversion of
the incident wave to surface waves along k. and k,, with multiple
beams formed at different angles.

Figure 5 shows a frequency-spectrum analysis of multi-
beam formation in a modulated medium. The Fourier
transform illustrates the frequency content of the incident
beam (central peak) and the generation of multiple har-
monics (side peaks) corresponding to diffracted beams at
various angles. Each color represents a different funda-
mental frequency (fy) of the incident wave, ranging from
4.6 to 5.4 GHz. The plot demonstrates how the modula-
tion of the medium leads to frequency mixing, resulting
in the creation of new frequency components and the spa-
tial separation of beams. To confirm that the crosstalk
remains negligible under this configuration, we evaluate
Eq. (47) using simulated parameters. From Fig. 5, the non-
linear spectral suppression factor is Cnr.(1,/) & 5 x 1074,
and we estimate the relative off-target coupling ratio as
gjn/gy ~ 0.022. For a Rabi frequency Qz/2m = 50 MHz
and a qubit frequency spacing of A =100 MHz, the
crosstalk error per-gate fidelity is F; ~ 0.9999998 with

_fz = 4.6 GHz

---f = 4.8 GHz
----- £, = 5.0 GHz

£=5.2 Gz

Magnitude (dB)

Frequency (GHz)

FIG. 5. Frequency spectra of incident and diffracted beams for
various input frequencies (4.6—5.4 GHz). Central peaks repre-
sent incident beams, while side peaks show harmonics generated
by the modulated medium, illustrating multibeam formation
at different angles. The amplitude is normalized for clarity of
comparison across different frequency ranges.

respect to crosstalk alone—well above the threshold for
fault-tolerant operation.

IV. DISCUSSION AND OUTLOOK

This work underscores the potential of space-time mod-
ulated JJ metasurfaces in achieving scalable, hardware-
efficient control of superconducting qubits. By harnessing
the nonlinear dynamics and modulation capabilities inher-
ent in JJ arrays, the proposed architecture addresses signif-
icant challenges associated with scaling quantum proces-
sors. Notably, it mitigates wiring complexity and reduces
thermal loads—critical factors when scaling to large qubit
numbers. The ability to multiplex control signals through
beam steering and frequency conversion allows for the
simultaneous operation of multiple qubits using a single
input, significantly simplifying the control infrastructure.
The metasurface architecture also enables the multiplexing
of control signals to multiple qubits by modulating differ-
ent regions to generate pulses with varying frequencies or
phases, minimizing hardware overhead.

Challenges remain in achieving the necessary modula-
tion depth and frequency precision to avoid errors that
affect gate fidelity. Material choices for JJs impact per-
formance [45], with materials such as NbN/AIN/NbN
[46] offering stronger modulation and higher signal ampli-
tudes but introducing fabrication complexities and poten-
tial microwave losses. Thermal management is another
critical factor. While the metasurface reduces the number
of control lines, the modulation process itself can introduce
thermal loads that must be managed within the cooling
capacity of dilution refrigerators. Crosstalk and interfer-
ence between control signals must be mitigated using
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strategies such as spatial filtering, frequency multiplexing,
and advanced modulation schemes.

Future work will concentrate on experimental prototyp-
ing of the metasurface, optimizing modulation schemes,
addressing thermal management, and exploring adaptive
modulation driven by real-time feedback. Implementing
error-mitigation strategies and studying scalability will
be critical for evaluating the metasurface’s performance
as qubit counts increase. Beyond control multiplexing,
recent theoretical work has shown that Josephson-junction
metasurfaces can also mediate long-range entangling inter-
actions between distant qubits, offering a potential archi-
tecture for scalable quantum interconnects [47]. Investi-
gating this complementary functionality will be crucial
for assessing the metasurface’s dual role in both control
and entangling operations. The successful execution of
quantum algorithms using metasurface-controlled qubits
will be a key milestone, demonstrating the practical bene-
fits of this approach. In conclusion, space-time modulated
JJ metasurfaces offer a promising path toward scalable
and hardware-efficient qubit control. Interdisciplinary col-
laboration across superconducting electronics, quantum
information science, and materials engineering will be
essential for realizing the full potential of this approach
and accelerating the development of large-scale quantum
processors.
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